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Abstract

Novel antitubulin agents uncover new players in microtubule regulation and cell division in
cancer

Allison E. Cherry

Chair of the Supervisory Committee:
Professor Nephi Stella

Department of Pharmacology

Glioblastoma multiforme (GBM) is a devastating and intractable type of cancer. Current
antineoplastic drugs do not improve the median survival of patients diagnosed with GBM
beyond 14-15 months in part because the blood-brain barrier is generally impermeable to
many therapeutic agents. Drugs that target microtubules (MT) have shown remarkable efficacy
in a variety of cancers, yet their use as GBM treatments has also been hindered by the scarcity
of brain-penetrant MT-targeting compounds. We have discovered a new alkylindole
compound, ST-11, that acts directly on MTs and rapidly attenuates their rate of assembly.
Accordingly, ST-11 arrests GBM cells in prometaphase and triggers apoptosis. In vivo analyses
reveal that unlike current antitubulin agents, ST-11 readily crosses the blood-brain barrier.
Further investigation in a syngeneic orthotopic mouse model of GBM has revealed that ST-11
activates caspase-3 in tumors to reduce tumor volume without overt toxicity. Thus, ST-11

represents the first member of a new class of brain-penetrant antitubulin therapeutic agents.

In addition to GBM, antitubulin agents are efficacious antineoplastic agents against a
variety of cancers. A common drawback to their clinical use is the acquisition of drug
resistance. The mechanisms governing cellular sensitivity to antitubulin compounds are
complex. In particular, alterations in MT dynamics have been found to correlate with increased
resistance to antitubulin compounds. Heterotrimeric G protein signaling has been implicated in
the regulation of MT dynamics. However, research focusing on the effect of G proteins or
heptahelical G protein coupled receptors (GPCRs) on sensitivity to antitubulin agents is lacking.
Using multiple unbiased screens, biochemical analyses and live cell imaging techniques, we

identified the orphan GPCR GPR124 as a novel coordinator of MT dynamics in cancer cells
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that regulates cellular sensitivity to MT-targeted agents, including ST-11. GPR124 associates
with the MT plus end binding protein ch-TOG and increases its expression. Consequently,
GPR124 increases spindle and interphase MT dynamics and the prevalence of lagging
chromosomes during anaphase, which are evidence of increased chromosomal instability
(CIN). High levels of CIN can lead to decreased tumor growth. Accordingly, overexpression of
GPR124 significantly reduces the growth of U87MG xenograft tumors in vivo. Thus, our
research supports a model in which GPR124 associates with ch-TOG to alter MT dynamics
and increase lagging chromosomes that can lead to CIN and decreased tumor growth.
Together, these studies describe a new brain-penetrant antitubulin agent and reveal novel MT

regulatory components that affect antitubulin drug efficacy and tumor growth.
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CHAPTER 1

Introduction

GBM: From histology to driver mutations

Gliomas are a brain neoplasm and account for 80% of primary central nervous system tumors
diagnosed between 2004 and 2008 in the United States (1). The largest subset, comprising
well over 50% of gliomas, is the astrocytomas, which is so-named because these tumors share
histological features with astrocytes. The World Health Organization stratifies astrocytomas
into four grades (I-1V) based on several histological criteria: cellularity, nuclear pleomorphism,
mitotic activity of tumor and the presence of necrosis and neovasculature. Grade IV
astrocytoma, or Glioblastoma Multiforme (GBM), is the most common primary glioma
diagnosed in adults and occurs at an incidence of approximately 3 per 100,000 people per
year in the United States alone (1). The median survival of patients diagnosed with GBM is only
14.2 months when treated with the standard of care, which consists of surgical resection
followed by a combination of radiotherapy and the alkylating agent temozolomide (TMZ) (2).
With the exception of the addition of TMZ to the standard of care in 2005, which increased
median survival of GBM patients by a mere 2 months, very little progress has been made to
treat this cancer in decades (2). The 5-year survival rate of GBM patients is only 4.7% owing to
the inevitability of recurrence. The eventual resurfacing of this cancer is likely due in part to
glioma stem cells (GSCs) within the tumor that resist radiation and chemotherapy (3, 4) and are

capable of propagating heterogeneous tumors (5-8). Thus, the prognosis for patients



diagnosed with GBM is dismal, and despite the clinical testing of several novel therapeutic

approaches, little progress has been made to help these patients.

Classification of gliomas

The current classification system that divides gliomas by malignancy has not been effective in
estimating prognosis, most notably between grades lll and IV (9). Therefore, The Cancer
Genome Atlas (TCGA) research network dedicated a significant amount of effort to stratify
gliomas by driver mutations, first with GBM and more recently with lower grade gliomas (10,
11). The initial genetic subclassification proposed by Verhaak et al. included four GBM
subtypes: Classical, Mesenchymal, Proneural, and Neural (12).

The classical subtype is primarily defined by an amplification of the epidermal growth
factor receptor (EGFR) and deletion of the tumor suppressor protein phosphatase and tensin
homolog (PTEN) genes. The EGFR amplification in this subtype often co-occurs with a
mutation that gives rise to a constitutively active receptor (EGFRvIIl) (13-16). EGFR is an
oncogenic receptor tyrosine kinase (RTK) that activates both pro-migratory and proliferative
pathways, and when amplified or mutated, it plays a role in the development of various
neoplasms (17). The EGFR amplification, though not strictly defining the other genetic
subtypes, is also commonly present in the proneural and neural subtypes, which makes it the
most frequent genetic mutation in GBM. Thus, although 27% percent (18) of these cancers are
characterized as the classical subtype, approximately 40% of all diagnosed GBMs contain an
EGFR amplification, many of which also contain the EGFRvIIl mutation (16, 19-21).

The mesenchymal and proneural subtypes comprise 29% and 28% of GBMs,
respectively (18). The mesenchymal subtype is characterized by deletion or mutation of the
tumor suppressors neurofibromin 1 (NF1) and PTEN. NF1 is a negative regulator of the
oncogenic protein RAS, and PTEN antagonizes phosphoinositol-3-kinase (PI3K), which are two
important signaling molecules downstream of RTKs. The proneural subtype typically have a
platelet derived growth factor receptor A (PDGFRA) amplification and mutations in the tumor
suppressor TP53. Like EGFR, PDGFRA is an RTK that activates mitogenic growth pathways.

Lastly, the neural subtype is the least common, and it comprises 16% of diagnosed
GBMs. This subtype is not defined by a dysregulation of oncogenic or tumor suppressor
pathways but instead defined by the presence of neuronal markers, such as neurofilament light

polypeptide (NEFL), GABA receptor subunit alpha 1 (GABRA1), and synaptotagmin-1 (SYT-1).



Current therapeutic strategies to treat GBM

During neoplastic transformation, cells typically acquire six attributes that allow for unchecked
growth and spread: uncontrolled proliferative signaling, evasion of growth suppressors,
activation of invasion and metastasis, replicative immortality, ability to induce angiogenesis,
and resistance to cell death (22). The genetic characteristics that define the GBM subtypes
feature common dysregulations in RTK signaling, which are major drivers behind several of the
acquired hallmarks of malignancy. Accordingly, many of the newly developed GBM therapies
are designed to target RTK signals. Three main classes of drugs have been developed to
accomplish this task: vascular endothelial growth factor (VEGF) inhibitors, EGFR inhibitors, and
non-specific tyrosine kinase inhibitors. Bevacizumab is an antibody designed to neutralize the
signaling of the pro-angiogenic protein VEGF and was approved by the FDA for the treatment
of GBM in 2009. Results were promising in early phase Il clinical studies that involved small
groups of patients; bevacizumab in combination with the topoisomerase inhibitor irinotecan or
with TMZ and radiotherapy improved the 6-month progression free survival and overall survival
(28). However, in a recent large study involving 637 patients, bevacizumab had no significant
effect on overall survival, and it prolonged progression-free survival by merely 3 months in
patients with newly diagnosed GBM (24). Furthermore, evidence suggests that bevacizumab
promotes tumor cell infiltration into the brain parenchyma (25, 26). Efforts to treat GBM with
small molecules targeting EGFR, such as erlotinib and gefitinib, have also fallen short of
expectations in clinical trials. While gefitinib is used successfully to treat patients with non-
small cell lung cancer, clinical trials evaluating this drug in GBM have failed to report any
therapeutic benefit (27). Several clinical trials evaluating erlotinib in GBM patients have
reported similar negative results (27-29). Imatinib and sunitinib, both non-specific tyrosine
kinase inhibitors that block PDGFR activity, have also have not produced therapeutic benefits
in phase Il trials (30-32).

These results suggest that exclusively targeting RTK signals is ineffective to treat GBM
and new therapeutic modalities to apply alone or in combination with targeted therapies may
improve the success of GBM treatment. From the many studies that have been published on
this topic, two strategies have emerged with promising potential. First, gliomas have been
found to be hypersensitive to antimitotic agents compared with healthy non-malignant cells
(83). Therefore, antitubulin drugs, which are commonly used therapeutic agents for other
cancers, are becoming attractive candidates for glioma therapy. Second, oncogenic signals

that modulate glioma growth, migration, and angiogenesis may emanate from another class of



receptors, the G protein-coupled receptors (GPCRs). Preclinical studies evaluating the efficacy
of several GPCR-based therapies have produced encouraging results for glioma treatment.
New therapies aimed at targeting GPCRs independently or in conjunction with RTK-inhibiting

drugs should be considered for GBM treatment.

Promising new targets for GBM treatment

Mitotic effector proteins and microtubules

Most classical chemotherapeutic agents, such as DNA damaging agents, take advantage of
aberrant cell cycle progression by targeting hyperproliferative cells; however, these agents also
target fast-dividing populations of healthy cells, leading to unfortunate, and often dangerous,
side effects. A recent study demonstrated that GBM cells are particularly sensitive to mitotic
disruption compared with healthy tissue, indicating that antimitotic agents might display a
promising therapeutic index for this type of cancer (33). For example, antimitotic devices that
generate electromagnetic fields known as tumor treatment fields (TTFields) have shown
promise as novel GBM treatments. TTFields target hyperproliferative cells in a specific region
of the body, and thus, have less widespread negative effects than classical
chemotherapeutics. One such device, the NovoTTF-100A System, was approved for use on
GBM patients in 2011 and had equivalent efficacy and a favorable safety profile compared with
standard chemotherapeutics in clinical trials (34).

Antimitotic agents function by inhibiting mitosis, leading to apoptotic cell death. The cell
cycle is divided into 2 primary phases: interphase (growth and DNA replication), and mitosis (M
phase, cell division). Interphase is further divided into G, (first gap), S (DNA synthesis), and G,
(second gap). Additionally, cells can enter a quiescent phase known as G, Progression
through the 3 stages of interphase and subsequent mitosis is controlled by cyclin-dependent
kinases. These proteins are activated by cyclins, and each phase of the cell cycle is controlled
by expression of a different cyclin. In turn, cyclin-CDK pairs are inhibited by CDK inhibitors
(CDKIls), and thus, cell cycle progression is the result of a balance between “on” signals
(cyclins) and “off” signals (CDKIs). Additionally, checkpoints during G;, G,, and M phase arrest
the cell cycle if a problem is encountered. These processes are frequently dysregulated in
cancer, leading to unchecked cellular growth and division [reviewed in (35)]. Mitosis is a rapid
process compared with the much slower interphase. Populations of rapidly dividing cells, such

as tumors, enter mitosis with a higher frequency than slower dividing cell types, exposing them



to drugs that act during mitosis. Accordingly, similar to DNA damaging agents, antimitotic
agents target rapidly dividing cells by arresting the cell cycle when they reach M phase and
triggering apoptosis.

Mitosis is a complex mechanism centered on tightly regulated dynamic microtubules
(MTs) to ensure the equal separation of chromosomes into daughter cells. This mechanism
occurs in 6 main stages: 1. The DNA condenses in Prophase; 2. The nuclear envelope breaks
down, freeing the condensed DNA inside the nucleus in Prometaphase; 3. The sister chromatid
pairs attach to the spindle MTs and align along the center of the cell known as the metaphase
plate in Metaphase; 4. The sister chromatids are pulled to opposite poles in Anaphase; 5. The
new daughter cells form nuclear envelopes around recently separated chromosomes in
Telophase; 6. The plasma membrane is divided along the center of the cell, separating it into 2
new cells through Cytokinesis (Figure 1.1). Each chromatid has a kinetochore complex that
attaches the chromatid to dynamic spindle MTs. During early mitosis, the kinetochore-MT
attachments are weak and transient, allowing chromatid pairs that are not properly attached to
opposite spindles (known as biorientation) to detach from spindle MTs and reattach elsewhere.
The mitotic checkpoint (also known as the spindle assembly checkpoint, SAC) prevents
entrance into anaphase until the condensed sister chromatids are properly bioriented, ensuring
that each daughter cell receives only 1 copy of every chromosome after division. Upon proper
biorientation, the SAC is deactivated, and kinetochore-MT attachments become stable,

marking the entrance into anaphase.

Telophase &
Cytokinesis

Prometaphase Anaphase

Figure 1.1: Cells in mitosis
Representative images of cells in each stage of mitosis illustrating the dynamics between microtubules and
chromosomes in each phase. Microtubules are visualized in green and DNA is shown in red.

Antimitotic agents can trigger the SAC, which can leave cells susceptible to apoptosis. A
properly functioning SAC is essential to prevent mitotic errors and preclude chromosomal

instability (CIN). CIN increases the risk of lethal chromosomal imbalances. However, at



controlled levels, CIN can increase the mutational capacity of cancer cells, leading to rapid
tumor evolution and progression (36-39). Thus, CIN is a hallmark of solid tumors (40). Although
the SAC prevents CIN, many cancers, including GBM, often have increased SAC protein
activity (33, 41, 42). The prevailing hypothesis to explain this counterintuitive phenomenon is
that the upregulated SAC activity seen in many tumors contains CIN within a limit that allows
tumor cells to survive and evolve (41, 43, 44). Therefore, targeting SAC processes may hold
therapeutic value for treating cancers such as GBM.

Recently, researchers discovered that core SAC proteins, including BUBR1, PLK1, and
MPS1, are specifically required for cancer cell viability, uncovering valuable therapeutic targets
(83, 45, 46). Six PLK1 inhibitors have been tested in phase | or Il clinical trials for various
cancers (44). Volasertib (BI-6727) is effective against GBM in vitro and received a breakthrough
therapy designation from the FDA for acute myeloid leukemia (44, 47). Small molecule
inhibition of MPS1 is also effective in a variety of cancers in vitro and in vivo (48-50). These
studies substantiate the presence of a cancer-specific susceptibility to mitotic perturbation that
can be exploited for targeted cancer treatment.

In addition to SAC protein inhibitors, antitubulin agents also disrupt mitotic processes
and are frequently used to treat cancer. These agents promote spindle defects that prolong the
activation of the SAC, leading to cell cycle arrest and apoptosis (51). Antitubulin drugs are
divided into 2 classes: MT stabilizing agents that prevent depolymerization at high
concentrations (i.e. paclitaxel), and MT destabilizing agents that increase MT breakdown or
prevent growth at high concentrations (i.e. vincristine, and colcemid). Given that these
compounds non-specifically target dynamic MTs, antitubulin drugs have less selectivity
towards tumor cells than SAC protein inhibitors. However, due to the delicate balance that
exists in tumor cells between hyperactive SAC proteins and mitotic defects, tumor cells may be
more sensitive to additional insults to the spindle machinery. Accordingly, MT disruption has
been found to synergize with MPS1 inhibition in HeLa xenograft models and in orthotopic GBM
models (49, 50).

Antitubulin agents have several important drawbacks when considering their use as GBM
therapies. Specifically, these compounds are generally not brain-penetrant and induce a
concerning level of peripheral neurotoxicity, which raises questions regarding their safety if
delivered to the brain [reviewed in (52)]. Nonetheless, multi-drug regimens containing
vincristine have been used to treat high-grade gliomas, including GBM (53, 54), though their

efficacy has been disputed due to a lack of adequate brain penetrance (55). Epothilones, brain-



penetrant MT stabilizing agents, are clinically approved to treat advanced paclitaxel-refractive
breast cancer and have been investigated for use in GBM (56-58); however the clinical efficacy
of sagopilone has been disputed in patients with recurrent GBM (59, 60). It is clear that safe
and effective MT-targeting drugs have not yet been developed for use in GBM. Nonetheless,
the success of MT-disrupting TTFields combined with the clinical success of antitubulin agents
in other cancers maintains a level of enthusiasm for the identification of chemically optimized

MT-targeting agents to treat GBM (34, 61).

GPCRs: Central controllers of cellular signaling

Fifty to sixty percent of all marketed drugs target GPCRs (62), but few such drugs have been
tested for their therapeutic potential on GBMs. The GPCR family is composed of over 900
members divided into six classes. All GPCRs share a common heptahelical structure, and
different GPCR classes are defined by sequence homology (63). GPCRs control an array of
signaling pathways that intimately interact with and modulate RTK signals that can control the
migration and growth of tumors.

In addition to affecting oncogenic signaling pathways, GPCRs are involved in regulating
the differentiation state of cells and can be overexpressed by GSCs (64, 65). A recent study
aimed at profiling GPCR expression in GSCs, healthy astrocytes, neural stem cells, and GBM
cell lines identified 8 GPCRs that are exclusively expressed by GSCs (including LPHN2,
GPR37, CALCRL, HRH2, GPR73, S1PR;, GPR128, and GPR103), revealing several new
therapeutic targets to explore within the GPCR family (66). Accordingly, GPCRs represent
valuable molecular modulators to control the cancer stem cell phenotype.

GPCR signaling can be broken down into 3 main branches: the canonical activation of G
proteins, the deactivation of the receptor and scaffolding of downstream signaling by B-
arrestins, and the non-canonical transactivation of RTKs. In the canonical GPCR signaling
pathway, activation of the receptor by its ligand leads to binding and stimulation of a
heterotrimeric G protein (GaPy). The Ga subunit is activated by GDP/GTP exchange that
results in the dissociation of the Gy subunit, and both subunits activate downstream second
messengers to elicit a cellular response. The Ga subunit is divided into four main subtypes:
Ga,, which stimulates cAMP production; Gay,, which inhibits cAMP production; Gag, which
stimulates phospholipase C (PLC) and calcium mobilization; and Ga,,;3, which regulates actin

cytoskeleton remodeling through the activation of small GTPases. The GBy subunit can also
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directly affect cAMP production, tyrosine kinase and RTK activation, and ion channel
activation, which add an additional level of complexity to GPCR signaling (63).

