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Abstract

Understanding the Mechanism of Protein Kinases Drak/STK17A and RIOK2 function in
Glioblastoma

By: Alexander Shih-Juin Chen

Glioblastoma (GBM) is the most common adult primary malignant brain tumors and is
resistant to current therapies. Genomic analyses reveal that signature genetic lesions in GBM
include copy gain and amplification of chromosome 7, amplification, mutation, and/or
overexpression of receptor tyrosine kinases (RTKs), such as EGFR, and activating mutations in
components of the PI-3 kinase (PI3K) pathway. In Drosophila melanogaster, constitutive co-
activation of RTK and PI3K signaling in glial progenitor cells recapitulate key features of human
gliomas. Using our Drosophila glioma model to elucidate new downstream effectors of EGFR
and PI3K signaling pathways, we discovered two novel protein kinases involved in GBM
tumorigenesis through two disparate mechanisms: Death-associated protein kinase (Drak), a
cytoplasmic serine/threonine kinase orthologous to the human kinase STK17A, and right open
reading frame kinase 2 (RIOK2), an atypical serine/threonine kinase.

We discovered that Drak is necessary for glial neoplasia, but not for normal glial
proliferation and development and cooperates with EGFR to promote glial cell transformation.
Furthermore, our results indicate that Drak phosphorylates Sqh, the Drosophila ortholog of
MRLC (non-muscle myosin regulatory light chain), and recruits Anillin, a binding partner of
phosphorylated Sqh, to drive glial cell transformation. The Drak-Sqh-Anillin complex co-
localizes in neoplastic cells undergoing mitosis and cytokinesis. These functional relationships
were conserved in human GBM. Our results indicate that Drak/STK17A, the substrate
Sqh/MRLC, and the effector Anillin/ANLN regulate mitosis and cytokinesis in gliomas.

We also discovered that dRIOK2 forms a complex with RNA-binding protein, Imp, the
Drosophila ortholog of IGF2BP3 (IMP3), and that both dRIOK?2 and Imp are necessary for glial
neoplasia, but not for normal glial proliferation and development. Furthermore, our results
indicate that RIOK2 catalytic activity is important for glial neoplasia and recruits TORC2 to
phosphorylate IMP3, and in turn, regulate levels of MYC protein, a known target mRNA of
IMP3. These functional relationships were conserved in human GBM. Collectively, our data
indicates that RIOK2 autophosphorylation recruits TORC2 and IMP3, which in turn, modulates
MY C protein expression to promote GBM tumorigenesis. The novel Drak/STK17A-Sqh/MRLC-
Anillin/ANLN and RIOK-IMP3-TORC2 complexes may provide new therapeutic targets for
gliomas.
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Chapter 1. Introduction

1.1 Glioblastoma

Glioblastoma multiforme (GBM) is the most common primary malignant adult brain
tumor. GBM originates primarily in the cerebral hemispheres, though tumors may also arise in
the brain stem, cerebellum, and spinal cord (1). Standard of care for GBM involves surgical
resection followed by concomitant radiotherapy with adjuvant chemotherapy with the DNA
alkylating agent, temozolomide. Despite this treatment, median survival for GBM remains poor
at 14-15 months after initial diagnosis (1). The World Health Organization (WHO) has classified
GBM based on the histopathological and clinical presentation as grade IV glioma due to its
highly aggressive, malignant, invasive, and undifferentiated nature (2, 3). GBMs can be further
subclassified as either primary or secondary GBMs. Primary GBMs are far more common in
patients aged 65 and older, are de novo tumors, and do not arise from lower grade gliomas.
Conversely, secondary GBMs are much rarer and occur in patients below the age of 40.
Secondary GBMs arise from the progression of lower grade gliomas, with approximately 70% of
grade II gliomas transforming into either grade III or grade IV gliomas in a timespan of
approximately 5-10 years after diagnosis (3). While both primary and secondary GBMs present
similarly in the clinic, recent genomic characterizations reveal that in terms of transcriptional
patterns and recurrent DNA copy number aberrations, these two subclasses are quite distinct
from one another (4, 5). Further contributing to the difficulty of treatment, GBMs have
considerable intratumoral heterogeneity and arise from glial cells and glial cell progenitors,
though the precise cell-of-origin for gliomas remains controversial, with data supporting neural

stem cells, astrocytes, or oligodendrocyte precursor cells as possible cells-of-origin (6). As such,



it is imperative to better understand the biology of GBM in order to develop more effective
treatments.

To discover genetic mutations essential to gliomagenesis, large-scale genomic projects
such as The Cancer Genome Atlas (TCGA) analyzed hundreds of GBM tumor tissue specimens
(7, 8). Common alterations in GBMs include genomic amplification, activating mutations, and
overexpression of receptor tyrosine kinases (RTKSs), such as epidermal growth factor receptor
(EGFR), platelet-derived growth receptor alpha (PDGFRA), and fibroblast growth factor
receptor (FGFR), and genes in core RTK signal transduction pathways, such as the
phosphatidyl-inositol-3-kinase (PI3K) pathway, and inactivation of the 7P53/RB pathway (7, 8).
Genetic alterations in RTKs occur in over 80% of GBMs, and one of the most frequent
alterations is amplification and mutation of EGFR (7, 8). The most common EGFR mutation is
variant III (EGFR'"), a constitutively active version of EGFR created by an internal deletion of
the ligand-binding domain (exons 2-7) that results in overactivation of downstream cell growth
pathways (9, 10). Constitutive activation of RTKs through amplification and/or mutation
contributes to GBM pathogenesis by promoting proliferation, migration, and resistance to
apoptosis (11-14).

Common genetic alterations in GBM occur in the PI3K pathway, including activating
missense mutations in PIK3CA, which encodes the p110a catalytically active subunit of PI3K
(15, 16), and PIK3R 1, which encodes the p85a regulatory subunit of PI3K (7, 17). Loss of the
PTEN phosphatidyl-inositol-3-phosphate (PIP3) lipid phosphatase, which is inactivated through
point mutations, deletions, and epigenetic silencing, results in constitutive activation of PI3K
signaling as a consequence of elevated PIP3 levels (18-20). As a response to PI3K activation,

AKT kinases are upregulated in approximately 70% of GBMs (16, 18). Other common mutations



inactivate the TP53/RB pathways, including homozygous CDKN2A/CDKN2B or RB1 loss, TP53
mutations, MDM4 and MDM?2 amplification, and CDK4 amplification (7, 8). Another common
genetic alteration in GBM are activating mutations in the promoter of telomerase reverse
transcriptase (TERT), which occurs in 70% of GBM patients (8, 21). These mutations inactivate
cell cycle checkpoints, immortalize glial cells, and, together with RTK alterations, promote
GBM tumor initiation and progression (reviewed in (3)). Studies in mice indicate that co-
mutation of these pathways cooperate to promote GBM tumorigenesis (22-26). However, due to
limited drug absorption into tumors, cellular and genetic heterogeneity in tumors, and emergence
of drug resistance over time, efforts to therapeutically target these genetic alterations have shown
limited efficacy in the clinic (27-30). To improve outcomes for GBM patients, there must be a
concerted effort to translate these data to develop new therapies that target underlying biological

mechanisms that drive GBM.

1.2 Drosophila melanogaster: an effective tool to model GBM

One of the most effective models for advancing our understanding of cancer is
Drosophila melanogaster (reviewed in (31)). As a cancer model, Drosophila has numerous
advantages over traditional animal models, including a relatively short lifespan, a large number
of progeny, a fully sequenced and annotated genome, and powerful modalities to analyze
complex tissues. Furthermore, there are tools available for targeted or insertional mutagenesis
and RNA interference (RNAIi) for almost all genes in the genome. The binary UAS/GAL4
system allows for Gal4-driven cell-type specific gene manipulation in fly tissues, including the
central nervous system (CNS), and expression of multiple UAS-containing transgenes within the

same cell type allows for complex genetic manipulation (32-36). Most importantly, 75% of



genes associated with human diseases have functional fly orthologs, and 30% of them have
enough similarity such that human and fly proteins have identical functions (37).

Drosophila is also an excellent model organism for neurological diseases due to
extensive cellular homologies between Drosophila and humans. The Drosophila CNS consists of
two bilaterally symmetrical brain hemispheres and a central nerve cord that, like humans, is
comprised of glia and neurons. Drosophila glia share similar developmental origins, cellular
properties, and physiological functions of human glia, such as astrocytes, oligodendrocytes, and
Schwann cells (38). In Drosophila, there are several types of CNS glia that are derived from
neural stem cells, known as neuroblasts, and that are defined by their morphology and
associations with neurons, including astrocytes, cortex glia, and peripheral glia (reviewed in
(38)). Astrocytes, which restructure neuronal circuits and regulate synapses, similar to
mammalian astrocytes, primarily localize in the cortex and extend processes into the neuropil, a
histologically distinct region of the Drosophila CNS where dendrites and axons project and
connect (38). Cortex glia, which have similarities to mammalian astrocytes, localize in the
cortex, where neuronal cell bodies are localized, and support development and maturation of
neuroblasts, neurons, and other glial cell types in response to local and systemic signals (39-41).
Perineural glia along with the subperineural glia act as a chemical and physical barrier for the
CNS and make up the blood-brain barrier (BBB) (38). Perpherial glia, similar to Schwann cells,
ensheath the peripheral sensory and motor nerves (42, 43).

In support of their relevance as a cancer model, Drosophila do in fact develop neoplastic
tumors that share key features of vertebrate neoplasms: rapid autonomous growth, invasion into
adjacent healthy tissue, metastasis into distant organs, lethality to host, loss of tissue structure,

lethal autonomous growth after transplantation, and lack of contact inhibition (31). Studies show



that subjecting wild-type Drosophila to genetic manipulation, carcinogens, and X-ray irradiation
can result in heritable tumor-causing mutations, producing malignant cells that are a source of
uncontrolled cell growth (44-46). Furthermore, Drosophila models demonstrate a crucial
characteristic of malignant tumors, unlimited growth after transplantation. In a seminal study,
Gateff et al. demonstrated that pieces of larval wild-type brains transplanted into the abdominal
cavity of female adult flies neither grew nor killed their hosts, whereas pieces from tumor
suppressor mutant brains grew rapidly up to 300 times the size of the original transplant and
prematurely killed their hosts (44).

Several genetic pathways involved in gliomagenesis are conserved between Drosophila
and humans, and single orthologs exist for many genes involved in gliomagenesis, simplifying
complex genetic analysis. For example, there are single functional orthologs for genes such as
EGFR (dEGFR), PIK3CA (dp110), PTEN (dPTEN), RAS (dRas), RAF (dRaf), and AKT (dAkt).
Moreover, many essential genes involved in human gliomagenesis were first discovered in flies:
for example, the gene Notch is named for Drosophila mutant phenotypes (47), and human

orthologs of Notch are involved in GBM tumorigenesis (48).

1.3 Drosophila models for RTK-driven GBM

Given the homologies between Drosophila and mammals, Read et al. developed a
Drosophila GBM model to investigate how signaling pathways cooperate during neural
tumorigenesis (49). Similar to published mouse models, in Drosophila, co-activation of EGFR
and PI3K signaling in a glial-specific manner resulted in glial neoplasia (Figure 1.1) (49). This
was achieved using glial-specific repo-Gal4 to co-overexpress constitutively active versions of

dEGFR and dp110, the catalytic subunit of PI3K, or downstream effectors, such as dRas or dRaf



combined with dPTEN RNAI. In contrast, glial-specific activation of EGFR-Ras or PI3K
signaling alone did not induce neoplasia, indicating that EGFR and PI3K work together
synergistically to drive glial tumorigenesis (49). Mutant variants of EGFR found in GBM, such
as EGFRY!!, also produced neoplastic phenotypes in Drosophila (50). Moreover, co-activation of
either dEGFR or dRas with PI3K did not induce neoplasia in neuroblasts or neurons, indicating
that neural tumorigenesis in response to these pathways is glial-specific (49).

Read ef al. used transplant assays and FLP-FRT clonal analysis to investigate
developmental origins, malignant properties, and invasive potential of neoplastic glia. EGFR-
PI3K mutant glia transplanted into the abdomen of adult host flies yielded large lethal tumors in
which neoplastic glia invaded adjacent tissues (49). These tumors were associated with excess
trachea, which are oxygen delivery tubules, suggesting that they stimulated tracheal growth in a
process similar to angiogenesis (49). FLP recombinase was used to induce clones of mutant glia
in otherwise normal tissue in late development or young adult flies. While single dPTEN""
mutant clones or clones overexpressing dEGFR showed a slight increase in glial cells compared
to wild-type control clones, dEGFR or dRas; dPTEN™!" double mutant clones created highly
proliferative and invasive tumor-like neoplastic growths (49).

This Drosophila GBM model recapitulates a key aspect of human GBM in that tumor
formation relies on activation of multiple pathways that work synergistically to promote
uncontrolled proliferation and migration (49). At least four pathways downstream of EGFR and
PI3K co-activation promote glial neoplasia, all of which have orthologous gliomagenic human
genes (49): dMyc (MYC) promoted cell cycle entry, Pnt (ETS-family transcription factor)

promoted cell cycle progression, and the Tor-S6K pathway promoted protein translation and



cellular growth (49). Thus, Drosophila GBM models show evolutionary conservation of
oncogene cooperativity.