The G protein signal is terminated when Ga hydrolyzes GTP to GDP and re-associates
with GBy. In addition, GPCRs can be deactivated or internalized through the actions of kinases
and B-arrestins. Phosphorylation of serine and threonine residues on the receptor by protein
kinase A (PKA), protein kinase C (PKC), or GPCR regulating kinases (GRKs) provides a docking
site for B-arrestin. This protein sterically hinders further G protein coupling and mediates the
internalization of the GPCR. Therefore, loss of activity or expression of either GRKs or B-
arrestins could lead to an increase in GPCR signaling. For example, GRKS is downregulated
specifically in the classical subtype of GBMs, and this loss of GRK expression is thought to be
associated with sustained oncogenic signaling of GPCRs (67). Further supporting this
hypothesis, the loss of B-arrestin 1 activity is positively correlated with glioma malignancy (68).
Alternatively, B-arrestins can initiate mitogenic signaling by serving as adapter proteins for
mitogen activated protein kinase (MAPK) signaling components, such as ERK, JNK, and p38
(69). GRK5 is upregulated in GBM and GSCs, and knockdown of this protein reduces the
proliferation of these cells, a phenomenon that could result from increased MAPK signaling
through recruited B-arrestins (70). The complexity of GPCR signaling brands these receptors as
“molecular hubs” that control a wide array of downstream effectors.

Recent advances in our understanding of GPCR signaling mechanisms have led to the
realization that these receptors are involved in multiple non-canonical signaling pathways. For
example, the transactivation of RTKs, such as EGFR, by GPCRs is instrumental in controlling
cellular processes, such as growth, migration, and angiogenesis. This crosstalk has been
shown to contribute to the progression of many cancers (71-73). RTKs are single pass
membrane proteins that dimerize upon ligand binding, allowing each monomer to
transphosphorylate key tyrosine residues on the receptor. These phosphorylated residues
serve as docking sites for adaptor proteins containing a Src Homology 2 (SH2) or
phosphotyrosine binding domain (PTB) that anchor downstream signaling components of
mitogenic pathways, such as MAPK, RAS, and PI3K (Figure 1.2). GPCRs activate growth factor
receptors via two mechanisms: 1) extracellularly, by promoting the release of growth factors
that provide autocrine or paracrine stimulation or 2) intracellularly, through phosphorylation
cascades (Figure 1.2) (74-76). In the first scenario, GPCR signaling leads to the activation of
the matrix metalloproteinase (MMP) tumor necrosis factor alpha-converting enzyme (TACE),

which then cleaves growth factors from the membrane and results in the autocrine activation of
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growth factor receptors that can mediate a variety of tumorigenic responses (72, 77-79).
Alternatively, in the second scenario, GPCRs activate non-receptor tyrosine kinases, such as
SRC, by direct interaction with by Ga or GBy (80, 81), which can phosphorylate tyrosine
residues on RTKs (82). This evidence indicates that through a combination of classical G

protein signaling and RTK transactivation, GPCRs can regulate crucial oncogenic pathways.
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Figure 1.2: GPCR regulation of tumor growth processes

GPCRs activate heterotrimeric G proteins containing an « and a By subunit that separate upon activation.
Ga proteins can stimulate pro-growth signaling through protein kinase A (PKA) and phospholipase CB
(PLCB), pro-survival signaling through phosphoinositol-3-kinase (PI3K), and pro-migration signaling through
Rho, Rac, and cdc42. Moreover, Ga proteins can stimulate additional tumorigenic processes through
activation of Src-family kinases. Src can activate RTKs directly through intracellular phosphorylation or
indirectly by promoting matric metalloprotease (MMP)-dependent release of growth factors (GFs) from the
plasma membrane. RTKs activate oncogenic Ras, mitogen activated protein kinase (MAPK), and PI3K
pathways that can affect tumor growth and progression. GBy can additionally stimulate PKA, tyrosine
kinases, and RTK activation via distinct mechanisms.
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There are several examples of GPCR-targeted therapies that show promise for cancer
treatment. The Smoothened receptor antagonist vismodegib has been clinically approved to
treat basal cell carcinoma and is undergoing clinical trials for GBM (83, 84). This receptor is a
member of the sonic hedgehog (SHH) signaling pathway that is normally vital to neural stem
cell maintenance and the formation of therapy-refractive GSC populations (85). While multiple
studies have shown that SHH signaling is activated in low-grade gliomas, whether it is
hyperactive in GBM is still debatable (65, 86). This discrepancy likely arises from the
heterogeneous nature of GBM and the comparatively small populations of GSCs that rely on
SHH signaling (65). Additional support for the anti-glioma efficacy of Smoothened inhibition is
found in studies using a distinct antagonist, cyclopamine, in xenograft models. Cyclopamine
reduced GSC sphere formation, growth, and tumor engraftment as well as conferred a survival
benefit in xenograft models of high-grade gliomas (65, 87). The concept of targeting the
Smoothened receptor for glioma treatment is relatively new. However, because SHH signaling
maintains populations of GSCs that are resistant to conventional therapy, this treatment
modality shows considerable promise.

The chemokine receptor CXCR4 antagonist plerixafor is additionally undergoing clinical
trials to treat GBM and has shown remarkable efficacy in preclinical models (88-91). CXCR4
expression correlates with tumor grade and is overexpressed by GBM cell lines and patient
tissues (89, 92-95). Like mitogenic and oncogenic signals emanating from RTKs, CXCR4 and
its endogenous ligand CXCL12 control invasiveness and tumor growth (95-97). Accordingly,
comparative studies between plerixafor and RTK inhibitors have underscored the clinical
promise of targeting CXCR4 to treat gliomas. For example, while the non-specific RTK
inhibitors vatalanib and sunitinib increased tumor volume and cell invasion, respectively, in in
vivo glioma models, plerixafor remained highly effective at reducing these indices of tumor
severity (90). Additionally, plerixafor combined with radiotherapy prevented tumor recurrence
and neovascularization more effectively than the VEGF neutralizing antibody DC101 (91). These
preclinical studies combined with the favorable safety profile of plerixafor in humans (98)
provide clear incentive to continue to elucidate CXCR4/CXCL12 signaling in GBM.

Significant advances in the standard of care for cancer treatment have occurred through
the addition of therapies targeting driver mutations. Indeed, this effort fueled the development
of breakthrough cancer treatments, including imatinib for chronic myelogenous leukemia and
tamoxifen for breast cancer. Because RTKs function as prominent oncogenes in GBM,

significant efforts have been dedicated to developing therapies that target these overactive
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signaling pathways. Unfortunately, these efforts have yet to produce remarkable increases in
survival. Owing to the ability of GPCRs to modulate RTK signaling and other parallel signaling

pathways, GPCRs represent a promising class of therapeutic targets for the treatment of GBM.

Cannabinoid compounds in GBM

The cannabinoid GPCRs are of particular interest in the field of tumor biology. These 2
molecularly identified receptors, CB, and CB,, have the remarkable ability to regulate several
fundamental components of tumor cell biology. These processes include cell cycle arrest, loss
of cell viability, reduction in tumor cell invasion, and GSC differentiation (64, 99, 100). Notably,
despite their antineoplastic effects, compounds acting on cannabinoid receptors are not toxic
to healthy cells (101). Cannabinoid receptors are activated by the endogenous cannabinoids,
arachidonoylethanolamine (AEA, also known as anandamide) (102) and 2-arachydonoylglycerol
(2-AG) (103-105); however, this signaling system derives its name from the naturally occurring
cannabinoid receptor agonists produced by plants in the Cannabis genus, the most well-
known of which is A%-tetrahydrocannabinol (THC) (106, 107). A multitude of synthetic
compounds, such as CP-55940 and WIN55,212-2 (CP and WIN-2, respectively), have
additionally been produced to study the pharmacological effects of cannabinoid receptor
engagement.

Cannabinoid compounds have the multifaceted ability to regulate a range of physiological
processes including synaptic transmission, pain, and emesis (108-110). However, one of the
most intriguing qualities of cannabinoid drugs is their ability to induce apoptosis in tumor cells
and reduce tumor growth without apparent toxicity to healthy tissue (101, 111). The first
evidence of this notable quality surfaced in 1975 when THC treatment of lung adenocarcinoma
tumors implanted in mice inhibited tumor growth by 75% and increased lifespan by 36%
compared with controls (111). Since then, cannabinoid treatment has proven to be effective in
a number of xenograft tumor models [summarized in (112)]. In a landmark study published by
Galve-Roperh et al., THC and WIN-2 eradicated orthotopic tumors in 1/5 (THC) and 1/3 (WIN-
2) of the rats in the study. The remaining animals had significantly smaller and less vascularized
tumors. Remarkably, there was no detectable cytotoxicity in the healthy brain tissue
surrounding the site of original tumor growth, indicating that these drugs selectively Kill
malignant cells (101). GBM regression was also observed with a selective CB, agonist in vivo

(118). These studies led to a small clinical trial to address the safety and possible therapeutic
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efficacy of intratumoral THC injection in 9 patients with recurring GBM (114). The median
survival of these 9 patients was 5.7 months after treatment initiation. In contrast, the median
survival of patients with recurrent GBM is 7.4 months after re-operation of the recurrent tumor
(115); however, the THC regimen remained very well tolerated and overt psychoactive effects
were minimal. While a noteworthy improvement to the side effect profile could be regarded as
a success, the failure of this treatment strategy to significantly extend survival might be
attributed to small sample size and unverified variables such as delivery and dosing.
Mechanistically, THC induces tumor cell apoptosis by increasing ceramide lipid levels.
Ceramide accumulation stimulates transcription of the ER stress protein p8, which
subsequently inhibits AKT (Figure 1.3). The detailed molecular steps between activation of CB;
and CB, receptors and increases in ceramide remain unclear, although initial evidence points
to the involvement of serine palmitoyltransferase, the rate-limiting step in de novo ceramide
synthesis (116-119). The ability of these receptors to couple to apoptosis is inversely correlated
with their expression levels, which contributes further complexity to cannabinoid-induced
cytotoxicity. Presumably, this phenomenon results from an increase in pro-survival AKT
signaling in gliomas expressing high levels of CB, or CB,, which is important to consider when
developing cannabinoid-based therapies for GBM (119). These studies laid the foundation for
evaluating the potential of cannabinoid-based drugs as antineoplastic therapies and for

elucidating the signaling network mediating their selective killing of tumor cells.
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Figure 1.3: Cannabinoid receptor regulation of tumor cell death

Tumor cell death mediated by the cannabinoid receptors is dependent upon an increase in ceramide
following the induction of serine palmitoyltransferase, which is the rate-limiting step in de novo ceramide
production. Ceramide activates an ER-stress response, causing the upregulation of the stress protein p8,
which inhibits the pro-survival factor Akt. Inhibition of Akt promotes cytochrome c release, which activates
caspases that mediate apoptosis.

Uncovering the complexity of cannabinoid compounds

Cannabinoid compounds range across a broad spectrum of chemical structures that are
defined by their ability to bind to both CB; and CB, receptors. These compounds can be
divided into 5 classes based on their origin (i.e. plant-derived, endogenous, or synthetic) as

well as their structure. The first class, known as the classical cannabinoids, comprises tricyclic-
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dibenzopyran derivatives that originate from the plant Cannabis sativa and synthetic analogs
such as HU-210. The non-classical cannabinoids make up the second class and include the
synthetic CB; and CB, full agonist CP55,940. These compounds are structurally similar to
members of the first class, however they lack the dihydropyran ring. The third class consists of
the alkylindole (Al) compounds such as WIN-2 and JWH-015. These compounds are
structurally dissimilar to other classes of cannabinoid compounds, although WIN-2 is a full
agonist at both CB, and CB,, and JWH-015 is a non-selective CB, agonist, illustrating the
immense complexity of the cannabinoid system. The endocannabinoids 2-AG and AEA make
up the fourth class and are derivatives of arachidonic acid. Lastly, the fifth class is composed
of inverse agonists such as SR141716A and AM251. While the chemical structures of these
compounds are structurally dissimilar, they share common features such as their hydrophobic
nature that allows them to pass the blood-brain barrier, and their biological cannabimimetic
effects.

The Al class of cannabinoids is particularly interesting owing to the fact that several
effects of these compounds have yet to be attributed to CB; or CB, activity (120-122).
Specifically, the mechanisms governing the antineoplastic activity of these compounds remain
unclear. Several studies suggest that Al-based cannabinoids kill tumor cells through the
activation of CB; and CB, receptors (123, 124); however, this response occurs at micromolar
concentrations despite the fact that these compounds activate CB, and CB, receptors with
nanomolar potencies (125). Additionally, antagonists for both CB; and CB, receptors only
partially block the antineoplastic activity of Al-based cannabinoids. Together, this evidence

suggests that Al-based cannabinoids kill tumor cells via a non-CB,/CB,-mediated mechanism.

Development of novel Al compounds to study
fNaph ) ST-10 their antineoplastic activity

In an effort to characterize the mechanism

O
) :j employed by Al cannabinoids to kill tumor cells,
| our laboratory created a library of compounds that
NS = =

\ ) C2 are structurally analogous to WIN-2, referred to as

ST compounds (Figure 1.4). Because little is known

about the antineoplastic activity of Al compounds,
Figure 1.4: ST-10, the ST compound
prototype. Naph: Naphthalene; Ar:
Aromatic. relationship analysis of 25 Al compounds in T98G
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cells using WST-1, a reagent that measures mitochondrial output, to assess viability. This small
library of compounds combines 9 commercially available Al compounds with 16 newly
developed ST compounds (Table S1) (126, 127). These analogs are derived from a prototypical
compound, 1,2-dialkyl-3-aroylindole (ST-10) that contains an indole ring linked to a
naphthalene group (Figure 1.4). Our Al analogues test modifications to the aromatic group as
well as to the C-2 and N-1 positions on the indole ring. We observed that 8 of the compounds
(JWH-015, JWH-148, ST-11, ST-24, ST-25, ST-27, ST-29 and ST-30) killed T98G cells with a
greater potency than WIN-2 (Table S1, highlighted with **), revealing key chemical moieties
necessary for antineoplastic activity. Specifically, the 10- and 7-fold changes in ECs, between
ST-21 and ST-26 and between ST-23 and ST-31, respectively, indicate that modification of the
aromatic moiety is likely to affect activity. Moreover, the loss of activity measured with JWH-
120 and JWH-200 suggests that the C-2 position is exquisitely sensitive to modifications.
Conversely, the minor changes in EC5, measured between ST-10, ST-11, ST-29, ST-30 and
JWH-148 (1.0-2.9 uM) imply that the length of the chain appended to N-1 is not critical for
potency. Finally, the 15-fold change in ECs,between ST-11 and ST-47 suggests low flexibility

in naphthalene modifications. ST- 5 B 2
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_ 1201 WM ST-11+Antagonist sco Y | CB 4
neither CB; nor CB, receptor e
Q@ 100
engagement contributes to the % Actin
> 801
antineoplastic  activity of Al R
E 60 e *(g%@\e\\zeo
compounds. Treatment of T98G =
8 40-
glioma cells with antagonists to > ° S02bp CB2
@ L.
each receptor subtype (SR141716 © 2
79 Actin

produced no effect on ST-11-

mediated cell killing (Figure 1.5A). Figure 1.5: ST-11 does not kill GBM cells through
cannabinoid receptor engagement.
Additionally, T98G cells do not (A) Pretreatment of T98G cells with antagonists to CBH1
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through a non-CB,/CB,-dependent mechanism.
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Our lab has identified a novel agent, ST-11, that kills glioma cells through an unknown
mechanism. The following chapters outline two studies designed to identify the novel
molecular mechanism of this compound in glioma cells. This work led to the discovery of new
proteins involved in the regulation of MT dynamics and cancer cell sensitivity to antitubulin
agents. Mechanistically, ST-11 was found to permeate the cell to act directly on MTs to arrest
cell division and induce apoptosis in gliomas. The orphan GPCR GPR124 was additionally
identified as a key regulator of the efficacy of this compound, revealing a link between MT-
dependent processes and GPCR signaling. | determined that GPR124 reduces tumor growth
by directly interacting with the MT polymerizing enzyme ch-TOG to increase the dynamics of
spindle MTs during mitosis. The functional consequence of raising spindle MT dynamics is the
promotion of mitotic errors that reduce overall tumor growth. Thus, | have identified a novel
molecular and functional interaction between GPR124 and MTs that disrupts mitotic
processes, leading to inhibited proliferation and differential cellular sensitivity to antitubulin
agents. My discovery of GPR124 as a controller of MT dynamics provides evidence that
GPR124 has tumor suppressive properties and relevant therapeutic value. This research will
bring new light to the field of cancer cell division, adding an additional GPCR-regulated branch
to our understanding of mitotic mechanisms. The continued chemical optimization of ST
compounds that will be aided by our new mechanistic understanding of their function will lead

to promising new therapeutic candidates for GBM treatment.
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CHAPTER 2

Alkylindole compounds target microtubules

Introduction

GBM is a devastating and intractable type of cancer. Current antineoplastic drugs do not
improve the median survival of patients diagnosed with GBM beyond 14-15 months in part
because the blood-brain barrier is generally impermeable to many therapeutic agents. The
standard of care for GBM patients consists of surgery, radiation and the DNA intercalating
agent TMZ (Temodar®) (2). Non-selective chemotherapeutics remain the sole drug treatment
option for this patient population in large part because recent targeted therapies, such as
gefitinib and bevacizumab that block EGFR and VEGF signaling, respectively, have fallen short
of expectations (24-27). This realization has underscored the need for novel therapeutics to
combat GBM through a distinct mechanism of action; however, the development of new GBM
therapeutics is complicated by the necessity for efficient brain penetrance.