Read et al. established that, in Drosophila, glial progenitor cells are prone to malignant
transformation in response to oncogenes that drive human gliomagenesis, and that Drosophila
models of RTK-driven glial neoplasia are effective tools to characterize gliomagenic pathways.
These models have now been used by several groups to evaluate the capacity of other RTK and
Ras pathway components to promote glial neoplasia, to identify novel genes and pathways that
contribute to neuro-glial tumorigenesis, and to identify subtypes of glia prone to transformation
(40, 50-59). GBM is by nature a highly invasive tumor, and RTK and PI3K signaling pathways
promote invasive behavior of tumor cells; Drosophila can be used to investigate this aspect of
tumor biology (3). To better understand how these signaling pathways govern migration and
invasion in GBM, Witte ef al. used imaging to track changes in proliferation and migration of
EGFR-PI3K transformed glia in the visual system (52). During larval development, repo-positive
glia originate in the optic stalk and migrate into the retina but not the Bolwig’s organ, at
predictable times during development (60, 61). Neoplastic transformation by EGFR and PI3K
signaling dramatically increased the number of migratory glia in the optic stalk, with some glia
invading along the Bolwig’s organ nerves, and importantly, this increase was rescued using
pharmacological inhibitors of EGFR and PI3K, consistent with the conclusion that, in
Drosophila glia, these pathways are sufficient to drive neoplastic invasion and migration (52).
Moreover, Witte et al. observed that overexpressing other RTKs such as Pvr (PDGFR/VEGFR),
htl (FGFR1), and Inr (Insulin receptor), also increased the proportion of migratory and invasive
neoplastic glia (52). This study indicates that Drosophila can be effectively used to model GBM

migration and invasion in response to constitutive activation of RTKs and PI3K signaling.



However, pharmacological agents that target a single RTK show limited efficacy in GBM
patients (62). Therefore, RTK effector pathways in glial tumorigenesis, which could be identified
in Drosophila, may be more relevant to therapeutic development.

Due to the ease of cell-type specific genetic manipulation, Drosophila are also effective
tools to identify glial cells-of-origin in GBM tumorigenesis and investigating their propensity to
be transformed in relation to their developmental roles. Mouse models have identified glial
progenitors as cells-of-origin in gliomas, including astrocytic and oligodendrocyte progenitor
cells (OPCs), because driver mutations associated with human GBM can transform these cells
(6). As discussed previously, Drosophila possess glia and glial progenitor cells that share many
features with their mammalian counterparts. In a study of neuroblast development, Pvr ligands
produced by neuroblasts were found to stimulate Pvr signaling in cortex glia, supporting their
survival and morphogenesis, which, in turn, is required for their ability to support neuroblast and
neuron development (40). Importantly, constitutively active Pvr or EGFR-PI3K induced
neoplastic transformation of cortex glia, and, as they grew during early stage tumorigenesis,
neoplastic cortex glia colonized the developing brain at the expense of neuroblasts and neurons
(40). Like cortex glia, OPCs similarly depend on PDGFR signaling for their normal
development, become transformed by constitutive PDGFR or RTK-Ras signaling, and
outcompete neural stem cells in the mouse brain (6, 63). However, the pathways that mediate
cell-cell interactions to allow tumor cells to colonize the brain during early-stage tumorigenesis
and effectively killing neuronal cells are not clear. In the future, Drosophila GBM models may
help elucidate the mechanisms involved in competition between normal and RTK-driven tumor

cell populations.
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Figure 1.1. Co-activation of EGFR and PI3K in Drosophila glia causes neoplasia.

(A) Optical projections of whole brain-nerve cord complexes from late 3rd instar larvae,
displayed at the same scale. Glia are labeled with CD8-GFP (green) and constitutively activated
EGFR (dEGFR") and PI3K(dp110¢4AX) driven by repo-Gal4. Each brain is composed of 2
symmetrical hemispheres attached to the ventral nerve cord. In repo>dEGFR*;dp110“44X larvae,
both brain hemispheres are enlarged and elongated relative to other genotypes. (B—D) 2 um
optical sections of larval brain hemispheres from late 3rd instar larvae approximately, displayed
at the same scale. Glial cell nuclei labeled with Repo (red); anti-HRP for neuropil (blue). In
repo>dEGFR*;dp110“““Y brains (B) there is a dramatic increase in glia relative to repo>dEGFR*

(C) or wild-type animals (D). Figure adapted from [35].
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1.4 Drosophila models identify mechanosensory mechanisms in GBM

As genomic analyses of GBMs continues, new RTK mutations are being uncovered. For
example, a subset of adult GBMs carry gene fusion mutations in which the C-terminal tyrosine
kinase domains from FGFR RTKs are fused in frame to the N-terminal regions of the TACC
family proteins, which drive oligomerization and kinase activation (64, 65). Recent studies show
that FGFR-TACC fusion proteins drive glioma cell proliferation and invasion, and that tumor
cells positive for FGFR-TACC fusion proteins can be sensitive to FGFR kinase inhibitors in
vitro and in vivo (64, 65). FGFR-TACC proteins drive tumorigenesis in mammalian astrocytes,
although they localize to the nucleus and fail to activate canonical FGFR signaling pathways,
indicating that they have aberrant activity distinct from full-length FGFR proteins (64, 65). Thus,
there is great enthusiasm for understanding how these lesions contribute to tumorigenesis and for
using such knowledge to therapeutically target FGFR-TACC mutant tumors.

To understand how FGFR-TACC proteins promote glial transformation, the human
FGFR3-TACC3 fusion was overexpressed specifically in Drosophila glia (54). Like co-
activation of EGFR and PI3K, FGFR3-TACC3 induced neoplastic transformation of larval glia,
and tumorous glia showed increased deposition of extracellular matrix (ECM) proteins and
increased ECM stiffness (54). Glial tumor tissues have altered ECM stiffness that contributes to
altered mechanosignaling within tumor and stromal tissues (66). These ECM changes actively
promote tumor progression by increasing cellular proliferation, survival, migration, drug
resistance, and angiogenesis (67-69). However, the molecular mechanisms involved in this
process are not well understood.

In Drosophila models of EGFR-PI3K and FGFR-TACC driven GBM, function of the

dPiezo ion channel was required for GBM tumorigenesis, and required for increased ECM
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deposition and tissue stiffness in neoplastic glial tissues but not in normal glia (54). Research
studies have shown that ion channels play a critical role in regulating ECM stiffness and cellular
rigidity (70). The evolutionarily conserved PIEZO transmembrane ion channels, which normally
function in sensory neurons, are mechanosensitive and open in response to membrane tension to
allow for permeation of potassium, calcium, and sodium ions (71-74). Loss of dPiezo function
was rescued by increased integrin signaling or overexpression of ECM proteins, indicating that
these pathways act downstream of dPiezo function genetically in glial neoplasia (54). The human
ortholog of dPiezo, PIEZO1, is overexpressed in human GBM cells and tissues, and its
overexpression is inversely correlated with patient survival (54). In cell-culture and xenograft
models of human GBM, PIEZO1 is required for tumor cell growth and sustained integrin
signaling through pathways that regulate tissue and ECM stiffness, such as the FAK kinase
pathway, in a manner dependent on channel activity (54). Thus, key aspects of dPiezo function in
Drosophila GBM models are recapitulated in human GBM tumor models. Given that ion
channels are well-established pharmacologic drug targets (75), these results open a way forward
to the possible development of new therapeutics for GBM.

In a related imaging-based study, Kim ef a/. identified Lysyl oxidase (Lox), which
mediates ECM stiffness and regulates cell migration, as a potential mediator of Pvr-dependent
neoplastic glial migration (56). They found that Lox operates through integrin signaling in a
positive feedback loop promotes cell migration in local extracellular microenvironment (56).
Similar results were observed in mammalian GBM model systems (56). Mechanisms that
influence ECM stiffness are of particular interest, because increased ECM rigidity favors
migration of glioma cells (76, 77). Moreover, integrins mediate ECM stiffness by providing

mechanical coupling to the matrix, adhesion to surrounding cells, and signal transduction to the



13

cytoskeleton and nucleus (78, 79). Collectively, these studies show that Drosophila models and
modifier screens are invaluable tools for uncovering novel biological pathways involved in

GBM.

1.5 Drosophila models identify metabolic mechanisms in GBM tumorigenesis

In his seminal work on cancer metabolism, Otto Warburg discovered that tumor cells
generate the majority of their ATP through aerobic glycolysis regardless of extracellular signals,
and that tumor cells use this altered metabolism to generate biosynthetic precursors, which in
turn allow for production of nucleotides, fatty acids, membrane lipids, and proteins to increase
tumor cell proliferation and survival (80-82). This shift in metabolic processes is particularly
important in adult GBM tumors (81). GBM is a late onset disease with a median age of 62 years
(1), as such, an adult Drosophila GBM model may better reflect adult human GBM biology. Dr.
Hueng’s group has expanded on the aforementioned Drosophila GBM model developed by Read
et al., and designed a Drosophila model that uses a temperature sensitive GAL80" temporal
expression system to allow for the induction of glioma formation in adult flies (57). In adult flies,
EGFR-PI3K neoplastic glia induced grossly enlarged brains, a progressive decline in
neurological function, and shorter lifespans (57). Using a bioinformatics approach to analyze the
REMBRANDT tumor genomics database, Chi et al. identified four key metabolic genes that are
correlated with poor prognosis in adult GBM patients, ALDOA, ACATI1, ELOVL6, and LOX (57).
Of particular interest was ACATI, a key metabolic enzyme involved in ER-cholesterol
homeostasis and lipid metabolism and is highly expressed in many different types of cancers.
Although the mechanisms by which ACAT1 promotes GBM tumorigenesis remain poorly

understood, ACATI knockdown in the adult GBM Drosophila model dramatically reduced
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glioma brain enlargement and improved lifespan (57). These results were recapitulated in human
models wherein ACAT1 expression was upregulated in human GBM cell lines in a EGFR-PI3K-

dependent manner, and ACAT1 knockdown dramatically reduced GBM tumorigenesis (57). This
study shows that Drosophila models are well suited to test the biological relevance of metabolic

pathways and alterations identified from tumor genomic databases.

Drosophila GBM models are also effective at elucidating evolutionarily conserved roles
for metabolic genes in glioma. Agnihotri et al. conducted a screen for gliomagenic mutations and
found PINK1, a mitochondrially localized serine/threonine kinase that regulates mitophagy,
reactive oxygen species (ROS) production, and OXPHOS (58). In primary murine and human
astrocytes, PINK1 loss promotes aerobic glycolysis and an altered metabolic state that is
conducive to GBM tumor progression (83, 84). Subsequent experiments indicate that PINK1
expression is downregulated in human GBM tumors, and that PINK1 restoration in human GBM
cell lines reduced ROS and blocked tumor cell growth (58). In the Drosophila GBM model
developed by Read ef al., dPink] overexpression similarly reduced EGFR-PI3K dependent glial
neoplasia (58), demonstrating an evolutionarily conserved metabolic function of PINK kinases in
glioma. Thus, Drosophila GBM models can provide an efficient system to functionally

characterize poorly understood metabolic enzymes that impact tumorigenesis.

1.6 Drosophila models and glioma stem cells

Despite treatment with surgery, radiation, and chemotherapy, GBM tumors invariably
recur (1). These tumors display considerable cellular heterogeneity, and recent studies show that
there exists a subset of cells within GBMs called glioma stem cells (GSCs) that have neural

stem-cell like self-renewing properties (85-88). GSCs derived from human tumors express many
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of the same transcription factors and receptors present in neural stem/progenitor cells, maintain
capacity to generate tumors resembling human GBM in serial transplantation, and exhibit
radiation and chemotherapy resistance (reviewed in (89)). RTK and PI3K signaling are required
for normal development of neural stem/progenitor cells and for maintenance of stem cell-like
properties of GSCs, and gliomagenic mutations in RTKs and PI3K pathway components confer
GSC-like properties to neural stem/progenitor cells in mouse GBM models (89). Given that
neoplastic Drosophila glia transformed by RTK-Ras and PI3K display many properties of GSCs,
namely the ability to form malignant tumors upon transplantation and ectopic expression of
factors that confer neural stem cell-like properties like dMyc, Drosophila GBM models are
attractive systems for identifying and characterizing factors that govern the biological properties
of GSCs (49). For example, the previously described RTK-PI3K pathway components RIOK 1,
RIOK2, and STK17A are all required for GSC proliferation, maintenance, and survival (50, 53).

In particular, RTK-Ras driven Drosophila GBM models have been used to evaluate
functional requirements for transcription factors altered in GSCs. For example, Cheng ef al.
identified several transcription factors ectopically upregulated in patient-derived GSCs relative to
human normal neural stem/progenitor cells (59). One of these transcription factors, FOXDI,
which is a member of the Forkhead family of transcription factors, regulates organogenesis,
mediates induced pluripotent stem cell dedifferentiation, and promotes tumor cell proliferation in
various cancers (90-92). In GSCs, FOXD1 transcriptionally upregulates Aldehyde
dehydrogenase 1A3 (ALDH13), which is involved in glycolytic pathways (93) and may provide
a link between GSC identity and metabolic reprogramming. Using RNAi, Cheng ef al. showed
that fly orthologs of FOXD1 (fd59a) or ALDHIA3 (dALDH) were required for tumor cell

proliferation in neoplastic Drosophila larval glia transformed by co-activation of the Ras and
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PI3K pathways (59), thereby demonstrating that FOXD1 and ALDH1A3 form an evolutionary
conserved gliomagenic pathway.