A recent study demonstrated that GBM cells are particularly sensitive to mitotic
disruption compared with matched nonmalignant cells (33). This finding has led to the notion
that innovative therapies that perturb MT assembly may represent a promising strategy to
manage this type of cancer. For example, TTFields function by disrupting MTs and show
significant efficacy as novel GBM treatments (34, 61). This result indicates that antitubulin

agents are likely to show antineoplastic efficacy in patients diagnosed with GBM; however, the
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majority of antitubulin agents do not readily cross the blood-brain barrier [Reviewed in (52)]. In
fact, of the few brain-penetrant antitubulin agents, only 2, sagopilone (ZK-EPQO) and the non-
analgesic opioid noscapine, have been evaluated for glioma indications (57, 128). However,
sagopilone suffered from a lack of efficacy in clinical trials (60), and noscapine required high
doses to elicit an effect (128). Irrespective of the limited success of currently available
compounds, the susceptibility of GBM cells to mitotic perturbation holds considerable promise
for the treatment of this type of cancer (33). To this end, it is necessary to discover and
develop novel brain-penetrant antitubulin agents with high therapeutic potential.

Our lab has recently developed a library of Al compounds with the capacity to kill glioma
cells in vitro (126, 127). Here, we used a combination of biochemical and cell biology
approaches to demonstrate that the Al compound ST-11 arrests the cell cycle and kills glioma
cells by directly acting on MTs. To determine the pharmacokinetics (PK) and in vivo efficacy of
ST-11, we established a stable formulation of this compound in liposomes and developed a
liquid chromatography-mass spectrometry (LC-MS) method to quantify ST-11 in blood and
brain. Using these tools, we determined that ST-11 readily penetrates mouse brain after
intraperitoneal (i.p.) injection and dose-dependently reduces tumor volume in a syngeneic GBM
mouse model. Importantly, ST-11 does not produce overt toxicity in mice. Our study highlights
the therapeutic potential of Al compounds as novel brain-penetrant antitubulin agents with

antineoplastic activity in GBM.

Results

ST-11 inhibits proliferation and kills GBM cells in vitro

A library of 25 Al analogues was screened for activity on the human GBM cell line T98G (Table
S1). The first-generation compound ST-11 exhibited a combination of properties requisite for
further mechanistic and in vivo analyses: it reduced T98G cell number with high potency and
efficacy, and it encompasses the basic chemical scaffold of the series (the ST compound
library) (Figure 2.1A, Table S1). Thus, ST-11 was selected for further screening on additional
human GBM cell lines, including 4 adherent cell lines (U251, A172 and U87MG cells) and 2
stem cell lines (MGG4 and MGG8) (129). ST-11 reduced cell number in all of the GBM lines
tested when applied at micromolar concentrations (EC5, from 2.4 — 8.6 pM, maximal efficacy

from 51 — 96%) (Table 1). A vital and desired feature of any new antineoplastic drug is a
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favorable therapeutic index, which is related to the preferential activity of the compound for
tumor cells. Thus, we tested the antineoplastic activity of ST-11 on malignant and non-
malignant mouse cells. ST-11 killed mouse DBT glioma cells with a potency and efficacy
similar to T98G cells (ECs,= 2.5 yM, maximal efficacy = 60.7%). Notably, this compound did
not affect the viability of primary mouse astrocytes or neurons (Figure 2.1B). Therefore, ST-11
preferentially targets a variety of GBM cell lines, including glioma stem cells, which tend to be

refractive to therapy (3, 4).

Cells Potency (M) Efficacy (% Dead)
MGGS8 4.6 96.0
BT74 2.4 89.9
A172 5.8 68.2
U251 4.3 67.0
T98G 2.5 65.7
us7 5.5 63.2
MGG4 8.6 51.3

Table 2.1: ST-11 preferentially kills GBM cells over mouse astrocytes and neurons in culture. GBM
cell lines were treated with ST-11, and cell number was measured after 72 hrs using WST-1. Dose-response
curves were analyzed and data shown are the mean + SEM from at least 3 independent experiments.

A loss of cell number can result from reductions in cell proliferation and/or increases in
cell death. In order to delineate between both outcomes, we initially determined if ST-11
reduces cell viability using a trypan blue exclusion assay. We discovered that ST-11 dose-
dependently increased the percentage of dead cells (ECs, = 2.9 M, maximal efficacy = 68%)
(Figure 2.1C). We then ascertained whether ST-11 reduces cell proliferation using 2
independent approaches. First, we measured the dose-dependent effects of ST-11 on [*H]-
thymidine incorporation in T98G and DBT cells and found that this compound reduced [*H]-
thymidine uptake in both T98G and DBT cells within 24 hrs of treatment (Figures 2.1D and
S2.1A). Second, we monitored the time-dependent effects of ST-11 action on the
accumulation of 2 mitotic markers: cyclin-B1 and phospho-histone H3. Application of ST-11
led to an increase in both cyclin-B1 and phospho-histone H3 levels (Figures 2.1E and 2.1F).
Thus, we propose that ST-11 reduces GBM cell number by arresting cells in mitosis and

subsequently killing them.
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Figure 2.1: ST-11 reduces proliferation and kills T98G cells in vitro

(A) Chemical structure of ST-11. (B) Viability of mouse DBT, astrocytes and neurons measured with WST-1 72
hrs after ST-11 treatment. (C) T98G cell death measured with trypan blue 72 hrs after ST-11 treatment. (D)
[8H]-thymidine incorporation in T98G cells 24 hrs after ST-11 treatment. (E-F) The time-dependent
accumulation of cyclin-B1 and phospho-histone H3 after ST-11 treatment (3 uM) shown by a representative
western blot (E) and quantified using GAPDH as a loading control (F). Data are the mean + SEM of at least 3
independent experiments.

ST-11 arrests cells in prometaphase by directly targeting MTs

To further confirm our hypothesis that ST-11 arrests GBM cells in mitosis, we quantified the
proportion of cells in each stage of mitosis after application of ST-11. Our compound increased
the percentage of prometaphase T98G and DBT cells in a dose-dependent manner (Figure
2.2A and S2.1B), suggesting that ST-11 arrests cells in mitosis by triggering the SAC [reviewed
in (130)]. In line with this observation, we also noted that ST-11 both dose-dependently
increased the proportion of cells with multipolar spindles (Figures 2.2B and S2.1C) and induced

severe defects in chromosomal biorientation (Figure 2.2C).
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Figure 2.2: ST-11 arrests cultured T98G cells in prometaphase

(A) Percentage of cells in each stage of mitosis after treatment with ST-11. *p<0.05, $p<0.001 compared
with vehicle, two-way ANOVA with Bonferroni post-hoc test. (B) ST-11 dose-dependently increases the
formation of multipolar spindles. **p<0.01, $p<0.001 compared with vehicle, one-way ANOVA with Tukey
post-hoc test. Data are the mean + SEM of at least 3 independent experiments. (C) Representative images
of ST-11-induced (6 pM) abnormalities in chromosomal alignment (arrowheads). Tubulin is shown in red,
centromeres in green, and DNA in blue. Scale bars: 10 ym.

Improper spindle assembly can be attributed to defects in MT dynamics and
polymerization. Thus, we used 3 approaches to determine whether ST-11 was acting directly
on MTs. First, we used a cell-free assay with purified tubulin to assess the partitioning of MT
dimers and polymer. As expected, the MT destabilizing agent nocodazole triggered an increase
the free tubulin (Figure 2.3A). Conversely, a decrease in free tubulin levels was observed upon
addition of the MT stabilizing agent paclitaxel (Figure 2.3A). Similar to nocodazole, ST-11 dose-

dependently increased the level of free tubulin, which corresponds to MT disassembly (Figure
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2.3A). Thus, ST-11 destabilizes MTs in a cell-free system containing purified MTs. The ECs, of
ST-11 on MT destabilization (ECs, = 3.7 yM) is similar to its ECs, on T98G and DBT cell viability,
indicating MTs may be the direct molecular target of ST-11 involved in its antineoplastic effect.
Second, we assessed whether ST-11 affected MT polymer levels in T98G cells in vitro. MTs
were significantly less abundant in T98G cells treated with ST-11, indicating that this
compound directly acts on MTs in cells (Figure 2.3B). Lastly, using live cell imaging of EB3-
GFP on assembling MTs in T98G cells, we found that sub-micromolar concentrations of ST-11
(0.5 pyM) decreased the MT assembly rate by 32% within 10 min of treatment (Figures 2.3C and
2.3D). Together, these results indicate that ST-11 directly acts on MTs to reduce MT assembly,

leading to mitotic spindle defects and prometaphase arrest in GBM cells.
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Figure 2.3: ST-11 directly destabilizes MTs and decreases their assembly in cultured T98G cells

(A) Incubation of ST-11 with purified tubulin induced a dose-dependent increase in free tubulin. Paclitaxel and
nocodazole were used as positive controls to decrease and increase free tubulin, respectively. The dashed
line indicates the steady-state level of free tubulin established prior to the addition of antitubulin agents (7.8
uM). Results are the mean + SEM of at least 3 independent experiments (B) Representative images of ST-11
(5 pM) disrupting MTs in T98G cells. Tubulin is shown in red, centromeres in green, and DNA in blue. Scale
bars: 10 pm. (C-D) ST-11 (0.5 uM) slows MT dynamics within 10 min of treatment (C, quantified in D).
*p<0.05, Student’s t-test. Scale bars: 10 pm. Data are the mean + SEM of at least 3 independent
experiments.
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ST-11 activates caspase-3-dependent apoptosis

Antitubulin agents often promote caspase-dependent apoptosis (51). Therefore, we sought to
determine whether ST-11 activated apoptosis in GBM cells in vitro. ST-11 induced caspase-3
activation in both T98G and DBT cells as early as 6 hrs after treatment (Figures 2.4A and
S2.1D). This result was confirmed by western blot analysis 24 hrs after treatment with ST-11
(Figure 2.4B). Accordingly, this compound induced time-dependent cleavage of poly ADP
ribose polymerase (PARP) (Figure 2.4C). Moreover, cells exhibited nuclear condensation and
membrane blebbing within 24 and 48 hrs of ST-11 treatment, respectively (Figure 2.4A).
Control experiments confirmed that inhibition of caspase-3 with Z-DEVD-FMK blocked the
antineoplastic action of ST-11 (Figure 2.4D). Therefore, ST-11 activates caspase-3-dependent

apoptosis in GBM cells.

To compare the in vitro efficacy of ST-11 with other antitubulin agents, we measured the
time-dependent effects of ST-11, paclitaxel and nocodazole on T98G cell number using WST-
1. By 12 hrs, all 3 compounds had reduced cell number by 10-15%. However, by 72 hrs,
paclitaxel was inactive, whereas cell number was reduced by 34% with nocodazole and by
48% with ST-11 (Figure 2.4E). ST-11 was therefore more effective at reducing cell number than
2 antitubulin compounds, one of which (paclitaxel) is widely used in the clinic as an
antineoplastic drug. This result suggests that further research into the in vivo safety and

efficacy of ST-11 is warranted.
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Figure 2.4: ST-11 triggers caspase-3-dependent apoptosis in cultured T98G cells

(A) Caspase-3 activation (green) correlating with condensed nuclei (blue) (upper panels), overt nuclear
condensation (middle panels), and plasma membrane blebbing (lower panels) after treatment with ST-11 (10
uM) at the indicated times. Scale bars: upper and middle panels, 50 um and 10 um (inset); lower panels, 200
pum and 50 pm (inset). (B-C) Representative western blots showing activation of caspase-3 24 hrs after ST-11
treatment (3 uM) (B) and an increase in cleaved PARP (C, left) after ST-11 treatment (3 pM) for the indicated
times. PARP cleavage was quantified using GAPDH as a loading control (C, right). Blots are cropped for
conciseness, and molecular weights are indicated. (D) The antineoplastic effect of ST-11 (10 uM) was ablated
by a caspase-3 inhibitor (Z-DEVD-FMK, 10 uM, 15 min preincubation). **P<0.001 compared with vehicle,
one-way ANOVA with Tukey post-hoc test. Data are the mean + SEM of at least 3 independent experiments.
(E) Cell number over a 72 hr period measured with WST-1 after treatment with ST-11 (10 pM), nocodazole
(10 pM), or paclitaxel (10 uM). **P<0.001 compared with paclitaxel, $p<0.001 compared with nocodazole,
two-way ANOVA with Bonferroni post-hoc test. Data are the mean + SEM of at least 3 independent
experiments.
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Solubility and safety of ST-11 in vivo

Since ST-11 does not adversely affect the viability non-malignant cells in vitro, we sought to
study its safety in vivo by measuring its maximal tolerated dose (MTD) in mice. The lipophilic
nature of ST-11 necessitated the establishment of an alternate formulation prior to delivery to
mice. Standard solvents such as 30% mouse serum, 10% ethanol, 1% DMSO, 1% Tween-80,
2% Tween-80, 1:1:18 ethanol:Cremophor® RH40:saline, or 1% Tween-80 + 10% FBS did not
solubilize ST-11 (Figure S2.2). Thus, we explored liposome formulations, which are composed
of combinations of lipids that form semi-solid nanospheres (131). Our analyses revealed that
ST-11 was soluble and stable for at least 14 days in nanospheres composed of 9:1:0.5
(m/m/m) EPC:DMPG:DMPE-mPEG2000 at a final lipid-to-drug ratio of 6:1 (m/m). This

formulation was used to administer ST-11 in all subsequent in vivo experiments.

Initially, we assessed the MTD of ST-11 in a 5-day pilot dose-range finding study. Mice
were treated with ST-11 (15, 40, 80, 160, and 240 mg/kg, i.p.) and monitored for signs of
distress (see Materials & methods). No adverse effects were observed when the compound
was administered at doses up to 240 mg/kg daily over 5 days, indicating that ST-11 appears to
be well tolerated. In addition, tissue damage was assessed using H&E staining of 6 principal
organs (heart, liver, kidney, lungs, spleen and brain). No signs of tissue injury were observed in
any organ harvested from any ST-11 dosage group. However, we noted small lymphoid
hyperplasias in the marginal zone of the spleen of mice treated with both 240 mg/kg ST-11 and
the matched liposome-only control. This finding indicates that the large amount of liposomes
injected in this condition induced a high rate of liposome phagocytosis in a manner that was
independent of ST-11 (data not shown). This pilot safety study indicates that ST-11 is well
tolerated at high doses and does not produce overt toxic effects when administered daily over

a wide dose range.

28



100 100 1690 100, 155.0
— <«JJWH-015 __ .
x % <
© 80 ® 80 ®© 80
S £ £
S o °
< 60 ‘ = 60 < 60
- ST-11 - -
< N c c
o 1 o ]
£ 40 £ 40 £ 40
= > 186.1 =]
o (&) (&)
c
s S 20[141.0 § 201127.129
328. 328.2
0 0 . . . . 0
22 24 26 28 3.0 3.2 34 200 300 400 500 200 300 400 500
Time (min) m/z m/z
10" R
20 -~ Brain 88 Brain
-©- Serum - Serum 151 [J Serum
o 10°] = Brain
s 154
2 ém1 g 2 1o
Q ] :‘ :
o=~ - 10 s
2 T 102 - .
< @, ®,
%) 5] 5
10-3 i
10+ 0 0 j Pl i —

500 5 15 40
ST-11 Dose (mg/kg)

100 200 300 400
Time (Min Post-Injection)

M 40 - 8 7 b 5 0
log[ST-11] (M)

Figure 2.5: LC-MS and pharmacokinetic analysis of ST-11 in mouse serum and brain

(A) Elution time of ST-11 and JWH-015 showing total current (black line) and individual currents from ST-11
and JWH-015. (B-C) Resolution of ST-11 (B) and JWH-015 (C) daughter ions. (D) Quantification of ST-11
extracted from serum and brain matrices shows a linear range of detection from 30 fg — 1 ng. (E) Time
course of ST-11 levels in serum and brain after i.p. injection of 40 mg/kg ST-11. (F) Brain and serum levels of
ST-11 60 min after i.p. injection of the indicated doses. Results are presented as the mean + SEM of 3
independent experiments.

Pharmacokinetic profile of ST-11

A limiting factor of the use of many antitubulin agents to treat GBM is their inability to cross the
blood-brain barrier [Reviewed in (52)]. Thus, we established the PK profile of ST-11 in mice to
evaluate whether this compound reaches the brain at concentrations that could produce
antineoplastic activity (i.e. above its ECg, for killing GBM cells in culture). We developed an LC-
MS method that quantifies ST-11 in biological matrices using a related compound, JWH-015,
as an internal standard (see chemical structure in Table S1). Both compounds eluted at ~2.8

min (Figure 2.5A) and were independently detected with base peaks of 169.0 (ST-11) and 155.0
m/z (JWH-015) (Figures 2.5B and 2.5C). The quantification of ST-11 was linear from 30 fg to 1
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ng (>0.99) upon analyzing the compound when spiked into either blood or brain matrices
(Figure 2.5D). The limit of detection was 100 fg and the limit of quantitation was 3 pg (error
<10%). Thus, our newly developed method allows for the reliable and precise quantification of

ST-11 from 0.1 to 1 ng in samples from mouse blood serum and brain tissue.

To establish the PK profile of ST-11, mice were treated with ST-11 (40 mg/kg, i.p.), and
blood and brain tissue were harvested 10, 30, 60, 90, and 480 min after injections. Serum
levels of ST-11 peaked after 10 min (C,. = 15.3 + 3.6 uM), declined steadily thereafter and
reached undetectable levels within 8 hrs post-injection (Figure 2.5E). By contrast, brain levels
of ST-11 peaked after 60 min (C,. = 8.7 + 0.9 uyM) and remained above its average
antineoplastic ECg, (i.e. 1.8 + 0.2 pyM) for up to 8 hrs. In a follow-up experiment, mice were
treated with 5, 15, or 40 mg/kg ST-11 (i.p.), and blood and brain tissue were harvested 60 min
post-injection. Both 15 and 40 mg/kg injections led to brain levels of ST-11 that were greater
than the ECg, for kiling GBM cells (Figure 2.5F). Hence, liposomes deliver micromolar
concentrations of ST-11 to the brain within 60 min of i.p. injection that remain above its

efficacious concentration for killing GBM cells for 4-8 hrs.

ST-11 induces apoptosis in orthotopic DBT tumors and reduces tumor volume

Finally, to determine if ST-11 affects GBM growth in vivo, we used a syngeneic mouse model in
which DBT cells were orthotopically implanted into BALB/c mice (Figures 2.6A, S2.3 and S2.4).
One week after DBT cell implantation, mice were treated daily with 5, 15 or 40 mg/kg ST-11 or
the corresponding liposome vehicle for 2 weeks. The total volume of each tumor after 2 weeks
was estimated by slab approximation and adjusted for the abundant invasion of microglia
using semi-quantitative IHC analysis of Iba-1 (Figure S2.4). ST-11 treatment promoted a dose-
dependent reduction in tumor volume (Figure 2.6B). Importantly, we detected a dose-
dependent increase in caspase-3 activation, nuclear condensation and cellular loss within the
tumor mass (Figure 2.6C). Collectively, these results indicate that i.p. administration of ST-11
dose-dependently activates apoptosis and reduces the volume of orthotopically implanted

DBT tumors.
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Figure 2.6: ST-11 activates caspase-3 and reduces mouse GBM tumors in vivo

(A) Representative image of a BALB/c mouse brain containing a DBT tumor harvested 3 weeks post-
implantation and stained with H&E. Scale bar: 500 pm. Additional H&E features are presented in Figure S1.
(B) Daily i.p. treatments of ST-11 for 2 weeks dose-dependently decreased tumor volume *p<0.05, one-way
ANOVA with Dunnett’s post-hoc test. Results are mean = SEM of at least 5 mice. (C) Representative images
of activated caspase-3 (red) and DAPI (blue) staining in DBT tumor slices obtained from mice given the
indicated treatments. Scale bars: 25 ym and 10 pm (inset). Arrows show DBT cells with high levels of
activated caspase-3 neighboring condensed nuclei.

Discussion

In this study, we describe the pharmacology and mechanism of action of ST-11, a novel Al
compound that destabilizes MTs. This new compound displays 3 properties that are requisite
for treating GBMs: 1) the ability to cross the blood-brain barrier, 2) preferential selectivity for
killing GBM cells and 3) a favorable safety profile when administered at doses above its
therapeutic efficacy. Our study not only provides a solid foundation for further chemical
optimization of this compound but also launches the pharmacological and biological

characterization of this new class of brain-penetrant antitubulin agents. Accordingly, ST-11 and
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future derivatives may prove to be efficacious for the treatment of brain cancers such as GBM,

which remain both one of the most devastating and therapeutically intractable forms of cancer.

ST-11 reduces GBM cell number by reducing both proliferation and viability.
Mechanistically, we have discovered that this compound acts directly on MTs to reduce their
assembly. The ECg, of the effect of ST-11 on MT destabilization in a cell-free assay is
comparable to its EC4, for kiling GBM cells. Taken together, these findings infer that tubulin is
likely the primary target of this compound. Consistent with this result, ST-11 reduced the level
of MT polymer and, at lower concentrations, the rate of assembling MTs in vitro. In living cells,
MTs rapidly interconvert between assembly and disassembly. This dynamic action is essential
for the proper spindle assembly, chromosome attachment and segregation during mitosis
(182). Accordingly, we concluded that ST-11 suppressed MT dynamics in a manner that leads
to aberrant spindle formation, improper alignment of chromosomes and cell cycle arrest in a
prometaphase-like configuration. This effect is consistent with mitotic checkpoint arrest

produced by the MT destabilizing activity of this compound.

Drugs that disrupt MT dynamics are commonly prescribed therapeutics as they both
reduce tumor cell proliferation and trigger apoptosis (51). Our finding that ST-11 kills GBM cells
through the activation of caspase-3-dependent apoptosis is evidenced by increases in
caspase-3 and PARP cleavage, nuclear shrinkage and plasma membrane blebbing. Further
support for this postulate is provided from our investigation of ST-11 on T98G cells where
induction of apoptosis was ablated upon pretreatment with the caspase-3 inhibitor Z-DEVD-
FMK. Therefore, we conclude that the principle mechanism of action of ST-11 is to directly
suppress MT assembly, which leads to defects in mitotic spindle formation and chromosome
attachment. This response is known to trigger mitotic checkpoint arrest and ultimately render

glioma cells susceptible to apoptotic cell death.

A recent study designed to identify novel therapeutic targets for the treatment of GBM
that do not adversely affect healthy brain cells revealed that this type of cancer is particularly
sensitive to mitotic disruption (33). Other investigators have examined the efficacy and potency
of indole-containing compounds on MT disruption and tumor reduction using different cancer
models (133-135). For example, the antitubulin agent BPROLO075 effectively reduces tumor size
in flank xenograft models of gastric and cervical carcinomas (134). Importantly, our studies
suggest that ST-11 has increased therapeutic potential over other classical antitubulin

compounds. Specifically, it has a higher efficacy and more lasting effect than either paclitaxel
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or nocodazole on the viability of GBM cells in vitro. Thus, as a novel brain-penetrant
compound, ST-11 underscores the therapeutic potential of antitubulin agents for the treatment
of GBM.

Another feature of our study was the establishment of the PK profile of ST-11. We
determined that single injections of 15 and 40 mg/kg resulted in micromolar concentrations of
ST-11 in brain that exceed its ECs, for killing GBM cells in culture that persists for 4-8 hours.
Hence, ST-11 dose-dependently activated caspase-3 and reduced tumor volume when
delivered i.p. daily for 2 weeks. Importantly, we did not observe overt signs of toxicity in these
mice during the treatment period (data not shown). Moreover, we monitored the MTD of ST-11
in a 5-day dose-range finding study that incorporated clinical and histopathologic
assessments. These rudimentary analyses of ST-11 toxicity indicate that this compound does
not produce overt side effects when administered chronically at 40 mg/kg or acutely up to 240
mg/kg in vivo. Importantly, this result agrees with our in vitro finding that ST-11 is nontoxic to
non-malignant cells. Thus, we have derived a new delivery method that achieves therapeutic

brain-levels of ST-11 and exhibits an encouraging safety profile when assessed in mice.

To conclude, our study introduces ST-11 as a novel brain-penetrant antineoplastic agent
with preferential selectivity for GBM cells and no discernible toxicities in mice. The use of
antitubulin agents for the treatment of GBM is all the more convincing when one considers that
they act in a manner that has been anticipated to be effective for the treatment of this type of
cancer (33). We therefore propose that ST-11 belongs to a promising new class of brain-
penetrant antineoplastic agents that slow MT assembly, promote cell cycle arrest and trigger
apoptosis in GBM. The future development and characterization of ST-11 analogs may
ultimately lead to the advent of new drugs for the treatment of this intractable and debilitating

form of brain cancer.
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CHAPTER 3

GPR124 coordinates microtubule dynamics in cancer cells

Introduction

Antitubulin drugs such as taxanes (i.e. Taxol®, also referred to as paclitaxel) and Vinca
alkaloids (i.e. vinblastine) are clinically applied antineoplastic agents that are used successfully
to treat a variety of cancers, including breast cancer and GBM. These cancers are particularly
sensitive to MT dysfunction, as paclitaxel is commonly prescribed to treat breast cancer, and
MT disrupting TTFields are effective against GBM (34, 61). Additionally, GBM cells are
differentially sensitive to disruption of MT-dependent processes compared with healthy brain
tissue, making these mechanisms valuable potential therapeutic targets (33, 46). The core
mechanism of action of antitubulin agents is generally thought to rely on their ability to reduce
MT dynamics, promoting prolonged activation of the SAC and activating apoptotic cell death
during mitosis (136). Thus, the central concept behind cancer treatment with antitubulin agents
is that the uncontrolled cell division exhibited by cancer cells exposes them to cell death
induced by MT perturbation (136). Despite the non-targeted nature of antitubulin drugs, their
clinical success and efficacy against a broad array of solid and hematological cancers
underscores their relevance as antineoplastic agents (136-138).

Regardless of the success of targeting MTs for many malignant diseases, treatment with
antitubulin drugs is often complicated by the prevalence of side effects and the development of

drug resistance. For example, it is not understood why paclitaxel is effective against many solid
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tumors, while Vinca alkaloids are often ineffective against solid tumors but commonly used to
treat hematological malignancies. The mechanisms behind sensitivity to antitubulin agents are
further convoluted by the diverse mechanisms that underlie drug resistance. Resistance can
result from loss of drug access to the tumor or changes in molecular components within
individual tumor cells. For example, brain penetrance by many MT-targeting agents is hindered
by ATP-binding cassette transporters such as P-glycoprotein within the blood-brain barrier that
pump drugs out of the brain (139). P-glycoprotein is the predominant efflux pump responsible
for multidrug resistance to taxanes and Vinca alkaloids. Intracellular components that regulate
MT functionality also affect cellular sensitivity to antitubulin drugs. Evidence exists that
combining antitubulin agents such as vinblastine or paclitaxel with inhibition or knockdown of
the SAC protein MPS-1 results in synergistic tumor cell killing (49, 50). Additionally, because
low concentrations of both stabilizing and destabilizing antitubulin agents can kill cells by
marginally altering MT dynamics, one can reason that changes in MT dynamics by regulatory
proteins might alter drug sensitivity. For example, paclitaxel-resistant lung cancer cells were
found to have higher MT polymerization rates (140). Thus, while antitubulin agents are
considered nonspecific drugs, their efficacy can be highly dependent on cancer-specific
alterations in protein expression. Understanding the complex mechanisms governing cancer
cell sensitivity to antitubulin agents could be the key to developing safer and more effective
drugs.

Evidence over the past decade has revealed an intimate relationship between tubulin
dynamics and heterotrimeric G protein signaling, suggesting that this broad signaling system
may yield proteins that regulate antitubulin drug efficacy. Both Ga and GPy proteins can
directly bind to MTs and regulate their assembly (141, 142). Gq, has specifically been
implicated in spindle pole organization during cell division (143, 144). Notably, heterotrimeric G
protein activation is required to regulate MTs (145). While G protein-dependent regulation of
tubulin function has been studied extensively (141, 142), little is known about the ability of
additional molecular components of G protein signaling, such as GPCRs, to regulate MT-
dependent processes. Currently, the sphingosine-1-phosphate receptor 5 (S1PRs) has been
identified as a centrosomal GPCR that might regulate mitotic MT dynamics (146). Additionally,
metabotropic glutamate receptors and melatonin receptors directly bind tubulin (147-150), and
activation of GPCRs has been shown to promote tubulin recruitment to the plasma membrane
(149, 151). Our current understanding of the molecular components controlling these links

between MTs and GPCRs and their functional consequences in cells is limited. Moreover, the
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effect of GPCR signaling on sensitivity to antitubulin agents has not been explored. The
purpose of this study was to identify novel GPCRs that participate in MT-dependent processes
and regulate the efficacy of antitubulin drugs in cancer cells. This research will increase our
understanding of the crosstalk between GPCRs and tubulin and build upon that knowledge to
develop more effective antitubulin agents.

Our laboratory recently developed ST-11, a novel antitubulin agent that selectively targets
cancer cells. We utilized this compound to identify orphan GPCRs that might be involved in MT
functionality by determining its efficacy in several human cancer cell lines and developing a
functional genetic screen of orphan GPCRs in human T98G glioma cells. From this screen, we
identified that the orphan receptor GPR124 (also known as Tumor Endothelial Marker 5, TEM5)
is necessary for the activity of ST-11 and controls the growth of tumors in vivo. We additionally
determined that GPR124 interacts with the MT plus-end binding protein ch-TOG in a dynamic
manner that depends on MT polymerization. Overexpression of GPR124 leads to increased MT
assembly rates, altered mitotic timing, and lagging chromosomes during cell division.
Collectively, our results indicate that GPR124 is a novel GPCR that is involved in MT dynamics

in cancer cells and regulates the efficacy of antitubulin agents.

Results

Involvement of GPR124 in the antineoplastic activity of antitubulin agents

To identify orphan GPCRs that regulate the efficacy of antitubulin agents, we designed a
functional genetic screen based on differential sensitivity several human cancer cell lines to
antitubulin agents. First, four cell lines, T98G glioma, MDA-MB-231 (MDA231) breast, HCT116
colorectal, and Hel.a cervical cancer cells, were treated with vinblastine, colcemid, and ST-11.
T98G cells were particularly sensitive to ST-11, but resistant to vinblastine and colcemid
(Figure 3.1A). In contrast, MDA231, HCT116, and Hela cells were similarly sensitive to all
compounds (Figure 3.1A). We were specifically intrigued by the response of ST-11, which was
most efficacious in T98G cells that were resistant to other antitubulin compounds. T98G and
MDAZ231 cells had the largest differential in ST-11 efficacy. We focused on these two cells lines
to establish dose response curves of the antineoplastic effect of ST-11. The efficacy of ST-11
was reduced by 42% in MDA231 cells compared with T98G cells (Figure 3.1B). The potency of
the compound was similar between both cell lines (1.1 uM in T98G and 0.8 pM in MDA231)
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(Figure 3.1B). Thus, ST-11 was found to be effective at killing multiple cancer cell lines with
variable efficacy, yielding a system that can be utilized to identify proteins that control

sensitivity to anitubulin agents.
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Figure 3.1: GPR124 regulates cellular sensitivity to ST-11

(A) Four cancer cell lines, T98G glioma, HCT116 colorectal, HeLa ovarian, and MDA-MB-231 (MDA231)
breast cancer cells were treated with the antitubulin agents ST-11 (10 pM), vinblastine (10 pM), and colcemid
(10 pM). Cell number was measured after 72 hrs with WST-1 to obtain a baseline response of these cells to
various antitubulin agents. (B) Viability of T98G and MDA231 cells measured with WST-1 72 hrs after
treatment with ST-11. (C) The average expression of 3 orphan GPCRs measured with microarray analysis of
T98G and MDA231 cells. Data is the log, of the background subtracted fluorescence intensity, and the table
is color-coded according to normalized expression level. Red = low expression, green = medium expression,
and purple = high expression. (D) Viability of T98G cells expressing a GPR124-targeted siRNA (GPR124
SiRNA #3) or a non-targeting siBRNA (UNI siRNA control) measured with WST-1 72 hrs after ST-11 treatment.
(E) Effect of ST-11 (10 pM) on the viability of wild-type T98G cells (T98G-WT), or T98G cells stably expressing
a GPR124-targeted shRNA (T98G-KD) or a non-targeting shRNA (T98G-Scr). ***p<0.001, one-way ANOVA
with a Tukey post hoc test.
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In an effort to identify orphan GPCRs that may control MT processes and sensitivity to
antitubulin agents, we exploited the differential sensitivity of our cancer cell lines to ST-11. We
hypothesized that the increased sensitivity of T98G cells to ST-11 might result from higher
expression of an unknown orphan GPCR. Using microarray analysis of T98G and MDA321
cells, we identified only 3 orphan GPCRs that are more highly expressed by T98G cells than by
MDA231 cells (Figure 3.1C). We determined whether these receptors were involved in the
antineoplastic effect of ST-11 by knocking down each receptor in T98G cells and evaluating
the efficacy of ST-11. The expression of each GPCR was reduced in T98G cells using mixtures
of 3 siRNA constructs (#1, #2, and #3) to maximize knockdown efficiency. Only knockdown of
GPR124 reduced the antineoplastic effect of ST-11 (Figures S3.1A and S3.1B). We validated
our microarray results using gPCR and found that GPR124 is expressed at 33.5 + 16.1 fold
higher levels in T98G cells compared with MDA cells (data not shown). Using 1 of the 3 siRNA
constructs to knockdown GPR124 (siRNA #3), we found that reduction in GPR124 levels by
72% (Figure S3.1C) in T98G cells reduced ST-11 efficacy by 47% (Figure 3.1D). Moreover, we
generated T98G cells with stable knockdown of GPR124 using shRNA and again identified the
same trend in ST-11 resistance; stable knockdown of GPR124 by 86% (T98G-KD) (Figure
S3.1D) reduced the efficacy of ST-11 on T98G cells by 61% compared with cells stably
expressing a scrambled shRNA control (T98G-Scr) (Figure 3.1E). Thus, our unbiased screen
revealed GPR124 as an orphan GPCR that regulates the efficacy of the antitubulin agent ST-
11.

To ascertain the specificity of the effect of GPR124 on the antineoplastic activity of
antitubulin agents, we treated T98G-KD and T98G-Scr cells with 3 additional cytotoxic
compounds: staurosporine, C,-ceremide, and carmustine. GPR124 knockdown had no effect
on the antineoplastic activity of these compounds, indicating that this protein does not broadly
affect resistance to pro-apoptotic drugs (Figure 3.2A). We then assessed how GPR124
knockdown in T98G affects their sensitivity to additional MT-targeted agents, including
paclitaxel, vinblastine, and colcemid. Interestingly, while GPR124 knockdown reduced the
efficacy of ST-11 on cell viability, it synergized with the antineoplastic effect of both vinblastine
and colcemid, producing a 25% and a 43% increase, respectively, in drug efficacy (Figure
3.2B). Paclitaxel was ineffective against both T98G-Scr and T98G-KD cells. The fact that
T98G-Scr cells were resistant to both vinblastine and colcemid (efficacies of 17% and 0%,
respectively) is noteworthy and indicates that the absence of GPR124 alone might vastly

improve the response to these drugs.
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ST-11, vinblastine, and colcemid are known to induce apoptosis by prolonging activation
of the SAC during prometaphase. To better understand how GPR124 knockdown reduces ST-
11 efficacy, we used time-lapse microscopy of T98G-KD and T98G-Scr cells to observe
directly how they are affected by ST-11 treatment. Strikingly, while 80% of T98G-Scr arrested
in prometaphase and subsequently died, only 21% of T98G-KD cells died through this
mechanism. Instead, 79% of the T98G-KD cells proceeded to anaphase without establishing a
fully formed metaphase plate (Figures 3.2C and 3.2D). These data indicate that GPR124 might

be involved in cell division processes.
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Figure 3.2: GPR124 specifically affects the efficacy of antitubulin compounds

(A) Effect of staurosporine (Stauro, 2 uM), C2-ceremide (C2-CM, 10 puM), and carmustine (1 mM) on the
viability of T98G-Scr control and T98G-KD cells measured with WST-1. (B) Effect of the antitubulin
compounds paclitaxel (10 uM), vinblastine (10 uM), and colcemid (10 pM) on the viability of T98G-Scr control
and T98G-KD cells measured with WST-1. ***p<0.0001, Student's t-test. (C-D) Cell death that occured
during prometaphase in the presence of ST-11 (10 pM) was measured in T98G-Scr control and T98G-KD
cells using time-lapse microscopy. *p<0.05, Student's t-test. Data are the mean + SEM of at least 3
independent experiments. Representative time-lapse frames are shown in (D). Scale = 10 pm.
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GPR124 reduces tumor growth in vivo

Little is currently known about GPR124. This protein was identified in colorectal cancer tissues
and was found to be involved in the proliferation, survival, and angiogenesis of tumor-
associated endothelial cells (152-156). We hypothesized that the intriguing differential effect of
GPR124 knockdown on the efficacy of antitubulin agents likely had to do with its role in cell
proliferation. However, the mechanistic details of how GPR124 affects proliferation are not well
understood, nor has this effect been studied in tumor cells (155). Thus, we first assessed the
effect of GPR124 on gross tumor growth by establishing xenograft models with altered
GPR124 expression. U87MG human glioma cells overexpressing myc-tagged GPR124
(UB7MG-GPR124) or an empty vector (U87MG-pcDNA) were implanted subcutaneously into
the flanks of nude mice. GPR124 overexpression significantly reduced the growth rate of
U87MG flank tumors compared with expression of a control vector (U87MG-pcDNA) (Figure
3.3A). These tumors were found to have histological markers consistent with typical GBMs,
including pseudopalisading, necrosis, and frequent mitotic cells (Figure 3.3B and 3.3C). There
was a slight, non-significant reduction of necrotic area in U87MG-GPR124 tumors compared
with U87MG-pcDNA tumors of the same size (Figure S3.2A). This difference likely could not
account for the significant reduction in tumor size in U87MG-GPR124 xenografts. Thus, we
hypothesized that increased GPR124 expression must reduce cell proliferation. We assessed
the proliferation index of U87MG tumors using the cell cycle marker Ki67. U87MG-GPR124
tumors contained 50% less Ki67-positive nuclei than control U87MG-pcDNA tumors,

indicating that GPR124 overexpression reduces tumor proliferation (Figure 3.3D and 3.3E).
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Figure 3.3: GPR124 slows U87MG xenograft tumor growth.