Drosophila models are also useful for testing the function of transcription factors that
normally promote neural differentiation. For example, overexpression of Achaete-scute homolog
1 (ASCL1), which is orthologous to Drosophila acheate, is correlated with improved patient
prognosis (51). ASCL1 promotes cell cycle exit and neuronal differentiation of human neural
progenitors cells (94, 95). To understand how ASCL1 functions in GBM, Park et al.
overexpressed either fly Acheate or human ASCL1 in EGFR-PI3K mutant Drosophila glia (51),
which dramatically reduced neoplastic proliferation and induced a switch from glial-to-neuronal
cell fate in neoplastic glia (51). Subsequent experiments revealed that ASCL1 reduces GBM
tumorigenicity by transcriptionally suppressing glial cell and neuronal progenitor cell fate and
promoting differentiation (51). Thus, Drosophila models can reveal how genes that regulate
differentiation can limit gliomagenesis.

During development, stem cells undergo asymmetric cell division in which one daughter
cell self-renews and retains the stem-cell fate and the other daughter generates a more specialized
and differentiated cell. GSCs are thought to undergo both symmetric cell division, wherein both
daughter cells generate GSCs, as well as asymmetric cell division, wherein one daughter cell
maintains GSC fate and the other daughter cell of limited proliferative potential gives rise to
tumor bulk (89, 96). While processes of symmetric and asymmetric cell division are not well
understood in Drosophila glia, much of the pioneering work on mechanisms of asymmetrical cell
division have been carried out in Drosophila neuroblasts (97, 98).

In Drosophila neuroblasts, asymmetric cell division requires setting up an axis of polarity

and differential segregation of cell fate determinants between daughter cells (97, 98). Among
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those determinants is Brat (encoded by the brain tumor gene), which normally asymmetrically
segregates into the differentiating daughter cell during neuroblast division, where Brat inhibits
self-renewal and promotes cell cycle exit and differentiation (98). brat loss-of-function clones or
RNAI dysregulate differentiation of neuroblasts and their daughter cells, causing these cells to
maintain self-renewal and to express neuroblast and glial markers, with brat mutant cells
maintaining the ability to create malignant tumors in adult brains and in transplantation assays
(99, 100). The human Brat ortholog TRIM3, which is only normally expressed in the brain, is
genomically deleted in 25% of GBMs and is not detectably expressed in nearly all GBMs (101).
In Drosophila and human GSCs, loss of Brat/TRIM3 function led to increased active cleaved
Notch (NICD), and to NICD nuclear accumulation (102), whereas restored Brat/TRIM3
expression suppressed Notch signaling and attenuated NICD nuclear localization due to direct
interactions between TRIM3 and nuclear import proteins (102). Furthermore, in a Drosophila
modifier screen designed to identify downstream factors that mediate the tumorigenic effects of
brat mutation, Mukherjee et al. discovered that the brat mutant phenotype is rescued by CdkSa
knockdown or pharmacological kinase inhibition, and that Cdk5a overexpression promoted the
neuroblast-like fate stem-cell like (103). In human GBM, CDK354 is frequently genomically
amplified and overexpressed, and in GSCs CDK54 RNAIi or pharmacological kinase inhibition
decreased tumorigenicity and reduced expression of stem cell markers, indicating that CDK5SA
regulates GSC self-renewal (103). These studies reveal a novel and evolutionarily conserved
connection between Brat/TRIM3 and dCdk5a/CDK5A, and demonstrates that GSCs are
particularly sensitive to targeting of this pathway, although the connections between CDKS5 and
Notch signaling remain to be determined. Collectively, these studies demonstrate that

Drosophila is an effective model for studying how defects in asymmetrical cell division and
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neural differentiation can contribute to tumorigenesis. Collectively, Drosophila melanogaster as
a model organism has proven to be suited to experimentally investigate the signaling pathways
and cellular mechanisms involved in gliomagenesis. As previously described, these models have
also been used to address evolutionarily conserved hallmarks of cancer, including uncontrolled
proliferation, invasion and metastasis, and altered cellular metabolism (Figure 1.2), and will be

an effective tool to discover novel GBM pathways and mechanisms.
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Figure 1.2. RTK and PI3K signaling regulate a wide range of gliomagenic pathways.
Diagram depicting that ectopic constitutive RTK and PI3K signaling is responsible for a range of
functions including but not limited to ECM-based regulation of tissue stiffness, glycolytic
metabolism, invasion/migration, tumor stem cell self-renewal, and asymmetric cell division that

drive GBM tumorigenesis.
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1.7 Tumor stem cells: a model for investigating essential biological pathways of GBM

In additional to our Drosophila GBM model, another model system that we use in the lab
is patient-derived GBM stem cells grown in serum-free neural basal media supplemented with
EGF and FGF growth factors. Cancer cell lines have long been regarded as the standard model in
investigating the basic biology of human tumors, as well as, a useful tool in the preclinical
screening of potential therapeutic treatments for various cancers, including GBM (104). There
are a number of advantages in using cell culture-based systems to the previously mentioned
Drosophila GBM models and cancer mouse models. Most striking is the simplicity of the system
in testing specific signaling transduction pathway components relevant in GBM tumorigenesis.
However, the well-documented failure of GBM clinical trials based on preliminary experiments
conducted in serum-based cancer cell culture models reveal that serum-based cancer cell models
may not recapitulate key aspects of the primary tumor (105-108). Furthermore, extensive genetic
differences between serum-cultured cancer cell lines and the human disease may lead to
misidentification of tumor-driving pathways. Therefore, there is a pressing need to develop more
biologically relevant models.

The development of GBM stem cell cultures, where single cell suspensions of freshly
resected and dissociated from patient GBM tissues are grown in serum-free neural basal media
supplemented with FGF and EGF, are a major improvement over serum-based cell culture
models (88, 109). Studies performed by Lee et al. identifies the essential differences between
GBM cell cultured in serum-free conditions (NBE) and GBM cells culture in serum-containing
media (109). Lee et al. observed that cells cultured in NBE have drastically different
proliferation profiles compared to cells cultured in serum (109). Cells cultured in NBE form

nonadherent, multicellular spheres and proliferate at a constant rate regardless of passage
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number, while cells cultured in serum grew as an adherent monolayer and proliferated at a much
greater rate at higher passage numbers (109).

Furthermore, cells cultured in NBE conditions expressed neural stem cells (NSCs)
markers Nestin, Sox2, and SSEA-1, and had consistent telomerase activity compared to cells
culture in serum conditions, indicating that cells cultured in NBE conditions more closely
resembled NSCs based on their self-renewal and differentiation characteristics (109). In terms of
phenotypic and genotypic characteristics of cells cultured in NBE conditions, xenografts in SCID
mice reveal that cells culture in NBE conditions have similar histopathology as human GBM in
that they have extensive infiltration into the surrounding cerebral cortex and tend to migrate
along white matter tracts and migrate toward the olfactory bulb (109). Importantly, gene
expression profiles of cells cultured in NBE conditions more closely resemble the human disease
and tend to maintain their expression profiles even in higher passage cells (109). Other studies
conducted by Yuan et al. reached similar conclusions in that when a small subpopulation of
GBM cells isolated from patients were grown in EGF and bFGF neural basal media, these cells
grew as neurospheres and were able to self-renew and could differentiate into multi-lineage
progenies (110). Furthermore, Yuan ef al. found that only cells that formed neurospheres
developed into tumors when transplanted into athymic nude mice (110). Larger studies
performed by Gunther et al. and Laks et al. reached similar conclusions that cells isolated from
GBM patient tumor tissue only formed tumors in immunosuppressed mice if they grew as
spheroids (88, 111). Laks et al. found that the tumorigenic capacity of the tumors that formed in
the immunosuppressed mice strongly correlated with patient outcome, and that neurosphere
formation was a strong, independent indicator of glioma disease progression (88). Collectively,

these studies indicate that patient-derived GBM stem cells grown under NBE conditions
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recapitulate key genotypic and phenotypic characteristics of adult GBM tumors and may provide
more useful insights into the functionally relevant drivers of GBM tumorigenesis, potentially

translating into more effective therapeutic treatments.

1.8 STK17A: a novel protein kinase

Serine/Threonine Kinase 17A (STK17A), also known as DAPk-related apoptosis-
inducing protein kinase-1 (DRAK1), was identified in a kinome-wide screen using the
Drosophila GBM model (50), and may prove to be a promising candidate for targeted therapy
based on its tumor-specific effect on glial cell proliferation in initial screens. As such, elucidating
the mechanism by which STK17A/Drak drives GBM tumorigenesis is one of my research topics
in my dissertation.

STK17A belongs to the death-associated kinase (DAPK) family, whose members share
sequence and functional homology (112-115). The DAPK family consists of five members:
DAPK1, DAPK2 (aka DAPK-related kinase 1 (DRP1)), DAPK3 (aka Zipper-interacting protein
kinase, DAP-like kinase, Dlk), and DRAK1 and DRAK?2 (DAPK-related apoptosis-inducing
protein kinase 1 and 2, aka STK17A and STK17B, respectively) (116). DRAK1 and DRAK2
belong to the superfamily of calcium/calmodulin (Ca?*/CaM) regulated STKs (116). While all
five members belong to the same family of protein kinases, there exists considerable differences
between the DAPKs and DRAKS in terms of sequence homology. While the kinase domain of
DAPK?2 and DAPK3 share 80% and 83% sequence homology with that of DAPK1 (113-115),
respectively, the kinase domain of DRAKS share only about 50% sequence homology with
DAPKI1 and exhibit homology to both calcium/calmodulin-dependent kinase 2 (CaMK2) and

myosin light chain kinase (MLCK) (117). Interestingly, even within DRAK proteins, there exists
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considerable differences in sequence homology. While the kinase domain of DRAK1 and
DRAK?2 share 67.1% sequence homology, the extra-catalytic C-terminal domain only share
24.2% sequence homology (118). The extra-catalytic domain of both DRAK1 and DRAK2
contain a nuclear localization signal, and thus, DRAKSs are primarily localized in the nucleus
(116). DRAK2 translocates to the cytoplasm upon activation with protein kinase C (PKC) (116).

Though the DAPK family of protein kinases were initially discovered to have roles in
promoting apoptosis (116, 119, 120), recent studies suggest that DAPK family members are
involved in a wide variety of biological functions that depends largely on cellular setting (116).
In the context of cell death, DAPKI1 interacts with other proteins to regulate apoptosis,
autophagy, and membrane blebbing, often through myosin regulatory light chain (MRLC) as an
intermediary (116). For example, DAPK1 can bind ERK, which results in DAPK1
phosphorylation at Ser735, increasing DAPK1’s ability to phosphorylate MRLC (121, 122).
DAPKI1 binding to ERK stimulates ERK-cytoplasmic retention, thus inhibiting ERK signaling in
the nucleus and in turn, initiates apoptosis (116). Furthermore, under amino acid starvation
conditions, the DAPK1 kinase domain binds to microtubule-associated protein 1B (MAP1B) and
forms a stable immune complex to induce autophagy and membrane blebbing (123).

In the context of cancer, DAPKI, interestingly, has a dual function in that DAPK1 can
both suppress and enhance tumor growth, depending on cellular context. Studies show that
DAPKI can activate p19*®/p53-mediated apoptotic checkpoint and in turn suppress
transformation of normal cells to cancer cells (124). In pancreatic cancer cells, upregulation of
DAPKI1 significantly reduced cellular proliferation and invasion, suggesting that DAPK1 may
behave as tumor suppressor in this context (124). Interestingly, studies have also shown that

DAPKI1 can also promote tumor growth. In P°* mutant triple negative breast cancer and prostate
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cancer, studies show that DAPK1 disrupted the tuberous sclerosis protein 1 and 2 (TSC1/2)
complex which in turn activated the mTOR/S6K pathway and increased cell growth (125, 126).
Studies also show that DRAKSs are implicated in promoting cancer tumorigenicity. In
head and neck squamous cell carcinomas (HNSCC), cytoplasmic DRAKI1 binds to Smad3,
interfering with Smad3/4 complex formation, and in turn, prevents the induction of the tumor
suppressor p21WVarl/Cirl (127). Furthermore, knockdown of DRAKI1 in a variety of GBM cell lines
drastically reduced cell proliferation, motility, and invasion (128). DAPK family can also
regulate cytokinesis. In fact, studies in Drosophila show that Drak, the Drosophila ortholog of
DRAK1/2, acts downstream of Rho-GTPase to phosphorylate spaghetti squash (Sqh) and
regulates actin cytoskeleton and promotes epithelial morphogenesis (129, 130). In humans,
myosin regulatory light chain (MRLC), the human ortholog of Sqh, is a regulator of nonmuscle
myosin type II (NMII) motor proteins, and upon phosphorylation, MRLC binds to NMII and
stimulates NMII-dependent contractile activity to promote cytoskeletal re-organization,
morphogenesis, and cytokinesis (131, 132). Importantly, studies show that DRAK1/STKI17A is
overexpressed in GBM and can directly phosphorylate MRLC in vitro (118, 129). However, the

mechanism in which STK17A promotes GBM tumorigenesis remains to be elucidated.