(A) GPR124 overexpression slowed the growth of xenograft U87MG tumors (U87MG-GPR124) compared
with control (U87MG-pcDNA). Tumors were measured with calipers every 2-3 days for 42 days post-
implantation. *p<0.05, **p<0.01, Student's t-test. (B-C) H&E staining of U87MG-pcDNA (B, C) and U87MG-
GPR124 (B', C') tumors reveal features consistent with GBM including pseudopalisading (arrows) and
necrosis (stars) (B, B') as well as frequent mitotic cells (arrow heads) (C, C'). Scales 200 um (B, B') and 50
um (C, C'). (D-E) Overexpression of GPR124 resulted in U87MG tumors with less Ki67-positive nuclei than
control tumors (D). Representative images of U87MG-pcDNA (top panels) and U87MG-GPR124 tumors
(oottom panels) with Ki67 shown in green (left) or gray (right), and DAPI shown in blue (left) (E). *p<0.01,
Student's t-test. Scale 50 um. Data are the mean + SEM of 10 mice per group.

GPR124 regulates mitotic progression in vitro

To dissect the mechanistic details governing GPR124-dependent reduction in tumor cell
proliferation, we validated our in vivo findings in vitro using an [*H]-thymidine incorporation
assay to assess the basal rate of cell division in cells expressing different levels of GPR124. As
expected, overexpression of GPR124 reduced the [*H]-thymidine uptake of cultured US87MG
cells by 32.5%, 34.2%, and 43.2% in 0%, 1%, and 10% serum, respectively, compared with
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U87MG-pcDNA control cells (Figure 3.4A). Interestingly, knockdown of GPR124 in T98G cells
also reduced °[H]-thymidine uptake by 42.7% compared with T98G-Scr controls, however this
only occurred in culture conditions with 1% serum (Figure S3.2B). The observation that
changing GPR124 levels in either direction upsets cellular proliferation is consistent with a role
in MT-dependent processes. Our collective findings that GPR124 differentially regulates
cellular sensitivity to antitubulin compounds, independently controls cell proliferation in vitro
and in vivo, and does so in a way that indicates that its expression must be tightly controlled
suggests that GPR124 might be involved in mitosis. Mitosis is a strictly regulated process that
is targeted by antitubulin agents. Many of the mechanisms involved in successful completion
of mitosis require a carefully orchestrated balance of events that when disrupted can upset the
process as a whole. By quantifying the relative fraction of mitotic cells in each phase of mitosis,
we found that GPR124 overexpression in U87MG cells reduces the number of cells in
prometaphase by 31.4% compared with U87MG-pcDNA cells. In contrast, knockdown of
GPR124 in T98G cells increased the fraction of cells in prometaphase by 41% compared with
T98G-Scr cells (Figure 3.4B and 3.4C). These data indicate that mitotic progression is
disrupted when GPR124 levels are altered, as the fraction of cells in each mitotic phase may
correlate with the speed at which that phase progresses. To quantify mitotic progression with
more precision, we used time-lapse microscopy of Hela cells expressing H2B-GFP (H2B-GFP
Hela) to visualize nuclei. HelLa cells were chosen because mitotic progression is very reliable
and well understood in this cell line. As expected, GPR124 overexpression in H2B-GFP HelLa
cells using lentiviral transduction decreased the time spent in prometaphase by 40%
compared with H2B-HelLa cells infected with a lentiviral control (Figure 3.4D). This finding
implies that GPR124 promotes the formation of a metaphase plate by increasing chromosomal
congression. In addition, GPR124 slowed progression from metaphase to anaphase by 24%,
resulting in no change in the overall mitotic timing compared with control HelLa cells (Figure
3.4D). Mitotic progression is tightly regulated, and both prometaphase and metaphase are
critical stages during which the cell establishes proper kinetochore-MT attachments that are
vital for accurate chromosomal segregation. Mitotic progression is paused in metaphase by the
SAC until the kinetochores have formed accurate bipolar attachments to spindle MTs.
Accordingly, we hypothesized that GPR124 overexpression might promote erroneous
kinetochore-MT attachments that result in a metaphase delay. A common consequence of
improper kinetochore-MT attachments is lagging chromosomes during anaphase. Hence,

using time-lapse microscopy of H2B-GFP HelLa cells, we noted a 44% increase in the
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prevalence of lagging chromosomes in GPR124-overpexressing cells (Figure 3.4E and 3.4F).
Collectively, our findings suggest that GPR124 overexpression alters mitotic progression and
promotes erroneous kinetochore-MT attachments. Regulated MT assembly in the spindle is
essential to efficient and error-free mitosis, and alterations in spindle MT dynamics has been
associated with the presence of lagging chromosomes and increases in CIN (157). Thus,
GPR124 may increase MT dynamics in the spindle, promoting lagging chromosomes and

delaying metaphase progression.
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Figure 3.4: GPR124 reduces proliferation and alters mitotic progression

(A) Overexpression of GPR124-myc in U87MG cells (U87MG-GPR124) reduced [H]-thymidine incorporation
in 3 serum concentrations (0%, 1%, and 10%) compared with cells expressirig an empty vector control
(UB7MG-pcDNA). ***p<0.001 2-way ANOVA. (B-C) Overexpression of GPR124 in U87MG cells reduces the
percentage of mitotic cells in prometaphase compared with control (B). Accordingly, knockdown of GPR124
in T98G cells (T98G-KD) increases the percentage of mitotic cells in prometaphase compared with control
(T98G-Scr) (C). (D-E) Timeplapse microscopy of Hela cells shows that overexpression of GPR124 reduces
the time spent in prometaphase and increases time spent in metaphase and anaphase (D) while leading to
an increase in the prevalence of lagging chromosomes (E). (F) Representative frames from time-lapse
microscopty of control and GPR124-overexpressing Hela cells going through mitosis. Arrows point to
lagging chromosomes, arrow head points to a micronucleus. Scale = 10 ym. Data is the mean + SEM of at
least 3 independent experiments.
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GPR124 regulates MT assembly and interacts with ch-TOG

Lagging chromosomes can arise from minute changes in spindle MT dynamics. Moreover,
changes in MT assembly rate can promote resistance to antitubulin agents (140). We
hypothesized that GPR124 alters mitotic progression, promotes lagging chromosomes, and
regulates sensitivity to antitubulin agents by controlling MT dynamics. The effect of GPR124
overexpression on MT dynamics was assessed using live cell imaging of EB3-GFP comets in
Hela cells. We observed a slight, but significant, increase in MT assembly rates in interphase
HelLa cells overexpressing mCherry-tagged GPR124 (GPR124-mCherry, 6.5% increase over
control Hela cells expressing mCherry) (Figure 3.5A). MT assembly in mitotic cells was
measured in both the spindle and astral MTs (Figure S3.3). GPR124 overexpression in Hela
cells promoted a small, but highly significant, increase in spindle MT assembly rates without
affecting astral MT assembly rates (8.1% increase over mCherry-expressing HelLa cells in
spindle MTs) (Figure 3.5A). While an increase in MT assembly by only 8.1% is modest, small
alterations in MT assembly rates have been linked to CIN and mitotic abnormalities (157).
Therefore, we suggest that the increase in MT assembly rates induced by GPR124 may be
responsible for the observed changes in mitotic timing and the prevalence of lagging
chromosomes when this protein is overexpressed.

To understand how a GPCR might affect MT assembly rates in the spindle, we used
mCherry-tagged GPR124 to visualize the localization of this protein throughout different stages
of the cell cycle. Interestingly, despite the effect of GPR124 on spindle MTs, this protein was
present on the plasma membrane throughout mitosis (Figure 3.5B). GPR124 colocalized
strongly with actin, as has been shown previously in HEK293 cells (158) (Figures 3.5B and
3.5C). GPR124 did not strongly colocalize with MTs; however, it overlapped with MTs in
discreet locations where a MT contacts the plasma membrane (Figure 3.5D). Therefore,
contrary to our findings that GPR124 affects MT dynamics and mitosis, we found little overlap
between this protein and MTs. However, the discovery that MTs appeared to contact GPR124
at the plasma membrane suggests that this protein might regulate MT dynamics by controlling
the association or function of MT plus-end binding proteins. These proteins are instrumental to
both MT polymerization and breakdown and together coordinate the dynamic functions of MTs

both in interphase and in mitosis.
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Figure 3.5: GPR124 increases MT dynamics and colocalizes with MT tips at the plasma membrane
(A) Overexpression of GPR124-mCherry in Hela cells increased MT assembly rates in the mitotic spindle
without affecting astral MT assembly rates. GPR124-mCherry also increased MT assembly rates in
interphase Hela cells. **p<0.01, **p<0.001 Student's t-test. (B) GPR124 is present on the plasma
membrane through mitosis in Hela cells overexpressing GPR124-mCherry. GPR124 is shown in red, actin is
stained with phalloidin in green, and DAPI is in blue. Scale = 10 um. (C) GPR124 is present on the plasma
membrane during interphase and colocalizes with actin in Hela cells overexpressing GPR124-mCherry.
GPR124 is shown in red, actin is stained with phalloidin in green and DAPI is in blue. Scale = 10 ym. (D) MT
plus end tips colocalize with GPR124 in discreet areas on the plasma membrane (marked by arrows).
GPR124 is shown in red, and microtubules are shown in green. Scale = 2 ym.
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Very little is known about the components of GPR124 signaling, and no MT-dependent
functions have yet been identified. This receptor has recently been found to be involved in Wnt
signaling and to function through the small GTPase cdc42 when activating the migration of
endothelial cells (159-161), which implies a role in cytoskeletal remodeling. We hypothesized
that GPR124 regulates the function of MT plus-end binding proteins. Accordingly, we analyzed
the constituents of the GPR124 complex using Stable Isotope Labeling of Amino acids in Cell
culture (SILAC), a quantitative and reliable method to analyze protein complexes with mass
spectrometry (162, 163). With this technique, we identified several proteins that are involved in

regulating MTs, centrosomal function, and cytoskeletal dynamics (Table 3.1).

Protein Function Significance (p-value)

GPR124 Aqhes{on GPCR involved in cell growth and 0007
migration

ch-TOG MT plu_s-end binding_ prqtein involved in MT % () 0008
dynamics and organization

PKA Regulatory . **

subunit I1 Regulatory subunit of PKA 0.0013

AKAP450 Scaffold for PKA, protein phosphatase 1 and protein ** 0.0027
phosphatase 2A

Midline-1 Microtqbule bindihg prqtein that facilitates 0.16
anchoring of multiprotein complexes to

Myosin Light Chain Phosphorylates Myosin Light Chain to stimulate 0.16

Kinase actin binding |

Table 3.1: GPR124-associated proteins identified using SILAC and mass spectrometry. Proteins
were SILAC labeled in vitro, and GPR124-myc was immunoprecipitated. Proteins bound to the GPR124
complex were identified using mass spectrometry, and statistical significance was determined using a one
sample Student's t-test against a hypothetical value of 0. For more information, see Chapter 4: Materials &
Methods.

Notably, we identified ch-TOG, a MT plus-end binding protein that regulates MT polymerization
(164-166). Ch-TOG is well known to be indispensable for the proper formation of bipolar
spindles (167-169). Ch-TOG knockdown significantly reduces MT assembly rates and
chromosome oscillations during prometaphase and metaphase (157, 169, 170). Thus, varying
ch-TOG levels can affect MT dynamics and chromosome congression, which we also noted
upon overexpression of GPR124. We verified the interaction between these 2 proteins using 3
independent assessments. First, we immunoprecipitated GPR124-myc and identified a clear
band for ch-TOG upon analysis by western blot (Figure S3.4A). Second, ch-TOG and GPR124

colocalized on the plasma membrane and GPR124-positive filopodial extensions in interphase
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HelLa cells (Figure 3.6A). Interestingly, while the majority of ch-TOG was present in the
centrosomes and on spindle MTs, there was clear evidence of this protein on the plasma
membrane during mitosis where it colocalized with GPR124 (Figure 3.6B). Lastly, we treated
U87MG-GPR124 cells with ST-11 (10 uM) and identified an 80% reduction in the amount of
ch-TOG that immunoprecipitated with GPR124 after 4 hrs (Figures 3.6C and 3.6D). This finding
suggests that ch-TOG and GPR124 association is a dynamic process that requires MT
polymerization. Collectively, our results indicate that GPR124 and ch-TOG form a complex in
cells and this complex likely regulates spindle MT dynamics and mitotic progression by
modulating ch-TOG activity.

The expression level of ch-TOG is known to affect spindle MT dynamics (157, 169, 170).
Because GPR124 induced small, but functionally relevant, changes in spindle MT assembly,
we hypothesized that this protein associates with ch-TOG at the membrane and induces a
compensatory upregulation in ch-TOG levels. However, we expected this increase to be small,
as GPR124 overexpression only induced slight changes in MT assembly. Thus, we elected to
employ a sensitive quantitative assessment of ch-TOG levels using immunocytochemistry
(ICC). Quantitative ICC analysis of spindle and centrosome ch-TOG levels revealed a 33%
increase in the level of ch-TOG in the spindle upon overexpression of GPR124 (Figure 3.6E).
Moreover, we identified a 38% increase in whole-cell ch-TOG levels in GPR124-
overexpressing Hela cells compared with control (Figure S3.4B). Therefore, we can conclude
that GPR124 interacts with ch-TOG, which leads to a compensatory increase in ch-TOG levels

that drive rapid MT assembly in the spindle.
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Figure 3.6: GPR124 forms a complex with ch-TOG and increases its levels in the spindle

(A-B) GPR124 co-localizes with ch-TOG in interphase (A) and mitotic (B) HelLa cells. Representative areas of
co-localization are shown with arrows and are magnified in insets. GPR124-mCherry is shown in red, ch-
TOG is in green, and the nucleus is in blue. Scale bars = 10 um and 2 pm (inset). (C-D) Treatment with ST-11
(10 uM) decreased ch-TOG co-immunprecipitation with GPR124-myc detected by western blot (C). Ch-TOG
protein was normalized to the amount of GPR124 in each immunoprecipitation and quantified (D). **p<0.01,
Student's t-test. (E) Overexpression of GPR124-mCherry increased the level of ch-TOG present in the
spindle. ***p<0.0001, Student's t-test. Data are expressed as the mean = SEM.

Discussion

Using several unbiased screens, we have identified the orphan receptor GPR124 as a novel
component of the MT regulatory system. This protein has known roles in migration and
proliferation, however, very little is known mechanistically about these functions. With no
identified chemical or endogenous ligand, we used systems in which GPR124 expression was
altered to study its function in tumor cells. GPR124 overexpression increases interphase and
spindle MT assembly rates, leading to alterations in mitotic timing and increases in lagging

chromosomes that can lead to aneuploidy. GPR124 interacts with ch-TOG in a dynamic
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manner, and this complex likely promotes its MT-dependent cellular effects. Therefore, we can
deduce that GPR124 residing on the plasma membrane has a novel role in fine-tuning MT-
dependent processes during mitosis by regulating ch-TOG.

In this study, we set out to identify orphan GPCRs that may affect cellular sensitivity to
antitubulin compounds. Using an unbiased genetic screen in MDA231 breast cancer and T98G
glioma cells, we discovered that GPR124 controls the efficacy of ST-11, vinblastine, and
colcemid. We found that while ST-11 killed most T98G-Scr cells in prometaphase, T98G-KD
cells passed into anaphase despite the lack of an established metaphase plate in the presence
of this drug, thus reducing ST-11-induced cell killing. Paradoxically, both vinblastine and
colcemid treatment was found to synergize with GPR124 knockdown to increase cell killing.
While the precise differences in the mechanisms behind these 3 drugs is not currently well
understood, it’s possible that the cause of this differential effect arises from effects of
vinblastine and colcemid on interphase cells. While vinblastine and colcemid can induce cell
killing during interphase as well as mitosis (171-173), a high concentration of ST-11 (10 pM)
appears to reliably target mitotic cells (data not shown). It's possible that GPR124 may play
different mechanistic roles depending on whether cell death occurs during mitosis or
interphase. Sensitivity to antitubulin agents can be regulated at a variety of levels. Vinblastine
and paclitaxel are both known to synergize with knockdown of SAC components (49, 50), but
resistance to antitubulin compounds can arise from alterations in MT stability and dynamics
(140). Thus, we hypothesized that GPR124 could conceivably participate in the regulation of
MT function during cell division.

While the function of GPR124 is starting to be uncovered, there is still very little
information available regarding its cellular role. In cancer, this protein has only been evaluated
in tumor-associated endothelial cells during angiogenesis. In this paradigm, GPR124 was
found to mediate contact inhibition, begging the question of how it might regulate tumor
growth (155). Our finding that GPR124 affected the sensitivity of T98G cells to antitubulin
compounds strongly suggested that it might be involved in the regulation of cell division. This
hypothesis was supported by 2 independent findings. First, overexpression of GPR124
substantially decreased the growth of xenograft U87MG tumors, implying that this protein is
involved in overall tumor growth and proliferation. The expression of mitotic regulators is tightly
controlled, and disruption of this balance by overexpression or knockdown has the potential to
upset mitosis and reduce proliferation. GPR124 overexpression and knockdown both reduced

proliferation in vitro, suggesting that this protein may regulate mitosis. Second, the cell
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acquires proper kinetochore-MT attachments during prometaphase and metaphase, which is
vital to prevent chromosome missegregation and aneuploidy. Notably, GPR124 altered
progression through both of these phases. The increase in prometaphase progression that we
observed upon overexpression of GPR124 suggests that this protein allows for rapid
chromosomal congression; however, these cells additionally spent more time in metaphase,
which implies that perhaps GPR124-overexpressing cells are not able to satisfy the SAC as
quickly as control cells despite the visual presence of a metaphase plate. One possible
explanation for this lag in metaphase progression is that the cells are not acquiring proper
bipolar chromosomal attachments. Accordingly, we show here that overexpression of GPR124
increases the prevalence of lagging chromosomes, which result directly from erroneous
kinetochore-MT attachments, and are evidence of increased CIN (174). CIN, which is generally
defined as frequent chromosomal missegregations that result in aneuploidy, can have
paradoxical effects on the growth of tumors. On the one hand, low levels of CIN can promote
tumor growth by allowing for enhanced tumor cell evolution and adaptation [reviewed in (175)].
However, on the other hand, high CIN can be detrimental to cell viability and ultimately result in
reduced tumor growth (157, 175). Together, our data support a model in which GPR124
promotes high levels of CIN as evidenced by the prevalence of lagging chromosomes, which
leads to a reduction in tumor growth and proliferation.

MT dynamics has been implicated in lagging chromosomes and CIN as well as in
sensitivity to antitubulin agents (140, 157). Therefore, it follows that GPR124 increases spindle
and interphase MT dynamics as well as lagging chromosomes. Our finding that GPR124
associates with the MT plus-end binding protein ch-TOG is significant for several reasons. The
GPR124/ch-TOG complex is functionally relevant, as GPR124 overexpression increases whole-
cell and spindle ch-TOG levels and promotes cellular effects that would be expected upon
increasing ch-TOG activity. Moreover, given that GPR124 is a membrane-associated protein
that increases MT polymerization rates, an intracellular MT polymerizing enzyme would be
expected to facilitate this response. Thus, it is likely that ch-TOG mediates the cellular effects
of GPR124 that we have identified.

The association of ch-TOG with a plasma membrane-bound protein has not been shown
before, and thus, brings forth new concepts to our understanding of ch-TOG. Most of what is
currently known about ch-TOG is in regards to its role in centrosomal MT nucleation and
dynamics (167-169). Little is known about the function of this protein during interphase beyond

that it binds to MT plus ends and promotes increased MT dynamics (164-166). We found that
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GPR124 associated with ch-TOG on the plasma membrane during interphase and mitosis,
which presumably affects the function of ch-TOG during mitosis. Determining the precise
mechanism by which ch-TOG encounters GPR124 would greatly expand our understanding of
how these two proteins function. Our finding that treatment with a MT depolymerizing agent
substantially decreases ch-TOG association with GPR124 suggests that ch-TOG is present on
the end of assembling MT tips and gets deposited when it encounters GPR124 at the
membrane. This mechanism would support the hypothesis that GPR124 serves as a sensor for
ch-TOG expression in the cell and regulates its level accordingly to prevent over- or
underexpression of this critical mitotic protein.

The identification of ch-TOG as a novel binding partner of GPR124 greatly enhances our
growing understanding of the cellular function of this orphan GPCR. Not only does GPR124
function to regulate proliferation, but most of the available research on this protein examines its
role in promoting endothelial cell directional migration (156, 158, 161). The presence of a
GPR124/ch-TOG complex on the plasma membrane and in filopodial structures is highly
suggestive that GPR124 might maintain this pro-migratory role in tumor cells. It is conceivable
that GPR124 on the plasma membrane could localize and anchor ch-TOG to leading edges
where it can polymerize MTs and prevent deviations from the established directional
movement. Moreover, we show here that GPR124 may associate with an AKAP450 complex,
which is known to coordinate the proper orientation of the centrosomes and Golgi during
directional migration (176, 177). Hence, it is possible that GPR124 anchors and localizes the
molecular machinery involved in properly polarizing and maintaining directionality of migrating
cells. These hypotheses support the current literature on GPR124 and should be formally
evaluated to enhance our understanding of these coordinated molecular mechanisms.

Together, the model proposed by this research indicates that GPR124 associates with
ch-TOG at the plasma membrane, leading to increased ch-TOG activity in the spindle during
mitosis. Increased MT assembly rates in the presence of GPR124 can affect several processes,
including the cellular response to antitubulin agents as well as CIN and tumor growth.
Ultimately, it is likely that through its interaction with ch-TOG, GPR124 overexpression tips the
scales in favor of increased CIN and decreased tumor growth. Its effect on antitubulin agents
therefore may also result from the ability of GPR124 to regulate MT assembly rates and CIN.

To conclude, the orphan receptor GPR124 is a novel regulator of MT dynamics through
its interaction with the MT plus-end binding protein ch-TOG. High levels of GPR124 were found

to increase MT dynamics, chromosomal congression, and mitotic errors including lagging
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chromosomes. The complex relationship between GPR124, ch-TOG, and CIN leaves many
open questions. For example, it is unclear whether GPR124 expression level could be used as
a prognostic marker for cancer progression or response to therapeutic antitubulin drugs.
Nonetheless, this study lays a foundation for expanding our knowledge of cellular components
that influence MT dynamics, CIN, and tumor growth. The identification of GPR124 as a novel
regulator of MT dynamics in cancer will uncover new mechanisms for tumor progression and

lead to the discovery of novel therapeutic targets.
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CHAPTER 4

Conclusions & future directions

Looking Forward

In this work, we have identified ST-11 as a new brain-penetrant MT-destabilizing agent that
preferentially kills tumor cells by arresting them in mitosis and activating apoptosis. This
compound appears to exert its antineoplastic effects through a similar general mechanism as
other MT destabilizing agents such as vinblastine and colcemid; specifically, ST-11 was found
to induce cell cycle arrest during mitosis and activate apoptosis. Using ST-11, we went on to
discover that the orphan 7-transmembrane receptor GPR124 affects the cellular sensitivity to
MT-targeting agents, and these effects likely occur through the ability of this protein to regulate
ch-TOG activity and MT dynamics. Thus, this work adds to our understanding of cancer cell
division and MT regulation and frames a new avenue of study that bridges the gap between
plasma membrane proteins and MT functionality.

Several aspects of this work have clinical relevance in the field of cancer biology, which, if
expanded upon, could lead to new therapeutics and improvements in patient response to
antitubulin treatments. Three qualities of ST-11 mark this compound as an important
contribution to the field of cancer biology. First, ST-11 is one of few available brain-penetrant
antitubulin agents. The medicinal optimization of this compound could expand antitubulin
treatment to patients with intracranial malignancies including GBM and brain metastases.
Second, ST-11 was found to be safe to administer to healthy mice at doses up to 6 times what
was required to elicit therapeutic efficacy. Thus, studying the detailed molecular mechanism by

which this compound exerts its tumor specificity could lead to more effective and targeted
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cancer therapeutics. Lastly, ST-11 was found to be highly effective against T98G glioma cells
that are resistant to other antitubulin agents. Because the development of drug resistance
complicates the use of antitubulin agents, this unique property of ST-11 sets it apart from
traditional antitubulin drugs. Studying the means by which ST-11 evades drug resistance
mechanisms could lead to improved therapeutics to treat patients with multi-drug resistant
tumors. Thus, ST-11 is a novel compound that exhibits properties that are requisite for
treatment of a variety of neoplasms. This compound should be studied and continually
optimized to produce new therapeutic antitubulin agents that can be applied clinically.

In this work, we have outlined a new cellular role for GPR124 in tumor biology. This
protein was found to exert tumor suppressive effects and to control MT dynamics through a
functional interaction with ch-TOG. There are several clinically relevant contributions of this
work to our understanding of cancer cell biology. First, GPR124 was found to regulate the
efficacy of antitubulin agents. Multi drug resistance to MT-targeted agents is a pervading
difficulty with antitubulin therapy. Mechanistic studies on how GPR124 regulates sensitivity to
antitubulin agents could lead to its use as a prognostic marker for patient response to
antitubulin therapy. Likewise, the molecular components of the GPR124 pathway that mediate
its control over cellular sensitivity to antitubulin agents could reveal new molecular targets to
combat drug resistance. Second, we identified that GPR124 reduces tumor cell growth when
expressed at high levels, indicating that this protein has tumor suppressive properties. Thus,
correlating GPR124 levels with tumor progression could confirm GPR124 as a bona fide tumor
suppressor, uncovering a novel pathway for future targeted therapies.

Many questions remain regarding how GPR124 controls the cellular sensitivity to
antitubulin compounds. T98G glioma cells that are generally resistant to other antitubulin
agents were particularly sensitive to ST-11, and the efficacy of this drug was lost upon
knockdown of GPR124. In contrast, GPR124 knockdown sensitized T98G cells to vinblastine
and colcemid, underscoring the complexity in both the mechanism of action of these drugs
and in the molecular role of GPR124. We identified that GPR124 overexpression increases MT
polymerization rates, which would be expected to decrease sensitivity to antitubulin
compounds that function by reducing MT dynamics (140). Thus, in this paradigm, the efficacy
of antitubulin compounds would inversely correlate with the expression level of GPR124. These
conclusions are supported by our data that GPR124 knockdown improves the efficacy of
vinblastine and colcemid. However, the loss of ST-11 efficacy upon knockdown of GPR124

contradicts our expectations based on the hypothesis that GPR124 mediates sensitivity to
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these agents solely owing to its effects on MT dynamics. Several conclusions can be drawn
from the differential effect of GPR124 expression on the efficacy of these 3 antitubulin
compounds. First, the fact that ST-11 alone is inhibited by loss of GPR124 supports an
intriguing notion that the mechanistic details governing ST-11 action are quite distinct from
those of vinblastine and colcemid. Second, it is likely that GPR124 is mediating further effects
on mitosis than have been identified by this work. Specifically, time-lapse microscopy of T98G-
Scr and T98G-KD cells in the presence of ST-11 revealed that when GPR124 levels are
reduced, the cells are able to complete mitosis despite significantly prolonged prometaphase
arrest and the absence of a fully formed metaphase plate. Thus, GPR124 knockdown does not
likely reduce sensitivity to ST-11, but instead renders cells more resistant to activation of
apoptosis following significant mitotic distress. Thus, GPR124 may be involved in the SAC and
the molecular mechanisms that govern the activation of apoptosis upon prolonged activation
of this checkpoint. Future mechanistic studies of GPR124 should focus on how it affects the
progression from prolonged SAC arrest to apoptosis.

To conclude, this work contributes a new compound that can expand antitubulin
treatment to intracranial malignancies and additionally proffers a novel GPCR-regulated branch
of MT functionality to the field of cancer biology. My primary contribution to the field of cancer
cell biology lays in my discovery that GPR124 regulates the growth of tumors by affecting MT
dynamics through a MT polymerase. | hope and predict that the work outlined in this
dissertation will lay the foundation for a more detailed exploration of GPCR-mediated control of

MT dynamics and MT-dependent cellular functions in cancer.

Q.E.D.
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CHAPTER 5

Materials & methods

Chemicals

All chemicals and drugs were purchased from Sigma (St. Louis, MO) unless otherwise noted.
SR141716A and SR144528 were provided by the National Institute of Drug Abuse Drug Supply
Program (RTI International, Research Triangle Park, NC). WIN 55,212-2, WIN 55,212-3, JWH-
015, and JWH-200 were obtained from Cayman Chemical (Ann Arbor, MI). JWH-370, JWH-
120, JWH-148, JWH-043, and JWH-042 were a kind gift from John W. Huffman (Clemson
University, Clemson, SC), and pravadoline was obtained from Enzo Life Sciences (Farmingdale,
NY). The synthesis of the novel Al compounds used in this study has been described
elsewhere (126, 127). The caspase-3 inhibitor Z-DEVD-FMK was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). L-a-Phosphatidylcholine (derived from egg containing mixed
length fatty acyl chains, EPC) was purchased from Avanti Polar Lipids (Alabastar, AL). 1,2-
Dimyristoyl-sn-glycero-3-phosphoglycerol, sodium salt (DMPG) and N-(Carbonyl-
methosypolyethyleneglycol-2000)-1,2-dimyristoyl-sn-glycero-3-phosphoethanolzmine, sodium
salt (DMPE-mPEG2000) were purchased from Corden Pharma (Plankstadt, Germany). All
components were analytical grade or higher. All cell culture materials were purchased from Life

Technologies (Thermo Fisher Scientific, Waltham, MA).
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Cell culture

All cells were cultured at 37°C in a 5% CO, humidified atmosphere unless otherwise noted.
The DBT, T98G, U251, A172, U87MG, and Hela cell lines (ATCC, Manassas, VA) were cultured
with DMEM supplemented with 10% FBS, 2 mM L-glutamine, 5 mM NaHCO;, 5 mM HEPES,
100 U/mL penicillin, and 100 pg/mL streptomycin. The MGG4 and MGG8 glioma cell lines were
a generous gift from Samuel Rabkin and Hiroaki Wakimoto (Massachusetts General Hospital
and Harvard University, Boston, MA) and maintained as floating spheroid cultures in
Neurobasal-A medium according to a previously established protocol (178), except using
mechanical dissociation. Primary mouse neuron and astrocyte cultures were prepared as
previously described (179, 180) in accordance with the Institutional Animal Care and Use

Committee of the University of Washington.

Vectors and generation of stable and transient transgenic cell lines

Stable GPR124 knockdown cells were generated in T98G cells using MISSION® pLKO.1-puro
lentiviral constructs purchased from Sigma-Aldrich (GPR124 targeting sequence: 5 —
ATGTGGAAGCACAAGTTCAGC—3’). The pLKO.1-puro non-target shRNA plasmid (Sigma-
Aldrich) was used as a control plasmid. Stable cell lines were grown as single clones generated
under puromycin selection (2 pug/ml). Clones were grown and individually assessed for GPR124
expression using gPCR. These clones were kindly generated by Brian Haas. Stable U87MG
cells with GPR124-myc overexpression were generated by transfecting pcDNA3.1-GPR124-
myc (kindly provided by Brad St Croix, Tumor Angiogenesis Section, Mouse Cancer Genetics
Program, National Cancer Institute, National Institutes of Health, Frederick, MD) into U87MG
cells using the Lipofectamine® 2000 reagent (Thermo). An empty pcDNA3.1™ (Invitrogen)
vector was used as a control. Stable lines were grown as single clones generated under G418
selection (1 mg/ml) and individually assessed for the presence of GPR124-myc by gPCR and
ICC. Transient overexpression of GPR124-myc was conducted using lentiviral transduction.
GPR124-myc was cloned into a lentiviral construct (referred to as pBS-4821) containing GFP
under an IRES promoter generated by Bryce Sopher in the laboratory of Richard Morrison
(Department of Neurology, University of Washington. Lentiviral particles were generated by
Chizuru Kinoshita in the laboratory of Richard Morrison. An empty pBS-4821 vector was used
as a control. Transient overexpression of GPR124-mCherry was conducted using the Amaxa
Nucleofector™ system according to the manufacturer’s recommendations (Lonza, Basel,

Switzerland). GPR124-mCherry was generated by cloning mCherry into the pcDNA3.1-
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GPR124-myc vector. An empty mCherry vector used as a control was created by cloning
mCherry into the pEGFP-C1 (Clontech) vector. These vectors were generated by Michael
Wagenbach.

In vitro drug treatments

Due to the lipophilic nature of the compounds used in this study, DMEM supplemented with
10% FBS was replaced with DMEM supplemented with 1% FBS after rinsing cells with PBS 1
day prior to all Al compound treatments on adherent cells unless otherwise stated in the
methods. Phenol red-free medium was used for all WST-1 assays. All drugs were diluted to
1000x DMSO stocks to maintain 0.1% DMSO content, further diluted 1:10 in culture media,

and spiked onto cells to obtain a 1x final concentration.

Cell viability and proliferation

Cell viability was assessed with the WST-1 reagent (Roche, Pleasanton, CA) according to the
manufacturer’s protocol. To measure cell proliferation, [*H]-thymidine (5 pCi/ml, Perkin-Elmer,
Waltham, MA, USA) was added to cells 30 min after drug treatments. WST-1 was evaluated 1
hr prior to [*H]-thymidine incorporation, which was measured at the indicated times by adding
1M NaOH for 10 min on ice and quantifying radioactivity. For proliferation and cell death using
trypan blue exclusion, cells were trypsinized and counted in the presence of trypan blue (1:10

dilution, Sigma, St. Louis, MO). These studies were completed by Brian Haas and Cong Xu.

Microtubule assembly

MTs were polymerized in BRB80 (80 mM PIPES-KOH pH 6.85, 1 mM MgCl,, 1 mM EGTA)
supplemented with 4% DMSO, 2 mM GTP, 1 mM DTT, 2.5 mM MgCl,, and 60 uM bovine brain
tubulin for 30 min at 37°C. Polymerized MTs were diluted to 13 uM with BRB80 supplemented
with 1 mM DTT and 0.5 mM GTP and sheared by 6 passes through a 30 Gx12.5 mm syringe
needle. Aliquots of sheared MTs were added to paclitaxel, nocodazole, or ST-11 to a 1% final
DMSO concentration, incubated at 37°C for 15 min, and centrifuged for 10 min at 42,000 rpm
at 37°C. Free tubulin from supernatants and pellets was separated on 4-12% polyacrylamide
gels (Thermo-Fisher Scientific, Waltham, MA) and stained with Coomassie G-250. Peak
intensities were quantified using Imaged. All reagents were obtained from Sigma except for
tubulin [purified in-house (181)] and ST-11. MT assembly was assessed by Michael
Wagenbach
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Cell lysates and western blotting

Western blotting was performed as described previously (182) with the following primary
antibodies: cleaved poly ADP ribose polymerase (1:1000, Asp214), cyclin B1 (1:1000, Val152),
phospho-histone H3 (1:1000, Ser10), B-tubulin (1:1000), activated caspase-3 (1:500), myc
(1:1000) (all from Cell Signaling Technologies, Danvers, MA, USA), GAPDH (1:1000, Sigma),
and ch-TOG (1:1000, BioLegend, San Diego, CA, USA). Western blots were performed in part

by Brian Haas and Dave Canton.