1.9 RIOK2: a novel protein kinase

As previously mentioned, RIOK2 was identified in a kinome-wide screen using the
Drosophila GBM model (50). Based on previous published studies, RIOK?2 has a role in driving
GBM tumorigenesis (50); however, the mechanism in which RIOK?2 drives GBM tumorigenesis

remains unknown and was one of my research topics in my dissertation.
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RIOK?2 belongs to the RIO family of protein, which consists of at least four members
RIOK1, RIOK2, RIOK3, and RIOKB (133, 134). RIOK1 and RIOK2 are an evolutionarily
ancient group of proteins and are found in both archaea and eukaryotes, RIOK3 is found
exclusively in eukaryotes, and RIOKB is found in some archaea and eubacteria (133, 134). The
defining characteristic of RIO family members is the presence of a RIO kinase domain (133,
134). While the RIO kinase domain shares some similarities to eukaryotic protein kinases, the
RIO kinase domain lacks key regions including the activation loop and helices H and I (135),
regions important in eukaryotic protein kinases for interacting with its substrates and converting
the enzyme from an inactive to an active state (135), and as such, RIO kinases are typically
referred to as atypical protein kinases. However, the RIO kinase domain still retains the N-
terminal and C-terminal lobes, which is connected by a hinge region where ATP and magnesium
can still bind (136-139). Furthermore, RIO kinase domains still retain in the C-terminal, the
catalytic loop and the metal-binding loop and thus, can catalyze phosphoryl transfer; however, to
date, a bona fide substrate of RIOK2 has yet to be identified (134).

In yeast, both Riol and Rio2 have been shown to autophosphorylate, and researchers
have identified the autophosphorylation site in Riol to be Ser-108 and the autophosphorylation
site in Ri02 to be Ser-128 (139-141). Structurally, one of the primary differences between Riol
and Rio2 is that Rio2 has an N-terminal winged helix (WHTH) (133), which consists of four a-
helices followed by two B-strands and a fifth a-helix (133). It is reported that the most common
function of the wHTH structure is DNA-binding (142, 143).

In terms of function, studies in yeast show that Riol is required for proper cell cycle
progression and chromosome maintenance, and lacking Riol, cell cycle arrest occurs at Gi phase

or mitosis (140). Moreover, in yeast, Riol and Rio2 have roles as non-integral ribosomal
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assembly factors necessary for late 18S rRNA processing (141, 144). Interestingly, loss of either
Riol and Rio2 in yeast is lethal, indicating that they have distinct non-overlapping functional
roles (144, 145). Studies show that the human Rio2 ortholog RIOK2 is important in the export of
the pre-40S subunit from the nucleus to the cytoplasm (146). Also, Zemp et al. determined that
the presence of human RIOK2, not its kinase activity, is important for the release of ENP1, a
known component of pre-40S particles (146), and that RIOK?2 catalytic activity is important in
the second phase of cytoplasmic 40S maturation, where the 18S-E pre-rRNA is cleaved and
ribosome assembly factors DIM2, LTV1, and NOBI are released (146).

Furthermore, recent studies have shown that instead of directly phosphorylating
substrates, RIOK2 may instead act as an ATPase, where the phosphoryl transfer of ATP to
Asp257 in the RIOK2 active site and subsequent hydrolysis of aspartylphosphate induces a
conformational change in RIOK2 that releases it from the pre-40S particle along with other
trans-acting factors such DIM2, LTV, and NOBI1 from the pre-40S particle (146, 147).
Interestingly, studies have shown that RIOK?2 regulates the export of the pre-40S particle by
binding to the nuclear export receptor, CRM1 (147).

Importantly, RIO kinase family members have been implicated in a number of different
types of cancers including breast, lung, and gliomas (50, 148-150). In non-small cell lung cancer
tumors, high expression of RIOK2, along with ribosome assembly factor NOB1, is correlated
with poor patient prognosis (151). Importantly Read ef al. identified that in GBM downstream of
EGFR and PI3K signaling, RIOK?2 is upregulated in response to AKT activation and forms a
complex with TORC2, which in turn, forms a positive feedforward loop with AKT to drive
GBM tumorigenesis (50). Read ef al. demonstrated that RIOK2 promoted GBM tumorigenesis;

however, the mechanism by which RIOK2 drives tumorigenesis is unclear.
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1.10 IMP3: a potential downstream effector of RIOK2

In preliminary studies using both immunoprecipitations coupled with proteomics analysis
along with screens using our Drosophila GBM model, we identified IMP3, an RNA-binding
protein as a possible downstream effector of RIOK2. RNA-binding proteins (RBPs) are
important regulators of gene expression and are involved in all facets of messenger RNA
(mRNA) metabolism, including transcription, 5’ end capping, precursor mRNA splicing, 3’ end
processing, nuclear export, transport, translation, and stability (152). Over 600 RBPs are
annotated in the mammalian genome (153), and each RBP may have hundreds of mRNA targets
(154). RBPs operate as structural components of messenger ribonucleoprotein particles (RNPs),
and while many RBPs lack enzymatic activity, they exert their functions by recruiting other
proteins into the complex (152, 155, 156). The composition of RBPs and associated proteins are
what determines the fate of their target mRNAs (152). While there exist many RBPs, very few
have been associated with cancer.

Among the RBPs associated with cancer, the oncofetal RBP family, IGF2BP (IMP) has
been investigated by a number of different laboratories. The IMP family of RBPs consists of
IMP1, IMP2, and IMP3 and are physiologically expressed in early development (157, 158).
Structurally, the three family members are highly similar in terms of domain order and spacing
(159), and have an overall amino acid sequence identity of 56% (160), with a 73% amino acid
sequence identity between IMP1 and IMP3 (160). All three IMPs contain two RNA recognition
motifs (RRMs) in the N-terminal region, and four hnRNP KH domains (KH) in the C-terminal
region (161). However, in Drosophila, the lone form of IMP, Imp, lacks the RRM domain and

contains only the four KH domains (160). In vitro data shows that KH domains are primarily
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responsible for RNA binding, while RRMs contribute to the stabilization of the IMP-mRNA
complex (162, 163). Interestingly, while analysis of the structure of the KH domains shows that
KH domains can only recognize short sequences of RNA and only allow for weak binding
affinity to their target mRNAs (164), structural analysis of IMP1 shows that the binding of
multiple copies of the KH domains increases the binding affinity and specificity to allow IMPs to
bind to specific target mRNAs (164). Recent studies utilizing photoactivatable ribonucleoside-
enhanced UV crosslinking and immunoprecipitation (PAR-CLIP) in HEK293T cells have
identified the putative IMP consensus recognition element as 5’-CAUH-3" (H=A, U, or C) (165).
Furthermore, UV-CLIP studies in human pluripotent stem cells show that IMP1 and IMP2
primarily bind to the 3’ UTR of target genes, while IMP3 primarily binds to the coding regions
of target genes (166).

The physiological roles of IMPs have been identified through the use of loss-of-function
and gain-of-function models. In Drosophila, Imp is required for axon guidance (167). IMP1 has
roles in enhancing neurite outgrowth and axonal guidance (168, 169), regulating cell metabolism
and/or stem cell maintenance (170), regulating the expansion of fetal NSCs (171), and regulating
adhesion and survival (166). IMP2 has roles in cell metabolism and muscle cell motility (159).
For IMP3, on the other hand, there has not been a concerted effort to characterize the phenotypic
consequence of IMP3 in knockout models, as such, the physiological effects of IMP3 remain to
be elucidated (159).

Recent studies reveal that IMP1, IMP2, and IMP3 are aberrantly expressed in a number
of cancers (160, 172). Importantly, IMP3 has been shown to promote a number of tumorigenic
functions including tumor cell proliferation, growth, drug-resistance, and invasiveness by

modulating the activity of oncogenic target mRNAs (172). As its name implies, the most widely
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studied mRNA target of IMP3 is IGF2. Studies have shown that IMP3 binds to the 5° UTR of the
IGF transcript and promotes IGF2 synthesis through phosphorylation by mTOR at S183 (173). In
GBM, studies show that IMP3 promotes tumor proliferation and invasion by promoting the
translation of IGF2 mRNA and activating the downstream effectors of IGF2, PI3K and MAPK,
and that high IMP3 is correlated with poor patient prognosis (174). Also, IMP3 regulates the
expression of cyclins to promote tumor cell proliferation (175), stabilizes ABCG2 mRNA to
enhance chemo-resistance in breast cancer (176), and stabilizes CD44, CD164, MMP9, and
PDPN encoding mRNA to enhance the invasive potential of tumor cells (172). Another
important oncogenic target mRNA is MYC (172, 177). By better understanding how IMP3
interacts with its oncogenic target mRNAs, such as MYC, we may uncover the underlying

mechanism in which IMP3 promotes GBM tumorigenesis.

1.11 MYC and mTOR in Cancer

As previously mentioned, MYC is an established target mRNA of IMP3, and establishing
an interaction between MYC and the RIOK2-IMP3 complex is a critical research component of
my dissertation. The MYC oncogene family consists of c-MYC, N-MYC, and L-MYC, and
belongs to the so-called family of “super-transcription factors”, in that they regulate at least 15%
of the entire genome (178). MYC can act as either a transcription factor or a transcriptional
signal amplifier (179). As a transcription factor, MYC-MAX dimer binds to the E-BOX
sequence (CACGTG), which leads to the recruitment of chromatin-modifying complexes GCNS,
TIP60, TIP48, and TRRAP, allowing for transcriptional activation (179). As a transcriptional
signal amplifier, MYC does not bind to the E-BOX and instead accumulates in the promoter and

enhancer region of active genes and causes transcriptional signal amplification (179). The
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downstream target genes of MYC are implicated in a variety of pro-tumor functions including
ribosome biogenesis, cell proliferation, differentiation, survival, and immune surveillance (178,
180). Upstream, the PI3K/AKT pathway regulates MYC protein levels in various MYC-
dependent cancers, and the PI3K-AKT effector kinase mTOR plays a key role in regulating
MYC levels (181-184).

mTOR exerts its effects as part of a larger protein complex known as either mammalian
target of rapamycin complex 1 (mTORC1) or mammalian target of rapamycin complex 2
(mTORC?2) (185), each with its unique set of complex members. mMTORCI consists of mTOR,
raptor, and mLSTS, and regulates growth through its downstream effectors, 4EBP1 and S6K1
(185). The mTORC2 complex, on the other hand, consists of RICTOR and SIN1, and is thought
to be part of the PI3K/AKT pathway and directly phosphorylates AKT (185-187). Based on the
well-established roles of MYC and mTOR in tumorigenesis, it is important to better understand
the underlying mechanism in how these proteins influence or are influenced by the RNA-binding

protein, IMP3.

1.12. Dissertation Goals

Given the prevalence of aberrant activation of the EGFR and PI3K pathways and the
ineffectiveness of targeting these pathways in GBM, there must be a concerted effort to better
understand the underlying biology downstream of these pathways in order to develop more
effective targeted therapies. Contributions of Read et al. in developing a powerful Drosophila
GBM model with glial-specific constitutive activation of EGFR and PI3K that recapitulates key
aspects of human GBM, has led to the identification of two novel protein kinases, RIOK2 and

STK17A, implicated in GBM tumorigenesis. My dissertation goals are to investigate the
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mechanism by which RIOK?2 and STK17A promote GBM tumorigenesis by utilizing a
combination of in vitro and in vivo experimental approaches.

In the second chapter, using the Drosophila GBM model, I explore how Drak, the
Drosophila ortholog of STK17A, promotes GBM tumorigenesis by activating essential pathway
components of cytokinesis, Sqh and Anillin. Using a combination of patient-derived GBM stem
cells, TCGA datasets, and human tissue microarrays, I investigate how essential findings
regarding Drak function in Drosophila GBM models are recapitulated by STK17A in human
GBM models.