Reverse transcription PCR and real time qPCR

RNA was extracted from T98G, U251 and HL60 cell pellets using the PerfectPure RNA kit (5-
Prime, Gaithersburg, MD). For reverse transcription PCR, mRNA was reverse transcribed using
RevertAid™ First Strand cDNA Synthesis Kit (Fermentas/Thermo Fisher Scientific) using
random hexamer (for CB,) or oligo-dT (for CB,) primers. Intron-spanning primer sets were
generated and used to amplify CB,; (Forward: 5°—CTCCGCCTCTTCTTGTCTCC—3’; Reverse
5" —ATTTGAGCCCACGTACAGGA—3)) and CB, (Forward: 5 —
TCCTGGGAGAGGACAGAAAA—3’; Reverse: 5°—CTGCATGCAAAGACCACACT —3’) using the
GoTaqg Flexi DNA polymerase (Promega, Madison, WI). Beta-actin was used as a loading
control (Forward: 5 —ATTGGCAATGAGCGGTTC—-3’; Reverse: 5—
CGTGGATGCCACAGGACT—3’). For real time gPCR, the mRNA concentration was
determined using a NanoDrop ND1000 spectrophotometer (Thermo). 100 ng of total RNA was
used in each reaction generated with the Roche LightCycler® 480 Probes Master kit and
Universal Probe Library (UPL) system (Roche, Indianapolis, IN), according to the
manufacturer’s instructions. Intron-spanning primers for GPR124 (Forward: 5 —
GGCTCCTTCCTGGGACTG—3’; Reverse: 5 —GCACTGTGCTGATGATGTTGTT—3’, UPL
probe #67) and GAPDH (Forward: 5 —AGCCACATCGCTCAGACAC—3’; Reverse: 5 —
GCCCAATACGACCAAATCC—3’, UPL probe #60) were designed using the Roche UPL Assay
Design Center. The PCR reactions were carried out with a Stratagene MX3000P gPCR
machine (Stratagene, San Diego, CA).

Immunocytochemistry

Cells were plated on glass coverslips (Thermo Fisher Scientific). For bright field images, cells
were imaged in culture dishes prior to fixation with 4% paraformaldehyde (Electron Microscopy
Sciences, Hatfield, PA). For DAPI and activated caspase-3 staining, cells were fixed at room

temperature for 10 min and permeabilized with Triton X-100 (0.2%) in PBS at RT for 10 min.
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The activated caspase-3 antibody (1:200, Abcam, Cambridge, MA) was incubated overnight at
4°C and then visualized with AlexaFluor 488-conjugated secondary antibody (1:500, Life
Technologies, Carlsbad, CA). DAPI (11 pM, Life Technologies) was used to visualize DNA.
Coverslips were mounted with Fluoromount™ (Sigma), and images were acquired on a Zeiss
Axio Observer Z1 inverted microscope fitted with an Apotome and a 20x/0.8 lens using
AxioVision software (Carl Zeiss, Oberkochen, Germany).

For images of MTs and mitotic spindles, cells were plated on glass coverslips in RPMI
medium with 10% FBS and treated with 5 yM ST-11 for 4 hrs prior to fixation in 4%
paraformaldehyde at 37°C. Cells were labeled with DM1 alpha (1:500, Sigma) and human anti-
centromere primary antibodies (1:100, ACA, Antibodies Inc., Davis, CA). Donkey anti-mouse
Alexa Fluor 594 and donkey anti-human Fluorescein secondary antibodies (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA) were used to visualize DM1 alpha and
anti-centromere staining, respectively. Coverslips were mounted in Vectasheild® containing
DAPI (Vector Labs, Burlingame, CA). For ch-TOG staining, cells were transfected with GPR124-
mCherry and fixed in 4% paraformaldehyde at 37°C. Cells were permeabilized in 0.5% Triton
X-100 for 5 min at room temperature. The anti-ch-TOG antibody (1:1000, BioLegend) was
applied overnight at room temperature. Staining was visualized using a donkey anti-rabbit
Alexa Fluor 647 antibody (Invitrogen). Coverslips were mounted using ProLong® Gold
containing DAPI (Molecular Probes, Eugene, OR, USA). Fluorescent images were collected as
0.5 pym Z-stacks on a Deltavision microscope system (Applied Precision/GEHealthcare,
Issaquah, WA) using a 60x 1.42 NA lens (Olympus, Tokyo, Japan). Selected images were
deconvolved using SoftWorx 5.0 (Applied Precision/GEHealthcare), and representative images
are presented as a flat Z-projection (using Imaged). Mitotic spindles were imaged by Linda
Wordeman.

For quantitative analysis of ch-TOG in mitotic cells, cells transfected with GPR124-
mCherry or a CMV-mCherry empty vector were treated with the CDK1 inhibitor RO3306 (10
MM, Sigma) overnight to increase mitotic index and stained with the anti-ch-TOG antibody as
above. Images were collected as 0.5 ym Z-stacks using consistent settings for quantitative
analysis on a Deltavision microscope system and deconvolved using Softworx 5.0. For
quantification, regions containing the entire cell, or the mitotic spindle were created on sum
slices Z projections. The pixel intensity was quantified and normalized to the area of each

region. The background was subtracted by quantifying the pixel intensity in a region outside of
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the cell and subtracting from the pixel intensity measured inside the cell. Ch-TOG levels were

imaged and quantified by Juan Jesus Vicente.

Spindle profiles and assessment of multipolar spindles

T98G cells were plated on 12-mm glass coverslips and cultured overnight in RPMI medium
with 10% FBS. Cells were treated for 4 hrs with ST-11, and MTs and centromeres were labeled
as above with DM1 alpha and anti-centromere antibodies. Mitotic stages were scored using a
Nikon FX-A microscope with a 60x 1.4 NA lens (Tokyo, Japan) at room temperature. Spindle

profiles were collected by Linda Wordeman.

Live cell imaging of MT polymerization

Cells were transfected with EB3-GFP and RFP-CenpB to label assembling MTs and
centromeres, respectively (183). For GPR124 experiments, cells were transfected with
GPR124-mCherry or CMV-mCherry empty vector. Interphase cells were imaged at a single Z-
plane at 500-ms intervals at on a Deltavision microscope system (Applied Precision, Issaquah,
WA) using a 60x 1.42 NA lens (Olympus, Tokyo, Japan). ST-11 (0.5 yM) was added, and cells
were imaged at 10 min and every 4 hrs after drug application. Mitotic cells were imaged at
37°C using 3x1.0 ym sections at 2-sec intervals and deconvoluted using SoftWorx 5.0 (Applied
Precision). MT assembly rates were scored in interphase cells using Fiji TrackMate (184). To
image MT polymerization in mitotic cells, cells were treated with the CDK1 inhibitor RO3306
(10 uM, Sigma) overnight to increase mitotic index. Cells were imaged at 3 Z-planes separated
by 0.5 uym at 1 sec intervals for 45 seconds as above. Spindle and astral MT assembly was
measured with Fiji by generating kymographs of the EB3-GFP channel. The Fiji Directionality

plugin was used to calculate the angles of the EB3-GFP tracks. Speed was calculated using

the equation velocity = where um = distance per pixel, t = frame time, 6 = angle of

um
t (tan6)’
the EB3-GFP comet in the kymograph (Figure S3.3). Data were expressed as the average of
the spindle or astral MT assembly rates for each cell. MT polymerization was measured by

Linda Wordeman and Juan Jesus Vicente.

ST-11 nanoparticle formulation

ST-11 nanoparticles were formulated by Jennifer Freeling in the laboratory of Rodney Ho in the
Department of Pharmaceutics (University of Washington). For our initial small scale
characterization studies, lipid nanoparticles composed of EPC:DMPG:DMPE-mPEG2000
(9:1:0.5 m/m/m) with or without 15 mM ST-11 were prepared by first mixing EPC (20 mg/mL) in
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chloroform, DMPE-mPEG2000 (50 mg/mL) in chloroform:ethanol (3:1 v/v), DMPG (50 mg/mL)
in chloroform:ethanol:water (65:35:4 v/v/v) and ST-11 (10 mg/mL) in chloroform. The solvent
was removed by evaporation under nitrogen gas followed by vacuum desiccation overnight.
The dry lipid film was rehydrated at 60°C for 2 hours with 200 pL sterile rehydration buffer
consisting of 0.9% sodium chloride and 20 mM sodium bicarbonate at pH 7.8 to a final drug
concentration of 15 mM ST-11. The particle size of ST-11 lipid nanoparticles was reduced with
a bath-type sonicator (Avanti, Alabastar, AL, USA) at 55°C for 10-15 mins. The ST-11 lipid
nanoparticles were allowed to cool to room temperature.

To determine the degree to which ST-11 stably associated with the lipid nanoparticles, 80
pL of the above sample was dialyzed (molecular weight cutoff 6,000-8,000 Da) against 500 mL
of 0.9% sodium chloride with 20 mM sodium bicarbonate (pH=7.2) for 20 hrs. Drug
concentrations before and after dialysis were analyzed with mass spectrometry (see Materials
& methods). The diameter of ST-11 lipid nanoparticles was determined by photon correlation
spectroscopy using a Malvern Zetasizer 5000 (Malvern Instruments, Worcestershire, UK). The
osmolality of ST-11 nanoparticles was determined using a Vapro 5520 vapor pressure
osmometer (Wescor, Logan, UT, USA) and pH was determined using Hydrion pH paper.

For large-scale production for in vivo studies, DMPE-mPEG2000 powder was initially
added to EPC dissolved in chloroform at the appropriate ratio and mixed. DMPG was
dissolved in chloroform:ethanol:water (65:35:4 v/v/v) and added to the chloroform-lipid mixture.
For drug-loaded nanoparticles, ST-11 was dissolved in chloroform to a concentration of 13.3
mg/mL and added to the lipid mixture. The final lipid-to-drug ratio was 6:1 (m/m). Solvent was
removed under reduced pressure by rotary evaporation using a Blchi Rotavapor R-124 with a
Blichi Waterbath B-481 set to 45°C. The lipid film was left under vacuum for 2 days to ensure
complete solvent removal. The dry lipid film was rehydrated under aseptic conditions with
sterile 0.9% sodium chloride containing 20 mM sodium bicarbonate at 60°C for 3 hrs. The
rehydrated mixture was loaded into an Emulsiflex C-5 homogenizer (Avestin, Ottowa, Canada)
and homogenized at 11,000-15,000 PSI for 5-12 cycles to reduce the particle size. The size
reduction with Emulsiflex C-5 was completed aseptically at 60°C. Particle diameter was
determined by photon correlation spectroscopy using a Nicomp 380 ZLS (Particle Sizing

Systems, Santa Barbara, CA, USA). Osmolality and pH were determined as described above.
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Pilot safety studies

All animal experiments followed the guidelines established by American Association for
Accreditation of Laboratory Animal Care, and all procedures were approved by the University
of Washington Institutional Animal Care and Use Committee. Following screening for maximum
tolerated dose, a 5-day dose-range finding study was performed to gain a preliminary
assessment of safety. CD-1 mice were assigned to groups for evaluation following once daily
i.p. dosing with 15, 40, 80, 160 or 240 mg/kg ST-11 or the corresponding volume of liposome
vehicle. Mice were monitored for signs of general distress, including ataxia, squinting,
piloerection, hunching, bradykinesia and dyspnea. Additionally, mice were monitored for organ
system dysfunction and/or moribund state. After completion of the study, mice were
euthanized and organs were harvested for histopathological analysis by a board-certified
veterinary pathologist who was blinded to group assignment. Safety studies were conducted
by Brian Haas and Katie Swinney in conjunction with H. Denny Liggitt (Department of

Comparative Medicine, University of Washington).

Tissue extraction and ST-11 quantification by LC-MS

Lipids were isolated from blood and whole brains of CD1 mice using a Folch extraction (185).
Blood was collected from CD1 mice and immediately centrifuged at 8,160xg to harvest
plasma. Whole brains were collected after perfusion with PBS and were immediately
homogenized in 10 volumes of CHCI; and stored at -20°C. Lipids were extracted from 1 mL of
each sample using 2 mL CHCI;, 1 mL methanol, 0.5 mL PBS, and 1 ug of JWH-015 as an
internal control. Samples were vortexed for 1 min, sonicated for 5 min, and centrifuged at 500
xg for 5 min at 4°C. Two hundred microliters of the CHCI; phase was removed, dried down
under nitrogen, and resuspended in 1 mL of acetonitrile. Ten microliters of each sample was
injected into a Waters Micromass Quattro Premier XE (Milford, MA) equipped with a C18 LC
column (AQUITY UPLC BEH C18 1.7 um 2.1x100mm, Waters, Munich, Germany) to analyze
lipid composition. The following protocol was established using a fixed flow rate of 0.3 mL/min:
1) Initial - 70% acetonitrile, 30% H,0; 2) 2.5 min - ramp to 90% acetonitrile/10% H,0; 3) 3.5 min
- return to 70% acetonitrile/ 30% H,0. Both ST-11 and JWH-015 have a parent mass/charge
ratio (m/z) of 328.2 and elute at 2.7 and 2.9 min, respectively. Compounds were distinguished
by their ES+ daughter ions with ST-11 at 169 m/z and JWH-015 at 155 m/z. Quantitation was
performed by taking a ratio of the area under the curve (AUC) of ST-11/AUC of JWH-015, and
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then calculating the weight of ST-11 using a standard curve. LC-MS quantification was

performed by Alipi Naydenov.

Orthotopic DBT tumors and treatment regimen

Eight week old male BALB/c mice were anesthetized with ketamine/xylazine (0.02 mL/g body
weight i.p., 130 mg/kg ketamine/8.8 mg/kg xylazine) and placed in a stereotactic apparatus
(David Kopf Instruments, CA) on an isothermal pad (Deltaphase®, Braintree Scientific, Inc,
Braintree, MA). After midline incision of the scalp, a craniotomy was performed at 2 mm cranial
from bregma and 1.5 mm left lateral, and a 25-G needle was used to inject DBT cells (2 x 10* in
1 pyL PBS) over 3 min using a microinjector. The needle remained in place for 2 min after
injection and was then removed slowly, followed by gentle irrigation with 0.9% saline to flush
residual cells. The craniotomy and scalp were closed with bonewax (Ethicon, NJ) and silk
suture (no. 3-0, Ethicon), respectively. Animals were allowed to recover from anesthesia on the
heating pad. Tumors exhibited features of aggressive progression within 3 weeks, including
frequent mitotic figures, multifocal necrosis, edema, and densely arranged neoplastic cells with
enhanced cellular atypia, anisocytosis and anisokaryosis (Figure S2.3). For the assessment of
ST-11 on glioma progression, mice were divided into 4 arms 1 week after implantation: vehicle
(liposome-only), 5 mg/kg, 15 mg/kg, and 40 mg/kg ST-11. Mice received daily i.p. injections of
vehicle or ST-11 for 2 weeks. Mice were euthanized and perfused with 4% paraformaldehyde,
and whole brains were harvested. DBT tumors were established and treated by Susan Fung,

Katie Swinney, and Brian Haas.

Immunohistochemistry (IHC) and H&E

Mice were euthanized with a euthanasia dose of ketamine/xylazine solution, transcardially-
perfused with 25 mL of cold PBS, followed by 25 mL of paraformaldehyde (4%). Brains were
removed and placed in paraformaldehyde (4%) overnight. IHC was performed as described
previously (186), with the following primary antibodies: anti-activated caspase-3 (1:200,
Abcam), anti-lba-1 (1:1000, Abcam), and anti-Ki67 (1:1000, Abcam). Iba-1 and activated
caspase-3 images were collected as 0.4 pym Z-stacks with FluoView 10 imaging software (v3.1)
on an Olympus FV-1000 Confocal Microscope (Tokyo, Japan) using a 60x 1.35 NA or a 100x
1.4 NA objective. Representative images are presented as maximum intensity Z-projections.
Ki67 images were collected using a Marianas Imaging System (Intelligent Imaging Innovations,
Inc. Denver, CO, USA) using a 100x 1.4 NA objective. Ten regions were selected at random by

stereology using the Slidebook 5 imaging software (Intelligent Imaging Innovations), and total
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and Ki67-positive nuclei were hand-counted by an investigator blinded to the experimental
group. Representative images were collecting using an AxioObserver Z1 Microscope (Zeiss,
Oberkochen, Germany) fitted with an Apotome and a 20x 0.75 NA objective. Images are
presented as maximum intensity Z-projections. For H&E staining, fixed brains were either sent
to Histology Consultation Services (Everson, WA), or processed in-house. For in-house H&E
staining, briefly, brains were soaked in sucrose at 4°C (15%, followed by 30% in PBS for 24
hrs each) and then embedded in Tissue Tek O.C.T. media (Sakura, CA) and slowly frozen over
dry ice. Thirty-micron coronal sections were cut using a cryostat (Reichert-dJung 2800 Frigocut
E) and air-dried overnight. The slides were dehydrated using increasing concentrations of
ethanol, then defatted using xylenes and rehydrated using decreasing concentrations of
ethanol. Hematoxylin stain was applied and then slices were rinsed with water and dipped in
Eosin (5 sec in concentrated Mayer’s hematoxylin and 60 sec in concentrated Eosin Y). Slices
were again dehydrated with increasing concentrations of ethanol and rinsed with xylenes
before mounting with Permount (Thermo Fisher Scientific). Images were acquired on a Nikon
Optiphot-2 microscope (Tokyo, Japan) or a Nikon Eclipse 80i microscope using 4x 0.2 NA, 10x
0.45 NA, or 40x 0.95 NA objectives.