In chapter 3, I investigate the mechanisms by which RIOK?2 interacts with IMP3 to
promote GBM tumorigenesis. Using a combination of in vitro and in vivo techniques, I explore
how RIOK2 catalytic activity is involved in formation of the RIOK2-IMP3 complex and how
IMP3 may promote GBM tumorigenesis by regulating MYC protein levels. In chapter 4, I will
summarize my work on two novel protein kinases and how they function in two disparate
pathways to drive gliomagenesis. Moreover, I discuss how RNA-seq and proteomic analyses can
be used to identify how the RIOK2-IMP3 complex may regulate a novel set of target mRNAs,
and how RIOK?2 may interact with other RNA-binding proteins to promote GBM tumorigenesis.
By elucidating novel pathways and mechanisms of GBM tumor biology, in the future we can
apply that knowledge such that we can better design more effective target therapies to treat GBM

patients and improve patient prognosis.
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Chapter 2. Drak/STK17A drives neoplastic glial proliferation through modulation of
MRLC signaling

Alexander Chen®, Joanna Wardwell-Ozgo®, Nilang Shah, Deidre Wright, Christina Appin,
Krishanthan Vigneswaran, Daniel J. Brat, Harley I. Kornblum, and Renee D. Read (*Authors

contributed equally)

2.1 Abstract

Glioblastoma (GBM) and lower grade gliomas (LGG) are the most common primary malignant
brain tumors and are resistant to current therapies. Genomic analyses reveal that signature genetic
lesions in GBM and LGG include copy gain and amplification of chromosome 7, amplification,
mutation, and overexpression of receptor tyrosine kinases (RTK) such as EGFR, and activating
mutations in components of the PI-3 kinase (PI3K) pathway. In Drosophila melanogaster,
constitutive co-activation of RTK and PI3K signaling in glial progenitor cells recapitulates key
features of human gliomas. Here we use this Drosophila glioma model to identify death-associated
protein kinase (Drak), a cytoplasmic serine/threonine kinase orthologous to the human
kinase STK17A, as a downstream effector of EGFR and PI3K signaling pathways. Drak was
necessary for glial neoplasia, but not for normal glial proliferation and development, and Drak
cooperated with EGFR to promote glial cell transformation. Drak phosphorylated Sqh, the
Drosophila ortholog of MRLC (non-muscle myosin regulatory light chain), which was necessary
for transformation. Moreover, Anillin, which is a binding partner of phosphorylated Sgh, was
upregulated in a Drak-dependent manner in mitotic cells and co-localized with phosphorylated
Sqh in neoplastic cells undergoing mitosis and cytokinesis, consistent with their known roles in

non-muscle myosin-dependent cytokinesis. These functional relationships were conserved in
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human GBM. Our results indicate that Drak/STK17A, its substrate Sgh/MRLC and the effector
Anillin/ANLN regulate mitosis and cytokinesis in gliomas. This pathway may provide a new

therapeutic target for gliomas.
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2.2 Introduction

Glioblastomas (GBM), the most common primary malignant brain tumors, infiltrate the
brain, grow rapidly, and are resistant to current therapies (188). Low grade gliomas (LGG), which
are related infiltrative malignant neural neoplasms, have slower tumor growth rates, longer patient
survival, and display more variable responses to therapeutics (189). To understand their genesis,
these tumors have been subject to extensive genomic analyses, which show that signature genetic
lesions in LGG and GBM include copy gain and amplification of chromosome 7, amplification,
mutation, and/or overexpression of receptor tyrosine kinases (RTKSs), such as EGFR, and
activating mutations in components of the PI-3 kinase (PI3K) pathway (7, 188, 190). Nearly 60%
of GBMs show focal EGFR copy gain or amplification, which are often accompanied by gain-of-
function EGFR mutations (190). The most prevalent EGFR mutant variant in GBM is EGFRV!!
(191), in which exon2-7 deletion confers constitutive kinase activity, which potently drives
tumorigenesis (188, 192). The most frequent PI3K pathway mutation in gliomas is loss of PTEN
lipid phosphatase (190), which results in unopposed PI3K signaling.

Recent mouse models demonstrate that co-activation of EGFR and PI3K pathways in glial
cells or neuro-glial stems cells induces GBM-like tumors, although these tumors do not show the
full range of GBM phenotypes (12, 26, 193). Furthermore, to date, pharmacologic inhibitors of
EGFR and PI3K pathway components are ineffective in improving LGG and GBM outcomes
(194). Genomic studies indicate that LGGs and GBMs have other genomic alterations (7, 190,
191); however, it is unknown how these changes contribute to gliomagenesis. Taken collectively,
these data suggest that there are still undiscovered biological factors that drive tumorigenesis.
Given the aggressive nature of these tumors, there is a pressing need to better understand their

biology and to identify additional factors that could serve as new drug therapy targets.
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To investigate the biology of malignant gliomas, we developed models in Drosophila
melanogaster (49). Drosophila offers unique advantages for modeling gliomas: flies have
orthologs for 70% of human genes, including most known gliomagenic genes (195); Drosophila
neural and glial cell types are homologous to their human counterparts (196); and versatile genetic
tools are available for in vivo cell-type specific gene manipulation including RNAi (31). Although
Drosophila models cannot address all aspects of glioma biology, our model demonstrates that
constitutive activation of EGFR and PI3K signaling in glial progenitor cells gives rise to malignant
glial tumors that recapitulate key biological features of human gliomas (49).

To discover new pathways that contribute to EGFR-PI3K-mediated glioma, we performed
a kinome-wide RNAi-based genetic screen in our EGFR-PI3K Drosophila GBM model (50).
Kinases were screened because they are highly conserved in terms of protein function between
Drosophila and mammalian systems. One of the top candidates from this screen was Drak (Death-
associated protein kinase related) (50). Drak and its human ortholog, STK17A, are cytoplasmic
serine/threonine kinases in the Drak subfamily of cytoplasmic death-associated protein (DAP)
kinases, which regulate cytoskeletal dynamics, cytokinesis, and cell adhesion and mobility (129,
197, 198). In Drosophila development, Drak promotes epithelial morphogenesis, acting
downstream of Rho-GTPase signaling to control the actin cytoskeleton through phosphorylation
of Spaghetti Squash (Sqh) (129, 130). MRLC, the human Sqh ortholog, is a regulator of non-
muscle myosin type II (NMII) motor proteins, and phosphorylated MRLC binds to NMII and
stimulates NMII-dependent contractile activity to promote cytoskeletal re-organization,
morphogenesis, and cytokinesis (131, 132). MRLC phosphorylation is dynamic and tightly
regulated, which allows for precise temporal and spatial changes to the cytoskeleton (131). Like

other Drak family kinases, STK17A, which is expressed in GBM (128), can directly phosphorylate
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purified MRLC protein in vitro (118, 129). However, little is known about the mechanisms by
which Drak/STK17A promotes tumorigenesis.

Here we characterize genetic and functional requirements for Drak in EGFR- and PI3K-
driven neoplastic glia. We report that Drak operates downstream and in concert with EGFR
signaling to phosphorylate and activate Sqgh to drive proliferation of neoplastic glia. Moreover, our
data show that, in mitotic neoplastic glial cells undergoing cytokinesis, phosphorylated Sqgh co-
localizes with Anillin, a cytoskeletal protein and known Sgh binding partner (199), and that Anillin
is required for proliferation of neoplastic glia. We show that these interactions are conserved in
human gliomas. STK17A is overexpressed in primary human GBM and LGG tumors and patient-
derived GBM cell cultures, and elevated STK17A expression correlates with elevated EGFR,
MRLC phosphorylation, and ANLN (human Anillin ortholog) levels. STK17A activity is required
for tumor cell proliferation and for elevated levels of MRLC phosphorylation and ANLN.
Moreover, we found that STK17A, phosphorylated MRLC, and ANLN are all co-localized to the
cleavage furrow in tumor cells undergoing cytokinesis. Taken together, our data suggests that
Drak/STK17A potentiates EGFR signaling to drive activation of SqhW/MRLC, which in turn

regulates mitosis in gliomas through effects on Anillin/ANLN.
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2.3 Materials and Methods
Drosophila Strains and culture conditions

Drosophila stocks were obtained from the Bloomington stock center and VDRC and the
specific genotypes and stocks used are listed in the Supplemental Table 2.1 and Table 2.2.
Drak™"(Drak?") was a gift of David Hipfner (129). UAS-sqhP?P?! was a gift of Guang-Chao Chen
(200). UAS- dEGFR* was a gift of Trudi Schupbach. All stocks were cultured on standard corn
meal molasses food at 25°C. Prior to publication, the UAS-Drak®®¥ stocks were validated by PCR
amplification of the dsRNA element followed by sequence validation against the published
sequence available at the VDRC. To create UAS-Drak and UAS-DrakXP (kinase dead) constructs,
the RE12147 Drak cDNA was cloned into pUAS-T, site directed mutagenesis was used to convert
Lys-66 to Ala, and the resulting DNA was injected into embryos and stocks for each construct
were established and sequence verified. All genotypes were established by standard genetic

crossing.

Immunohistochemistry

Larval brains were dissected with forceps, fixed in 4% paraformaldehyde, processed,
stained, and imaged as previously described (49). The following antibodies were used: 8D12
mouse anti-Repo (1:10, Developmental Studies Hybridoma Bank), anti-phospho-S21-Sgh (1:500,
gift of Robert Ward) (201), anti-Anillin (1:500, gift of Maria Giansanti) (202). Secondary
antibodies were conjugated to Cy3 (1:150), Alexa-488, or Alexa-647 (1:100) (Jackson
Laboratories). Brains were mounted on glass slides ventral side down in vectashield and whole
mount imaged on a Zeiss LSM 700 confocal system. For experiments where protein levels were

compared between genotypes, all samples were prepared, subjected to immunohistochemistry,
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imaged, and image processed in a parallel manner side by side. 6 or more brains were stained with
each Ab combination, and representative images are shown for each result. All brain phenotypes
shown were highly penetrant, with approximately 75-100% of animals showing the growth
phenotypes described. Images were analyzed in Zeiss Zen Software and processed in Photoshop.
Larval Drosophila brain hemisphere volumes were analyzed using Imaris software. Larval glial
cells were counted manually in representative optical sections of age-matched brain hemispheres,

matched for section plane. Statistical analyses were done using Prism.

Mammalian tissue culture

GBM39, shared by C. David James, was created from human GBMs serially xenografted.
GBM157, GBM281, GBM301, and GBM309 gliomasphere cultures were derived at UCLA and
maintained in culture as described (88). HNPCs were obtained from Lonza. U87 and U87-EGFR'!!
cells were gifts of Frank Furnari. Cell culture was performed as previously described (50).
Lentiviral shRNAs were prepared and used as previously described on serum cultured cells and
adherent serum-free cultured gliomasphere lines (50). WST-1 assays on shRNA-treated cells were
performed as previously described (50). For immunofluorescence, U87-EGFR!™ cells were plated
on glass coverslips, fixed with 4% paraformaldehyde, and stained on the coverslips with anti-beta-
tubulin (1:25, Developmental Studies Hybridoma Bank, AA4.3), anti-STK17A (1:1000, Sigma
HPA037979), anti-ANLN (1:100, Sigma, HPA005680), anti-phospho-S19-MRLC (1:200,
Abcam, ab2480; note this antibody detects S19 according to our sequence alignment and not S20),

and/or DRAQ7 (Cell Signaling Technology, 1:200) to stain nuclear DNA and chromosomes.

Immunoblot Analysis
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Cultured cells were collected and washed with 1xPBS and lysed in RIPA buffer containing
protease and phosphatase inhibitors. Whole third instar larval brains were dissected were washed
with 1xPBS and lysed in RIPA buffer containing protease and phosphatase inhibitors. The
following antibodies were used for immunoblotting following the manufacturer’s
recommendations: anti-STK17A (1:1000, Sigma, HPA037979), anti-phospho-S19-MRLC (1:500,
Cell Signaling 3671), anti-phospho-S19-MRLC (1:200, Abcam, ab2480), anti-MRLC (1:500, Cell
Signaling, 3672), anti-EGFR (1:5000, BD), anti-ANLN (1:500, Sigma, HPA005680) and anti-
actin (1:200, Developmental Studies Hybridoma Bank, JLA20). Bands were quantified using

Imagel.

in silico Analysis

STK174 mRNA expression data was obtained from cBioportal (www.cbioportal.org) and

exacted and analyzed using RStudio. All graphs and statistics were generated from this data using

Prism (203, 204). The in silico analysis results shown here are based solely upon data generated

by the TCGA Research Network (http://cancergenome.nih.gov) (7, 189, 190).

TMA processing

All human tumor specimens were collected from surgical specimens donated for research
with written informed consent of patients and were collected and used according to recognized
ethical guidelines (Declaration of Helsinki, CIOMS, Belmont Report, GCP, Nuremberg Code) in
a protocol (IRB00045732) approved by the Institutional Review Board at Emory University.
Paraffin embedded human brain tumor specimens and tumor tissue microarrays with matched

control tissue were prepared and sectioned using the Winship Core Pathology Laboratory. Antigen
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retrieval and immunohistochemical staining was performed as specified by manufacturer’s
guidelines for each specific antibody (50). The following antibodies were used: anti-STK17A
(1:1000, Sigma HPA037979), anti-ANLN (1:50, Sigma, HPA005680), anti-phospho-S19-MRLC
(1:200, Abcam, ab2480), anti-EGFR (1:50, Cell Signaling Technology, 4267). Results were scored
by neuropathologists according to standard clinical criteria on a scale of 1 and 2 (low staining), 3
or 4 (high staining, with 4 being more uniform), and images of immunoreactivity were taken on

an Olympus DP72 CCD camera.

Statistical analyses

Comparisons between two groups were performed by Mann-Whitney U Test
(nonparametric) for TCGA RNA-seq data analyses. Comparisons between of three or more groups,
were performed by one-way ANOVA with multiple comparisons to experimental controls.
Comparisons between two groups were done using either paired or unpaired parametric T-Tests.

Fisher’s exact test was used to analyze correlations in ITHC data.
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2.4 Results

Drak is required for glial neoplasia in Drosophila

To understand GBM pathology, we developed a Drosophila GBM model. The model uses
the glial-specific repo-Gal4 transcriptional driver to co-overexpress constitutively active versions
of dEGFR (dEGFR*) and dp110 (dp110%A4X), the catalytic subunit of PI3K, that together drive
malignant transformation of post-embryonic larval glia (49). The resulting glial tumors exhibit
phenotypic and molecular characteristics similar to human GBM (49). To identify novel modifiers
of EGFR-PI3K driven glial neoplasia, we used our Drosophila GBM model in a genetic screen,
and identified Drak, which encodes the sole Drosophila ortholog of STK17A and STK17B
serine/threonine kinases (50).

Glial-specific Drak RNAi reduced neoplastic glial proliferation and altered glial
morphogenesis, with Drak®®V4#! yielding significantly reduced brain sizes and glial cell numbers
compared to dEGFR*-dp110“4AX (Figure 2.1A-C, 1D-I). The transforming effects of EGFR-PI3K
signaling were also reduced in Drak null mutants (Drak™") (129) or by co-overexpression of
kinase-dead Drak (DrakXP): such mutants showed near wild-type brain sizes and reduced glial cell
numbers compared to dEGFR*-dp110“4AX controls (Figure 2.1A-C, 1D-I), indicating that Drak
catalytic activity is essential for proliferation of dEGFR*-dp110“A*X-mutant glia.

Growth inhibition of neoplastic glia induced by Drak knockdown or loss-of-function was
not due to nonspecific glial lethality: Drak is a nonessential gene and homozygous null mutants
are viable and show normal brain morphology and glial development, and Drak RNAIi in wild-
type larval glia caused no obvious defects (50, 129) (Supplemental Figure S2.1A-B). Thus, while
Drak is not required for normal glial proliferation and development, Drak kinase activity is

essential for neoplastic glial proliferation.
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Because reduced Drak function had a dramatic effect on dEGFR*-dp110“AAX mutant
neoplastic glia, and because Drak functions downstream of EGFR in epithelia (130), we predicted
that Drak may function downstream of EGFR in neoplastic glia. Overexpression of constitutively
active dEGFR” alone elicits hyperplasia in glia (49), which we found was suppressed by loss of
Drak function (Supplemental Figure S2.1C-D), consistent with our prediction.

Previous studies show that, in developing epithelia, Drak acts downstream of EGFR and
RhoGTPase (RhoA) signaling in parallel with Rho kinase (Rok) (129, 130). To investigate whether
RhoGTPases are also required in neoplastic glia, we tested Rho4 RNAi and dominant negative
constructs in our GBM Drosophila model. We found that RhoA loss-of-function caused a
significant reduction in dEGFR*-dp 110X mutant glial proliferation, but did not obviously affect
wild-type glia proliferation (Figure 2.1A-C, 2.1D-I, Supplemental Table 2.1). Glial-specific
inhibition of Rho family GTPases Cdc42 and RhoL and glial-specific Rok RNAI did not as strongly
suppress neoplastic glial proliferation (50) (Supplemental Table 2.1). Thus, Drak may
phosphorylate substrates to drive neoplastic glial proliferation downstream of RhoA GTPase
signaling, independent of Rok. Together, our data demonstrate that Drak pathways are necessary

for EGFR-PI3K-dependent glial neoplasia.
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Figure 2.1. Drak is required for glial neoplasia in Drosophila.

(A) Optical projections of whole brain-nerve cord complexes from 3™ instar larvae approximately
130 hrs old. Dorsal view; anterior up. CD8-GFP (green) labels glial cell bodies. Knockdown of
Drak (repo>dEGFR";dp110°““X; Drak?®"1) and Rhol (repo>dEGFR";dp110‘X;Rho 14’N), the
Drak null genetic background (Drak™"; repo>dEGFR*;dpll04X), or overexpression of
catalytically inactive Drak (repo>dEGFR*:dpl10“44X:DrakkP) decreased brain overgrowth
relative to repo>dEGFR*; dpl10“44X,

(B, C) (B) Total volumes (in pm?®) of 3™ instar larval brains, measured using Imaris.

repo>dEGFR’;dp110“44X(n=3), repo>dEGFR’;dp110°44%: Drak®RN4#1(n=5),
repo>dEGFR’;dp110°44X; Drak®RN1#2(n=5), Drak™";repo>dEGFR";dp110““X(n=3),
repo>dEGFR*;dp110“44X: Drak*P(n=3), repo>dEGFR";dp1104X; Rho 19’N4#1(n=4),

repo>dEGFR’;dp110°44X: Rho I#®”N4#2(n=5), wild-type(n=3). (C) Glial cell numbers in
representative 3 um optical projections of 3™ instar brain hemispheres (n=3 per genotype).
Statistics generated using One-Way ANOVA, ****p<(.0001.

(D-I) 3 um optical projections of brain hemispheres, age-matched 3™ instar larvae. Frontal
sections, midway through brains. Anterior up; midline to left. Repo (magenta) labels glial cell
nuclei; CD8-GFP (green) labels glial cell bodies; anti-HRP (blue) counter-stains for neurons and
neuropil. (D) repo>dEGFR’;dpl10“44X showed increased glial cell numbers (magenta nuclei,
green cell bodies) relative to (I) wild-type. (E-G) Drak knockdown (Drak®®N4), genetic reduction
of Drak using a null allele (Drak™"), or overexpression of catalytically inactive Drak (Drak%P)
significantly reduced glial cells compared to repo>dEGFR*;dp110“44X,

Data generated in (A-I) by Alexander S. Chen, with assistance from Deidre Wright, Nilang Shah,

and Renee D. Read.
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Drak cooperates with EGFR to promote glial transformation

Because Drak reduction suppressed glial neoplasia in the context of constitutive EGFR-
PI3K and EGFR signaling, we tested whether Drak overexpression cooperates with constitutive
EGFR signaling. We found that glial-specific Drak overexpression had no obvious effect on
normal larval glia morphology or number compared to wild-type (Figure 2.2A-C). Glial-specific
dEGFR* overexpression induced a significant increase in glial cell numbers compared to wild-
type controls (Figure 2.2A-D). (49). Co-overexpression of Drak and dEGFR” increased glial cell
numbers, and these glia lost their normal stellate shape and formed abnormal cellular aggregates
that disrupted normal larval brain architecture, indicative of neoplastic transformation (Figure
2.2A-E). We previously showed that overexpression of human EGFRY!!! (hREGFR'!), an oncogenic
constitutively active mutant variant of EGFR found in GBM, cooperates with dp110A4X to drive
neoplastic glial transformation, which was suppressed by Drak RNAi (50). Similar to dEGFR*,
hEGFR"™' overexpression caused glial hyperplasia (50), and Drak and hEGFRY™  co-
overexpression cooperated to drive increased proliferation and alterations in larval glial
morphology consistent with neoplastic transformation (Supplemental Figure S2.2A-D). Thus,
while Drak overexpression alone has little effect in glia, Drak co-overexpression augments the
ability of constitutively active EGFR to promote tumorigenesis. Thus, Drak acts as a bona fide
genetic modifier in that Drak loss or gain exerts the observed effects only in the context of other

oncogenic mutations.
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Figure 2.2. Drak cooperates with EGFR to promote glial transformation.

(A) Glial cell numbers in representative 3 um optical projections of 3" instar brain hemispheres.
Statistics generated using One-Way ANOVA, ****p<(.0001. Comparisons of wild-type to Drak®F
and dEGFR* to dEGFR*; Drak®F were performed using paired parametric T-Tests, n.s: p>0.05,

*p<0.05. wild-type(n=5), repo>Drak®?(n=7), repo>dEGFRn=4), repo>Drak®?;dEGFR* (n=3).
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(B-E) 3 um optical projections of brain hemispheres from 3 instar larvae, approximately 130 hrs
old. Frontal sections, midway through brains. Repo (magenta) labels glial cell nuclei; CD8-GFP
(green) labels glial cell bodies; anti-HRP (blue) counter-stains for neurons and neuropil. (A-B)
Drak overexpression (Drak%F) using repo-Gal4 had no obvious effect on glial cell development
compared to wild-type. (A, C) dEGFR” overexpression alone increased glial cells compared to
wild-type. (D) repo>dEGFR*;Drak®® showed increased numbers of abnormal glia (magenta
nuclei, green cell bodies), compared to Drak®F or dEGFR” alone, which lost their normal stellate
shape and formed aggregates that disrupt normal brain architecture and stunt brain development,
evidenced by decreased neural tissue (HRP-stain).

Data generated in (A) by Alexander S. Chen and in (B-E) by Joanna Wardwell-Ozgo and Nilang

Shah.
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Drak acts downstream of oncogenic EGFR to phosphorylate Sqh

We next sought to understand the mechanism whereby Drak contributes to glial
transformation. Given that Drak catalytic activity was essential for EGFR-PI3K glial neoplasia,
we predicted that Spaghetti squash (Sqh), which is the Drosophila ortholog of human NMII
regulatory light chain (MRLC) and only known Drak substrate (129), would be essential for
EGFR-PI3K glial neoplasia. Prior studies have shown that DAP family kinases, including
STK17A, the human ortholog of Drak, phosphorylate MRLC at serine and threonine residues (Thr-
18 and Ser-19) (118, 129, 132). Similarly, Drak phosphorylates Sgh at the conserved serine residue
(Ser-21 in Sqgh is equivalent to Ser-19 in MRLC) (118, 129, 132). Phosphorylated Sqgh binds to
and stimulates the ATPase-dependent motor activity of Zipper, the sole NMII ortholog, which
functions in cellular processes that require cytoskeletal contractility, such as cell migration,
cytokinesis, and morphogenesis; all processes that play pivotal roles in tumorigenesis (132, 205,
206).

We found that, similar to Drak knockdown, glial-specific sgh knockdown significantly
reduced glial cell numbers and rescued brain size in dEGFR*-dp110“AAX mutants (Figure 2.3A-
F), which suggests that Drak activates Sqh by phosphorylation in transformed glia. To test this
hypothesis, we used a validated phospho-specific antibody to examine levels of Ser-21-
phosphorylated Sgh (Sqh-S21-P) protein in dEGFR*-dp110“AAX mutant glia in the presence or
absence of Drak (201). dEGFR*-dp110“AAX mutant glia showed increased Sqh-S21-P compared
to wild-type glia, with mitotic cells showing cortical enrichment of Sqh-S21-P (Figure 2.3G),
consistent with published observations regarding Sqh phosphorylation during cytokinesis (27).

Drak RNAi reduced Sqh-S21-P levels (Figure 2.3G), indicative of loss of Sgh activation.
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We next asked whether concurrent activation of EGFR and Drak signaling influences
levels of activated Sqh. Consistent with Drak activity to phosphorylate Sqgh, we observed increased
levels of Sqh-S21-P in dEGFR*;Drak®F glia compared to Drak-over expressing glia (Figure 2.3G).
By western blot, we observed increased levels of Sqh-S21-P with Drak®E;hEGFRY" glia compared
to hEGFR"!-overexpressing glia (Supplemental Figure S2.2E). These data are consistent with a
model in which Drak increases the amount of activated, phosphorylated Sqh, which in turn

supports EGFR-dependent tumorigenesis.
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Figure 2.3. Drak acts downstream of oncogenic EGFR to phosphorylate Sqh.

(A) Optical projections of whole brain-nerve cord complexes from 3™ instar larvae approximately
130 hrs old. Dorsal view; anterior up. CD8-GFP (green) labels glia. Sgh knockdown
(repo>dEGFR’;dpl10“44X;sqh®’N1)  decreased  neoplastic ~ overgrowth  relative  to
repo>dEGFR’;dp110“44X,

(B-D) 3 pum optical projections of brain hemispheres from age-matched 3™ instar larvae. Frontal
sections, midway through brains. Repo (magenta) labels glial cell nuclei; CD8-GFP (green) labels
glial cell bodies; anti-HRP (blue) counter-stains for neurons and neuropil. (B)
repo>dEGFR*;dp110“44X showed increased glial cell numbers (magenta nuclei, green cell bodies)
relative to (D) wild-type. (C) Drak knockdown dramatically reduced neoplastic glial proliferation
compared to controls.

(E) Total volumes (in um®) of 3 instar larval brains, measured using Imaris. sgh RNAI in the
context of dEGFR*;dp110“““X reduced brain volume compared to dEGFR*;dp110°‘“X controls.
Statistics generated using One-Way ANOVA, **** p<0.0001. repo>dEGFR*;dpl10“44X(n=3),
repo>dEGFR’;dp110°44%: sqh?RN4#(n=5), repo>dEGFR*;dpl10“44%X:sqh?’N4#2 (n=4), wild-type
(n=3).

(F) Glial cell numbers in representative 3 pm optical projections of 3™ instar brain hemispheres.
Statistics generated using One-Way ANOVA, **p<0.01 (n=3 per genotype).

(G) 3 um optical projections of brain hemispheres from 3™ instar larvae. Repo (blue) labels glial
cell nuclei; CD8-GFP (green) labels glial cell bodies; and Sqh-S21-P (magenta, Sqgh-S21-P alone
top panels, merge bottom panels). repo>dEGFR*;dp110“44¥ brains (second panel from left)
showed increased Sqh-P21-P compared to wild-type (leftmost panel). Drak knockdown in

dEGFR*;dp110“‘‘X glia (middle panel) reduced Sgh-P21-P compared to repo>dEGFR’;dp110“44¥
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glia (second panel from left). Co-overexpression of Drak and dEGFR” increased Sqh-P21-P levels
(rightmost panel) compared to Drak overexpression alone (second panel from right).
Data generated in (A-F) by Alexander S. Chen with assistance from Deidre Wright and in (G) by

Renee D. Read and Joanna Wardwell-Ozgo.
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If Sgh phosphorylation promotes EGFR-dependent neoplasia, then overexpression of a
phospho-mimetic version of Sgh should enhance oncogenic EGFR. A prior study engineered a
Sqgh transgene with serine-21 and threonine-20 converted to aspartic acid (SqhP?°P2!) to mimic the
phosphorylated state (207). As predicted, SqghP?P2! and dEGFR" co-overexpression increased
numbers of small proliferative glia that disturbed normal larval brain architecture; these changes
are indicative of enhanced hyperplasia and/or neoplastic transformation (Figure 2.4A-4E). Thus,
Sgh is a functionally relevant Drak substrate in EGFR-PI3K-mediated glial neoplasia. Taken
together, our data provide strong support for a model in which Drak cooperates with oncogenic
EGFR signaling to create and sustain a pool of activated, phosphorylated Sqh necessary for glial

cell transformation.
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Figure 2.4. Sqh is a functionally relevant Drak substrate in glial neoplasia.