In vivo xenograft tumor generation

5x10° U87MG-pcDNA or U87MG MC1 cells suspended in 100ul of PBS + 0.1% glucose were
implanted subcutaneously into six week old male nu/nu mice (Jackson Labs, Bar Harbor, ME).
Mice were housed as 5 per cage, and U87MG tumors appeared approximately 14 days post-
implantation. Tumor volume was measured with calipers every two days and calculated with
the formula Tumor Volume (mm?® = length (mm) x width (mm) x height (mm) x 0.5236. Tumors
were harvested at 1 of 3 size categories to examine histological markers at different growth
stages: 1. Small (500-700 mm?®), 2. Medium (750-950 mm?®), or 3. Large (1000-1200 mm?®).
Mice were sacrificed and tumors were removed and divided for either H&E or IHC staining. In
preparation of H&E staining, tumors were immediately placed in 10% neutral buffered formalin
for 1 week and then sent to Histology Consultation Services for paraffin embedding and
staining (Everson, WA, USA). In preparation for IHC, tumors were immediately placed in 4%
paraformaldehyde for 24 hrs, 15% sucrose for 24 hrs, and 30% sucrose for 24 hrs prior to

being slow frozen over dry ice and stored at -80°C until use.
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Tumor volume and necrotic area

Tumor volume was estimated by slab approximation (187). Briefly, whole brain serial sections
were visually analyzed for the presence of the tumor and three sections were selected for
analysis: one in the middle of the tumor mass and 1 located 1 mm to each side. The sections
were stained with H&E and the tumor was hand-traced in each section. The tumor volume was
calculated by multiplying the total cross-sectional area of the slabs by the distance between
each slab. A number of studies have shown that large numbers of microglia invade GBM tumor
masses [Reviewed in (188)] (Figure S2.4). Therefore, to obtain a more precise index of DBT
tumor volume, we used semi-quantitative IHC of lba-1 (186) to calculate the relative
percentage of infiltrating microglia for each tumor. We subtracted this value from the calculated
tumor volume to obtain the final adjusted tumor volume.

Necrotic area was measured in U87MG-GPR124 and U87MG-pcDNA xenograft tumors
on H&E stained slices taken from the center of each tumor. Each slice was overlaid with a grid,
and total slice area was calculated by hand using the “measure” tool on the Nikon NIS
Elements software connected to a Nikon Optiphot-2 microscope with a 4x 0.2 NA objective.

Necrotic area was traced by hand and determined using the same tool.

Microarray analysis of MDA and T98G cells

Microarrays and analysis were performed in conjunction with Theo Bammler (Functional
Genomics & Proteomics Facility Core, Center for Ecogenetics and Environmental Health,
University of Washington). Integrity of RNA samples from MDA cells was assessed with an
Agilent 2100 Bioanalyzer (Agilent Technologies Inc., Santa Clara, CA), which is the method of
choice and the recognized standard in the field. RNA integrity was judged by observing distinct
and sharp 18S and 28S ribosomal RNA peaks that were baseline separated. RNA quantity was
determined by measuring OD,g, with a Thermo Scientific NanoDrop™ 1000 Spectrophotometer
(Thermo Fisher Scientific, Inc.). The NanoDrop instrument was also used to determine purity of
RNA samples by measuring ODygg080 and ODygop30 ratios. Only samples with OD,gq050 and
OD,g0030 ratios > 1.8 were further processed for Affymetrix Human Gene 1.0 ST arrays.
Processing of the RNA samples was performed according to the Affymetrix GeneChip Whole
Transcript Sense Target labeling protocol [see (189) for a more detailed description]. The arrays
were scanned with an Affymetrix GeneChip® 3000 scanner. Image generation and feature
extraction were performed using Affymetrix GeneChip Command Console Software. Please

note that we performed processing of RNA samples derived from the MDA cell line only.
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Microarray data of T98G cells were obtained from the publicly accessible Gene Expression
Omnibus (GEO) data repository ((http://www.ncbi.nim.nih.gov/gds).

Raw microarray data were processed and analyzed with tools from Bioconductor (190).
We normalized the data using the RMA method (191) from the Bioconductor affy package. The
quantile normalization step of the RMA normalization was performed at the probeset level. The
major goal of this analysis was to characterize the relative expression of orphan GPCR genes
in 2 cell lines (MDA, T98G). The data for the MDA cells were generated by our group. The data
for the T98G cells were obtained from the publicly accessible data repository Gene Expression

Omnibus (http://www.ncbi.nlm.nih.gov/geo), GEO accession number GSE1692. Given that the

MDA data were generated by our group and the T98G data by another group, we did not
compute contrasts between these independent data sets directly to avoid confounders.
Instead, the average normalized fluorescent intensity values for the 25, 50, and 75 percent
quartiles were determined for each group. These values were used to divide the GPCR genes
with normalized log2 RMA expression values in the 0 to 25, 25 to 50, 50 to 75, and 75 to 100
percentile bins. The bin assignment was used as a surrogate to determine the approximate
level of expression of a gene, and this in turn was used to compare expression of GPCR genes
across the different cell lines. Identification of the 3 GPCRs with higher expression in T98G

cells was validated in-house using gPCR (described above).

SiRNA knockdown and validation of GPR124

SiRNA knockdown of individual GPCRs was conducted in collaboration with the Quellos High
Throughput Screening Core at the Institute for Stem Cell & Regenerative Medicine (University
of Washington). Sets of 3 siRNA constructs were used to maximize genetic targeting efficacy
and knockdown efficiency (Sigma). The Universal control #1 siRNA (UNI, Sigma) was used as a
control. The knockdown efficiency of all siRNA sets was validated using qPCR (data not
shown). SiRNAs were transfected into T98G cells using Lipofectamine® RNAIMAX reagent
(Invitrogen), and ST-11 was added to the cells at 1, 2, and 8 yM. Cell number was assessed
after 72 hrs using the WST-1 reagent (described above). GPR124 was identified based on a
slight rightward shift in the dose response curve (ICs, UNI siRNA = 1.6 pM, IC5;; GPR124 siRNA
= 2.2 uM). By contrast, the 1Cg,’s of GPR21 and GPR137 were both 1.8 uM. All subsequent
experiments using siRNA to knockdown GPR124 were conducted using one siRNA construct
(#83, targeting sequence: 5’— CCGACUAAACAUAUCUGGA—3’).
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Time-lapse microscopy

T98G-Scr, T98G-KD, and H2B-GFP Hela cells were plated in HiQ4 4 chamber glass bottom
imaging dishes at a density of 10,000 cells per chamber in DMEM supplemented with 10%
FBS. For overexpression experiments, H2B-GFP Hela cells were infected with pBS-GPR124-
myc or pBS-2841 control lentiviruses for 30 hrs prior to imaging. Immediately before imaging,
DMEM media was replaced with CO,-independent media supplemented with 10% FBS.
Images were acquired on a Nikon Biostation IM-Q (Nikon) as stacks of 4 3 ym Z-steps every

5-10 min for 24-30 hrs. Time-lapse movies were analyzed by hand using Fiji.

Membrane solubilization

All steps were performed on ice or at 4°C. Cells were grown to confluence in 10-15 100mm?
cell culture dishes and harvested by scraping into TME buffer (25mM Tris-HCI pH 7.4, 5 mM
MgCl,, 4mM EDTA) containing a cocktail of protease inhibitors (Sigma). Cells were lysed by
homogenizing with 40 strokes in a dounce homogenizer, and then centrifuged at 100 x g in a
tabletop centrifuge for 10 min to pellet nuclei. The supernatant was collected and diluted with
TME containing 2x digitonin (100 mg/ml, diluted to 50mg/ml final concentration, Sigma).
Lysates were placed on a rotator at 4 °C for 2 hrs. Lysates containing cytosolic and solubilized
membrane proteins were centrifuged at 15,700 x g and supernatants were collected. Protein
concentration was determined using the DC™ Protein Assay (Bio-Rad, Hercules, CA, USA).

Lysates were subsequently used for immunoprecipitation or western blot analysis.

Immunoprecipitation

To isolate GPR124 complexes, lysates containing at least 1 mg of protein were incubated with
myc antibody (1:100, Cell Signaling Technologies) at 4°C for 2 hrs. For competition with myc
peptide, myc antibody and myc peptide (5 pg/ml, Sigma) were pre-incubated for 30 minutes at
room temperature. Agarose beads conjugated to mouse IgA were spiked into lysates and
incubated for 1 hr at 4°C. Beads were washed 5x with TME buffer. For subsequent western
blotting, proteins were eluted by heating to 70°C in 4x LDS sample buffer (Invitrogen)
containing 10 % B-mercaptoethanol. For subsequent analysis by mass spectrometry, proteins
were reduced with 10 mM DTT and alkylated with 600 mM chloracetamide (Sigma). Proteins
were eluted by heating to 70°C in 4x LDS sample buffer containing 20 mM DTT. Beads were
pelleted by centrifugation, and supernatant was loaded into a 4-20 % Bis-Tris polyacrylamide

gel for western blotting (described above) or mass spectrometry.
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Stable Isotope Labeling of Amino acids in Cell culture (SILAC)

Metabolic labeling of amino acids using SILAC was completed as described previously (163,
192, 193) with DMEM-formulated SILAC media supplemented with 10% dialyzed FBS (Sigma)
and either light [L-lysine and L-arginine (Fisher)] or heavy [['°Cs, '°N,] L-lysine (Sigma-Isotec, St
Louis, MO) and ["*Cs, '°N,] L-arginine (Cambridge Isotope Laboratories, Andover, MA)] isotope
enriched amino acids. Cells were split into 2 groups regarded as “heavy” and “light”. SILAC
media was applied to cells for at least 5 cell doublings to ensure complete labeling of the
proteome, which was verified by mass spectrometry. Membranes were solubilized as above in
preparation for immunoprecipitation and mass spectrometry. Each SILAC labeling experiment
consisted of 2 parts completed in parallel: 1. the forward experiment in which a competing myc
peptide (5 pg/ml, Sigma) was applied to the light condition, and 2. the reverse experiment in
which the myc peptide was applied to the heavy condition. Full competition of the GPR124
complex by the myc peptide was verified by western blot analysis (data not shown). Protein
“hits” were identified as described previously (192). Statistical significance was determined
using one sample Student’s t-tests of the absolute value of the normalized heavy:light peptide
ratios of the forward and reverse experiments. A protein was considered statistically relevant if

the normalized ratios of each experiment were significantly different from 0.

LC-MS analysis of SILAC reactions

Following immunoprecipitation described above, proteins were separated on a 4-20%
polyacrylamide gel and stained with SimplyBlue™ SafeStain (Invitrogen). Lanes were cut into 5
pieces by protein molecular weight. Proteins were digested with trypsin, and samples were
extracted and desalted on C18 StageTips (193). Peptides were analyzed on an Orbitrap Elite
nanoLCMS (Thermo, Bremen Germany) using 90 min gradients of 3-35% acetonitrile at 200
nL/min (Thermo Dionex RSLCnano, Sunnyvale, CA) as described previously (163). Proteins
were identified using MaxQuant [version 1.3.0.5 (195, 196)]. Mass spectrometry was performed

in conjunction with Shao-En Ong (Department of Pharmacology, University of Washington).

Statistical Analysis

The GraphPad Prism software (v5.01, La Jolla, CA) was used for statistical analysis. Data are
presented as the mean + SEM, and statistical significance was determined using Student’s t-
test, a one-way ANOVA followed by a Dunnet’s or Tukey post-hoc test, or a two-way ANOVA

followed by a Bonferroni post-hoc test.
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APPENDIX

Table S1: Response of T98G cells to 25 Al analogues as measured with WST-1. Al
analogues were either commercially available or synthesized in-house. Analogs with a higher
potency than WIN-2 are highlighted with **. Data are the mean + SEM from at least 3

independent experiments performed in triplicate.

Compound Structure Potency Efficacy

WIN55212-2 O 0
O O 21 uM 87.1+£1.0%

WIN55212-3 O 0
O 30 uM inactive N.A.

Commercially Available Compounds

JWH-120
30 uM inactive N.A.
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Pravadoline o
O ‘ O 23 pM 87.7 + 0.5%
(6] N
ny
)
(6]
JWH-200 O 0
O 23 pM 48.2 + 2.0%
1)
)
)
(0]
JWH-043
7.9 UM 84.5 + 0.4%
JWH-042
O 0 3.1 uM 71.8 + 2.6%
U g
N
|
** JWH-148
1.9 pM 58.1 + 4.0%
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*JWH-015

1.5 uM 58.9 + 1.6%
ST Compounds

29 uM 66.5 = 2.6%
ST-10
N1-Substituted Compounds

9.1 uM 58.9 + 6.5%
ST-56

6.7 uM 75.6 + 2.2%
ST-48

1.3 uM 65.7 £ 6.2%

**ST-11
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(1 f
1.0 yM 87.5+0.6%
+*ST-29 |
N
F3C)
i
1.0 yM 86.2 £ 0.7%
**ST-30 |
A
N1 + C2-Substituted Compounds
2.7 uM 94.9 + 1.2%
ST-28
634 nM 64.8 = 2.3%
**ST-25
N1 + Aromatic-Substituted Compounds
B
29 uM 66.3 = 7.8%

ST-21
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20 uM 73.9 £ 3.9%
ST-31

5.4 yM 52.1 + 2.3%
ST-22

3.0 uM 75.5 + 4.2%
ST-23

2.5 uM 66.1 = 9.8%
ST-26

1.4 uM 69.0 + 1.1%
*ST-24
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**8T-27

409 nM

78.1 +4.1%

N1 + Naphthalene-Substituted Compounds

ST-47

0O

20 pM

54.9 +21%
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Figure S$2.1: ST-11 reduces proliferation and triggers apoptosis in DBT cells in vitro.

(A) Increasing doses of ST-11 reduces [3H]-thymidine incorporation after 24 hrs compared with DMSO
vehicle control. (B) ST-11 dose-dependently increases the formation of multipolar spindles. *p<0.05
**P<0.001, one-way ANOVA with a Tukey post-hoc test. (C) ST-11 dose-dependently increases the
percentage of mitotic cells in the prometaphase stage. *p<0.05 two-way ANOVA with a Bonferroni post-hoc
test. (A-C) Data are the mean + SEM of at least 3 independent experiments. (D) Representative image of
ST-11 (10 uM for 6 hrs) increasing cleaved caspase-3 (red) and inducing nuclear condensation (blue),

indicating the activation of apoptosis. Scale bars: 10 pm.
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Solubility of ST-11
1day 14 days

30% mouse serum N N

10% EtOH N N

1% DMSO N N

1% Tween-80 N P

2% Tween-80 N P

EtOH:Cre:Sal (1:1:18) P P

1% Tween-80 + 10% FBS N P
Key S remained in solution

N not soluble
P partially dissolved

Figure $2.2: Solubility and stability of ST-11.

ST-11 was formulated as indicated, and its solubility and stability at 4°C for 1 and 14 days was visually
inspected. Each formulation was evaluated 3 independent times. Nomenclature of visual inspections: (S)
remained in solution (i.e. clear solution), (N) not soluble (i.e. precipitates) and (P) partially soluble (i.e. cloudy
solution).

78



Figure S$2.3: Representative histological features of orthotopic DBT tumor 3 weeks after
implantation

(A) Arrows point to regions of neoplastic cells that are pleomorphic to spindloid Scale bar: 100 pm. (B) Arrow
points to a mitotic cell. Scale bar: 25 ym. (C) Arrows point to mitotic figures and arrowheads point to a blood
vessel characteristic of this tumor. Scale bar: 100 um. (D) Asterisks mark large necrotic area Scale bar: 100
um. (E, F) Arrows point to focus of hemorrhage surrounding individual necrotic cells. These areas show clear
evidence of edema. Scale bars: 400 um (E) and 100 pm (F).
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Figure S2.4: Semi-quantitative analysis of microglial invasion of DBT tumors

(A) Representative image of Iba-1 (red) and DAPI (blue) staining of DBT tumor slices showing dense
microglia. (B-C) Semi-quantitative analysis of lba-1 staining: the red channel was isolated (B) and thresholded
to obtain a mask of positively stained pixels (C). Regions of interest were generated off this mask to measure
the mean intensity of Iba-1 staining in each tumor as a proportion of total cell nuclei. Scale bars: 50 ym,
inset: 10 ym.
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Figure S3.1: GPR124 regulates the cellular response to antitubulin agents.

(A-B) GPR124 (A), GPR21, and GPR137 (C) were knocked down with siRNA and treated with ST-11. Cell
number was measured with WST-1 after 72 hrs. A scrambled siRNA (UNI siRNA) was used as a control
[shown in (A)]. (C-D) SIRNA (C) and shRNA (D) knockdown of GPR124 in T98G cells was validated using
gPCR.
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Figure $3.2: GPR124 regulates tumor proliferation and not tumor necrosis.

(A) The total necrotic area was measured in xenograft tumors established with U87MG cells overexpresing
GPR124 (U87TMG-GPR124) or U87MG cells expressing an empty vector control (U87MG-pcDNA). Results
are presented as a mean of all tumors in each group, regardiess of tumor size. (B) 3[H]-thymidine uptake was
assessed in T98G cells stably expressing a GPR124-targeted shRNA (T98G-KD) or a scramble shRNA
control (T98G-Scr) in 3 serum conditions (0%, 1%, and 10%). **p<0.01, two-way ANOVA.

Figure S3.3: Measuring MT assembly rates in mitotic cells.

(A) Cells were transfected with EB3-GFP to label assembling MT tips. Mitotic cells were identified by the
presence of a bipolar mitotic spindle and filmed every sec for 60 sec. A region of interest was highlighted
surrounding both centrosomes. (B) Kymograph of the region of interest defined in (A). (C) The region defined
by the box in (B) is enlarged to show EB3-GFP comet tracks. The velocity of the EB3-GFP comets is defined
by the equation velocity=pm/(t*tanB).
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Figure S3.4: GPR124 interacts with ch-TOG and increases ch-TOG levels

(A) Ch-TOG is detected by western blot when GPR124-myc is immunoprecipitated. No ch-TOG band was
detected using an IgA-only control. Lys: Lysate, IP: Immunoprecipitation. (B) Overexpression of GPR124-
mCherry increased the level of ch-TOG present in mitotic cells. ***p<0.0001, Student's t-test. Data are
expressed as the mean + SEM.
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