(A-D) 3 um optical projections of brain hemispheres from 3™ instar larvae approximately 130 hrs
old. Frontal sections, midway through brains. Repo (magenta) labels glial cell nuclei; CD8-GFP
(green) labels glial cell bodies; anti-HRP (blue) counter-stains for neurons and neuropil. (B)
sqhP?%P21" gverexpression in glia caused no observable phenotype compared to (A) wild-type. (D)
sqhP?%P2! and dEGFR” co-overexpression yielded small proliferative glia that disturbed normal
brain architecture, as compared to (A) wild-type and (C) dEGFR* alone brains.

(E) Glial cell numbers in representative 3 um optical projections of 3™ instar brain hemispheres.
Statistics generated using One-Way ANOVA, ****p<0.0001; cell numbers of wild-type flies to
sqhP?°P2! flies compared using unpaired parametric T-Tests, n.s: p>0.05; dEGFR* flies to

dEGFR*;sqhP?’P?! compared using paired parametric T-Tests, *p<0.05 (n=4 per genotype).

Data generated in (A-E) by Renee D. Read and Alexander S. Chen.
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A Sqh binding partner, Anillin, is required for neoplastic growth.

Following determination that glial neoplasia in our GBM model requires Sgh, we next
sought to determine which processes downstream of Sqh are essential in neoplastic glia. We used
our Drosophila GBM model to test RNAi constructs against eight published Sgh binding partners
(Supplemental Table 2.2). We found that glial-specific RNAi of anillin, which encodes a well-
established Sgh binding partner and actin-binding scaffolding protein important for cytoskeletal
reorganization during cytokinesis (199), significantly reduced dEGFR*-dp110¢A4X mutant glia
proliferation (Figure 2.5A-F). Thus, anillin RNAI in glial cells may interfere with cytokinesis,
thereby inhibiting tumor cell proliferation.

To determine if Anillin is an effector of dEGFR-Drak-Sqh signaling, we tested glial-
specific anillin knockdown in either dEGFR*;Drak®® or dEGFR*;sqhP?’P>! mutant glia, and
observed a significant reduction in glial proliferation (Supplemental Figure S2.3A-G), indicating
that Anillin operates downstream of dEGFR-Drak-Sqh signaling. In contrast, anillin knockdown
in wild-type glia had no impact on glial cell proliferation compared to wild-type controls
(Supplemental Figure S2.3A-G), showing a differential requirement for the Drak-Sgh-Anillin
pathway in neoplastic glia, but not wild-type glia.

MRLC phosphorylation mediates cellular processes that require NMII-dependent
cytoskeletal contractility, including mitosis and cytokinesis (132, 205, 206). Previous studies
demonstrate that phosphorylated Sqh recruits Anillin to the cortex during mitosis, where it
coordinates cytokinesis by linking actin and NMII/Zipper proteins in the contractile ring (199).
During embryonic cellularization, Drak phosphorylation of Sqgh is responsible for proper
organization of contractile rings (208), most likely because Sqh phosphorylation was necessary

for binding of Anillin to Zipper. To determine if Drak-dependent phosphorylation of Sqh is
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necessary for Anillin binding and/or localization in mitosis, we examined Anillin localization in
relation to Sqh-S21-P in neoplastic dEGFR*-dp110“4AX glia. Consistent with their binding in
mitotic glia, Sqh-S21-P and Anillin were co-localized and enriched at the cortex and cleavage
furrow (observed in mitotic cells in all dEGFR*dpl10““*X brains imaged, n=8), and this
enrichment was lost upon Drak depletion (in all dEGFR*;dp110“‘“X; Drak?®N4#! brains imaged,
n=6) (Figure 2.5G). Moreover, overall Anillin levels were reduced by Drak depletion (Figure
2.5@G). Thus, our data support a model wherein Drak-dependent phosphorylation of Sqgh promotes

Anillin binding to coordinately drive cytokinesis and proliferation in neoplastic glia.
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Figure 2.5. A Sqh binding partner, Anillin, is required for neoplastic growth.

(A) Optical projections of whole brain-nerve cord complexes from 3™ instar larvae approximately
130 hrs old. Dorsal view; anterior up. CD8-GFP labels glia (green). Knockdown of anillin
(repo>dEGFR’;dp110““X;anillin®tN) show decreased neoplastic brain overgrowth relative to
repo>dEGFR’;dp110“44X,

(B-D) 3 pum optical projections of brain hemispheres from age-matched 3™ instar larvae. Frontal
sections, midway through brains. Repo (magenta) labels glial cell nuclei; CD8-GFP (green) labels
glial cell bodies; anti-HRP (blue) counter-stains for neurons and neuropil. (C) anillin knockdown
dramatically reduced neoplastic glial proliferation in the context of dEGFR*:dp 11044 compared
to repo>dEGFR";dp110““X controls (B).

(E) The total volume (in pm?) of 3" instar larval brains, measured using Imaris. anillin knockdown
drastically reduced brain volume in the context of dEGFR*;dp110“44*. Statistics generated using
One-Way ANOVA, *i%n<(0.001. repo>dEGFR*;dpl10“44X (n=3),
repo>dEGFR*;dp 110X anillin®®N4# (n=4), repo>dEGFR’;dp110“44%; anillin™RN4#2(n=4),
wild-type(n=3).

(F) Glial cell numbers in representative 3 um optical projections of brain hemispheres from 3%
instar larvae. Statistics generated using One-Way ANOVA with multiple comparisons,
*HXEp<0.0001 (n=3 per genotype).

(G) 3 um optical projections, 3™ instar larval brains. CD8-GFP (green) labels glial cell membranes.
(F) immunostaining showed low levels of Anillin protein (magenta, upper panel) and Sqh-S21-P
(blue, middle panel) in glia (white arrows, green, lower panel) and neighboring neurons (GFP-
negative) in wild-type. (G) high levels of Anillin protein (magenta, upper panels) and Sqh-S21-P

(blue, middle panel) were detected in dEGFR*:dpl10“‘X neoplastic glia (lower panel), with
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Anillin showing nuclear localization and Sqh-S21-P showing cytoplasmic localization in non-
mitotic cells. In mitotic cells (white arrow, in large panel), Anillin and Sqh-S21-P showed
membrane and cytoplasmic co-localization. In cytokinesis, Anillin localized to the cleavage furrow
(white arrows in insets), with upper inset showing cells in cytokinesis co-stained with Anillin and
Sqh-S21-P with the lower inset showing cells in cytokinesis co-stained Anillin and DRAQ7 DNA
dye (cyan) to show cell nuclei. (H) immunostaining revealed reduced levels of Anillin protein
(magenta, upper panel) and Sqgh-S21-P (blue, middle panel) upon Drak RNAi in
dEGFR’;dp110“““X glia.

Data generated in (A-F) by Alexander S. Chen with assistance from Deidre Wright and Joanna

Wardwell-Ozgo and in (G) by Renee D. Read.
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STK17A expression correlates with EGFR status, phosphorylated MRLC levels, and ANLN
expression in human tumors

To determine whether the Drak-Sqh-Anillin pathway operates in human GBM and/or
LGGs, we examined expression and function of the human orthologs of Drak, STK17A and
STK17B, and found that STK17A is overexpressed in GBMs (50). We next examined STK17A
levels in a panel of patient-derived human GBM stem-cell containing gliomasphere (GSC)
cultures. Compared to cultured normal human neural progenitor cells (HNPCs), EGFR"!-positive
and EGFR-mutant GSC cultures express higher levels of STK17A and ANLN (Figure 2.6A).
Moreover, in GSC cultures with high STK17A levels, we also saw a modest increase in Ser-19-
phosphorylated MRLC (MRLC-S19-P) relative to HNPCs (Figure 2.6A). Thus, at the protein
level, we observed that the relationships between EGFR, STK17A, ANLN (Anillin), and MRLC
phosphorylation in GBM cells recapitulate our observations from Drosophila.

To further explore pathway conservation, we examined STK17A function and localization
in serum-cultured GBM cell lines and GSC lines using RNAi and immunofluorescence. Consistent
with prior reports (128), we found that, in serum cultured lines, STK17A is required for
proliferation, with STK17A knockdown inducing slower proliferation, apoptosis, reduced MRLC-
S19-P levels, and altered cell shape and adhesion (Figure 2.6B, Supplemental Figure S2.4A-B),
which is consistent with alterations in MRLC regulation (209-211). We examined the effects of
STK17A loss in GSCs treated with or without ZVAD to control for the effects of apoptosis, and
we found that STK17A knockdown caused GSC adhesion defects, slower proliferation, apoptosis,
and reduced levels of MRLC-S19-P and ANLN levels relative to control GSCs (Figure 2.6C-D,
Supplemental Figure S2.4C-D). We also observed that total MRLC levels were reduced upon

STK17A knockdown, suggesting that phosphorylation may regulate total MRLC protein in GBM
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cells. This is consistent with published studies showing MRLC levels are regulated by proteosomal
turn-over (212). Furthermore, we examined STK17A localization in EGFR""!-positive GBM cells
and observed that STK17A protein, in conjunction with MRLC-S19-P and ANLN, was
upregulated in mitotic cells and localized to the cleavage furrow in tumor cells undergoing
cytokinesis (Figure 2.6E-F). Thus, STK17A expression is required to promote MRLC
phosphorylation and ANLN upregulation in GBM cells to coordinately regulate cytokinesis and

proliferation.
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Figure 2.6. STK17A function is required for GBM cell proliferation, and regulates MRLC
phosphorylation and ANLN expression.

(A) Panel of GBM gliomasphere cultures. GBM39 and GBM301 harbor amplified EGFRY!;
GBM281 harbors an activated variant mutant EGFR; GBM157 is PDGFR-overexpressing;
GBM309 has neither (50, 88). Band intensities were normalized to Actin (numbers above bands).
(B) WST-1 Assay on U87 cells. Following selection for siRNA expression, U87 cell proliferation
was measured by WST-1 reagent and quantified as fold-increase in absorbance between day 0 and
day 3 after plating, normalized to controls treated with nontargeting shRNA. 3 shRNAs tested for
STK17A. p-values from One-Way ANOVA with Dunnett post-test.

(C) STK17A knockdown using 3 separate ShRNAs in GBM301 decreased expression of ANLN
and MRLC-S19-P compared to control cells treated with GFP shRNAs; all samples treated with
ZVAD (Supplemental Figure S2.4C-D shows non-ZVAD treated cells). Cells were infected with
lentiviral vectors 3 days prior to harvest. Band intensities were normalized to Actin (numbers
above bands), reported as fold changes relative to control cells.

(D) Adherently cultured GBM301 cells 3 days after infection with control lentivirus or
shSTK17A#1, which reduced proliferation and altered cell shape and reduced adhesion; cells
treated with ZVAD for 24 hrs prior to imaging.

(E, F) U87-EGFRV cells were fixed and probed for either STK17A, phosphorylated MRLC
(MRLC-S19-P), or ANLN (magenta) and a-tubulin (green) and DRAQ?7 to label DNA (blue). (E)
STK17A, MRLC-S19-P, and ANLN were upregulated in tumor cells undergoing mitosis (cells
marked with white arrows). (F) STK17A, MRLC-S19-P, and ANLN were localized in the cleavage

furrow of tumor cells undergoing cytokinesis (cells marked with white arrows).
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Data generated in (A) by Renee D. Read (blots) with technical assistance from Alexander S. Chen
(densitometry) and materials and protocols from Harley I. Kornblum, in (B, E, and F) by Renee

D. Read, and in (C) by Joanna Wardwell-Ozgo and Alexander S. Chen (densitometry).
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We used immunohistochemistry to examine protein expression of STK17A, EGFR,
MRLC-S19-P, and ANLN in a collection of graded human tumor specimens. In LGG tissue
microarrays (TMA), specimens with high STK17A expression showed a statistically significant
correlation with high EGFR, MRLC-S19-P, and ANLN expression (Figure 2.7A). In GBM TMAs,
we observed high expression of EGFR, STK17A, MRLC-S19-P, and ANLN in the majority of
specimens (Figure 2.7B). However, we observed some GBM specimens with high STK17A but
low MRLC-S19-P expression (Figure 2.7B): in these surgical GBM specimens, it is possible that
the MRLC-S19-P phospho-epitope was not properly fixed and preserved. Thus, in human tumors,
elevated STK17A levels co-occur with elevated EGFR, MRLC-S19-P, and ANLN levels, which
recapitulates the relationship we observed between EGFR, Drak, Sqh, and Anillin in Drosophila.

We used cBioportal to process genomic data catalogued by The Cancer Genome Atlas
(TCGA) to assess prevalence of STK/74 mRNA expression and copy gain alterations and to
examine relationships between STK17A alterations and well-characterized genetic lesions in
gliomas (7, 189, 190, 203, 204). Well-characterized lesions include full or partial amplification of
chromosome 7, which includes regions encoding both EGFR and STK17A4 (213), and focal EGFR
amplification and mutation. In TCGA cohorts of LGGs and GBMs, STK/74 mRNA expression
was significantly correlated with copy number gain in 13p on chromosome 7 (7p13) (Figure 2.7C-
D). To understand whether STK774 mRNA overexpression is specific or is passively driven by
copy gain, we examined mRNA expression of neighboring genes on chromosome 7. We found
that genes in close proximity to STK/74 (i.e. NACAD) showed no statistically significant
difference in mRNA expression between LGG specimens with chromosome 7 copy gain compared

to LGG specimens with no observable copy number alterations in the same region of chromosome
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7 (Figure 2.7E), indicating that STK/74 mRNA expression may be selectively upregulated. Thus,
increased STK17A4 expression may have a specific role in glioma pathology.

To further assess whether STK17A is a driver of gliomagenesis, we used cBioportal to
examine STK174 mRNA expression relative to IDHI status in LGG patients. /[DHI mutation is a
common genetic alteration in LGG, and patients who harbor /DHI mutations have a better
prognosis than those with wild-type IDHI (214-216). LGG patients with wild-type IDHI have
more aggressive tumors that behave much like primary GBMs (189, 214). Furthermore, wild-type
IDH1, not mutant /DH], is typically found in gliomas with chromosome 7 alterations (189, 214).
In LGG, we found elevated STK174 mRNA expression in tumors with wild-type IDHI compared
to tumors with mutant /DHI (Figure 2.7F). In IDHI mutant LGGs, there was not a statistically
significant difference between STK/74 mRNA expression between tumors with or without
chromosome 7 gain (Figure 2.7G), suggesting that STK17A levels are not as relevant to
progression in /DHI mutant tumors. Our observations are consistent with a previous study
showing STK174 mRNA overexpression in LGGs is correlated with disease severity and worse
prognosis (128).

To investigate associations between STK 174 expression and patient survival, we analyzed
cBioportal TCGA data to find that LGG and GBM patients with at least two-fold STK774 copy
gain showed worse overall survival compared to patients with no S7TKI/74 copy gain
(Supplemental Figure S5A-B). Thus, LGG and GBM patients with STK17A copy gain have a
worse overall prognosis.

Together, our results suggest that elevated STK17A expression drives MRLC and ANLN

dependent cytoskeletal changes during mitosis and cytokinesis to facilitate disease progression
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(Figure 2.7H), validating our identification of the STKI17A ortholog Drak as a driver of

tumorigenesis in our Drosophila GBM model.
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Figure 2.7. STK17A expression correlates with EGFR status, MRLC-S19-P levels, and
ANLN expression in human tumors.

(A, B) Immunohistochemistry on TMAs of human (A) LGG tissue or (B) GBM tissue for
STK17A, EGFR, MRLC-S19-P, or ANLN (reddish brown) showing cytoplasmic enrichment in
tumor cells. Hematoxilin counterstain. Statistical analysis of low grade glioma of (A) LGG tumor
specimens expressing STK17A show a statistically significant (Fisher’s Exact Test) correlation
between high STK17A expression and high EGFR expression, high MRLC-S19-P expression, and
high ANLN expression. (B, lower) Table of the number of GBM tumor specimens with either high
or low expression of STK17A and high or low expression of either EGFR, MRLC-S19-P, or
ANLN.

(C-G) Analysis of STK174 mRNA expression in relation to chromosome 7 gain, NACAD
expression, and IDHI status in LGGs and GBMs using TCGA datasets. Statistics generated using
Mann-Whitney U test, ****p<0.0001, ***p<0.001 (number of TCGA cases used: C:282, D:160,
E:281, F:250, G:219).

(H) Diagram depicting the role of Drak/STK17A in promoting gliomas.

Data generated in (A, B) by Alexander S. Chen (images and statistics) with assistance from
Krishanthan Vigneswaran, Daniel J. Brat, Christina Appin (sample selection, TMA generation,
IHC scoring), and Renee D. Read (IHC scoring), (C-G) by Alexander S. Chen, and diagram in (H)

created by Joanna Wardwell-Ozgo.
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2.5 Discussion

Though EGFR and PI3K pathways play important roles in glioma progression and
maintenance, effective therapies targeting these pathways remain elusive (194). We developed a
Drosophila melanogaster GBM model based on co-activation of EGFR and PI3K in glia in order
to gain insight into genetic and cellular mechanisms underlying gliomas (49, 50). Using our
system, we identified a pathway through which the cytoplasmic serine/threonine kinase Drak
specifically drives neoplastic proliferation. Consistent with published results (128), we show that
the orthologous kinase STK17A drives proliferation human GBM cells, through a conserved
pathway that regulates cytokinesis.

During Drosophila development, Drak acts downstream of EGFR and Rho-GTPase
signaling to regulate epithelial tissue morphogenesis through Sqh phosphorylation (129, 130).
Activated Sgh, like human MRLC, modulates cytoskeletal reorganization in cellular processes
such as cytokinesis (206, 207, 217), which is fundamental to cancer progression (218). Drak
harbors latent oncogenic activity, as it can cooperate with constitutively active EGFR to stimulate
glial transformation. Similarly, in human LGG and GBM, STK17A is frequently subject to copy
gain and overexpression in association with EGFR and chromosome 7 alterations. We show that,
in Drosophila and human tumor cells, Sqh/MRLC is a key mediator of Drak/STK17A: Sgh/MRLC
is phosphorylated at equivalent conserved sites in EGFR-PI3K mutant tumor cells in a
Drak/STK17A-dependent manner, and is necessary for neoplastic growth. Thus, Sqh/MRLC is a
functionally relevant and evolutionarily conserved substrate of Drak/STK17A in the context of
EGFR-PI3K-driven glial tumorigenesis. This corroborates studies that have shown MRLC hyper-

phosphorylation occurs in GBM tumors and that targeted inhibition of MRLC activity inhibits
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GBM growth and invasion (209-211, 219, 220). Together, our results establish STK17A as a
disease-relevant MRLC kinase in gliomas.

MRLC phosphorylation regulates many cellular processes that require NMII-dependent
contractility (132, 205, 206). To distinguish which of these processes are most relevant to
Drak/STK17A function, we used a genetic approach and found that, among known Sqh binding
partners, Anillin is essential in neoplastic glia. Anillin is a scaffolding protein that acts downstream
of RhoGTPase to organize the cytoskeleton and contractile ring in cytokinesis (199, 221-224). As
part of this functionality, Anillin binds to Zipper (NMII) when Sgh is phosphorylated and activated
(199). Drak-dependent activation of Sgh promotes Anillin binding to Zipper and organization into
contractile rings during cytokinesis (206, 208). We observed that phosphorylated Sqh and Anillin
co-localize in a Drak-dependent manner at the cleavage furrow in EGFR-PI3K mutant glia
undergoing cytokinesis. Similarly, we observed that elevated levels of phosphorylated MRLC,
ANLN, and STKI17A co-occur in human gliomas, and that these proteins co-localize at the
cleavage furrow in EGFR-mutant GBM cells undergoing cytokinesis. Our results suggest that the
primary role of Drak/STK17A in neoplastic glia is to promote cytokinesis to drive proliferation.

Two other MRLC kinases, MLCK and ROCK, and two different NMII isoforms, including
NMIIA and NMIIB, regulate GBM cell migration (209-211, 219, 220). Previous studies also show
that STK17A promotes GBM cell migration in vitro (128). Therefore, we did not study STK17A
function in tumor cell invasion; instead, given the effects of Drak loss, we focused on
Drak/STK17A function in GBM proliferation and cytokinesis. While regulation of cytokinesis in
glioma cells is not well understood, our results imply that cytokinesis in glioma cells is
differentially regulated relative to normal developing glia or neural stem cells. In other tumor cell

types, cytokinesis is preferentially controlled by NMIIC, which is also expressed in GBM cells
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(219), and may therefore mediate STK17A function. Further work is needed to determine
mechanisms of Drak/STK17A dependent regulation of cytokinesis, and whether defective
cytokinesis actively provokes growth arrest and apoptosis in GBM cells.

While Drak overexpression alone causes no phenotype, Drak overexpression intensified
the proliferative output of EGFR and PI3K signaling pathways through Sqh. Given that Drak
modifies glial EGFR-PI3K-driven neoplasia but does not affect normal glial development, Drak
and STK17A may require other signaling outputs downstream of EGFR or PI3K to drive
proliferation. This is consistent with known requirements for RTK and PI3K activity in cytokinesis
and other NMII-dependent processes (206). For example, previous reports indicate that increased
phosphorylation of NMII occurs in GBM cells in response to EGFR signaling (211). Thus, perhaps
EGFR-dependent differential phosphorylation and activation of NMII underlies the mechanism by
which Drak-Sqh and EGFR cooperate to drive tumorigenesis, and the lack of NMII
phosphorylation underlies the inability of Drak to promote glial proliferation when overexpressed
alone. Further studies are required to explore mechanisms by which Drak/STK17A cooperates
with EGFR activation to promote tumorigenesis.

In summary, our data validate use of invertebrate model organisms as a means to elucidate
new aspects of glioma biology. Our research reveals that Drak/STK17A dependency may provide

a molecular vulnerability and therapeutically relevant target for GBM and LGG.



2.6 Supplementary Material

Supplemental Table 1: Testing dsRNAs targeting Drak pathway
Table legend: VDRC stock ID numbers prefaced by "v," Bloomington stock ID numbers
prefaced by "b." Bold highlights stocks that yielded reproducible genetic interactions
and clear phenotypic alterations. Key to genetic interactions: S: moderate suppressor,
SS: strong suppressor, WS: weak suppressor; no effect indicates that there were no
obvious phenotypic differences between the dsRNA and control animals; nd indicates
not determined.
stock ID dEGFRA;dp110““*X|  wild-type
number CG number gene name phenotype phenotype
v32960 CG32666 Drak SS no obvious effect
v107263 CG32666 Drak SS no obvious effect
b9909 CG8416 Rhol SS no obvious effect
b9910 CG8416 Rhol SS no obvious effect
b27727 CG8416 Rhol SS no obvious effect
b29002 CG8416 Rhol SS no obvious effect
b29003 CG8416 Rhol SS semi-lethal
b31542 CG3595 Sgh SS no obvious effect
b32439 CG3595 Sgh SS no obvious effect
b38222 CG3595 Sgh S nd
b32841 CG9366 RholL no effect nd
b33723 CG9366 RholL no effect nd
b28985 CG2248 Racl partial suppression |nd
b34910 CG2248 Racl no effect nd
b28021 CG12530 Cdc42 partial suppression [nd
b29004 CG12530 Cdc42 no effect nd
b35756 CG12530 Cdc42 no effect nd
b42861 CG12530 Cdc42 no effect nd
b28797 CG9774 rok no effect nd
b34324 CG9774 rok no effect nd

Data generated by Renee D. Read



Supplemental Table 2: Screening dsRNAs to target Sqh
binding partners

Table legend: VDRC stock ID numbers prefaced by "v," Bloomington
stock ID numbers prefaced by "b." Bold highlights stocks that
yielded reproducible genetic interactions and clear phenotypic
alterations. Key to genetic interactions: WS: weak suppressor, S:
moderate suppressor, SS: strong suppressor, WE: weak enhancer, E:
moderate enhancer, SE: strong enhancer; no effect indicates that
there were no obvious phenotypic differences between the dsRNA
and control animals.

stock ID dEGFRA;dp110 “A*X

number CG number | gene name interaction
v6455 CG8098 Picot no effect
v19696 CG15811 Rop no effect
v30915 CG11811 no effect
v30917 CG11811 no effect
v31620 CG12021 Patj no effect
v33465 CG2092 anillin SS
v40079 CG17492 mib2 no effect
v40101 CG17746 no effect
v40102 CG17746 no effect
v47469 CG17153 ssp no effect
v100178 CG17746 no effect
v101082 CG8098 Picot no effect
v101877 CG12021 Patj no effect
v104674 CG2092 anillin SS
v106242 CG15811 Rop no effect
v106301 CG17153 Ssp no effect
v108947 CG17492 mib2 no effect
v110740 CG11811 no effect
b25920 CG8098 Picot no effect
b26282 CG12021 Patj no effect
b28929 CG15811 Rop SS
b29358 CG17153 Ssp no effect
b33347 CG17746 no effect
b35747 CG12021 Patj no effect
b51925 CG15811 Rop no effect
b57833 CG17492 mib2 no effect
b53358 CG2092 anillin SS
b65108 CG11811 no effect

UAS-dsRNA constructs that target published Sqh binding partners were tested in the

repo>dEGFR*;dp110“44Y background. All published binding partners were identified using

Flybase database searches (www.Flybase.org). CG11811, CG17746, Picot, Rop, and ssp from
Guruharsha et al 2011. Patj from Sen et al 2012. Mib2 from Carrasco-Rando and Ruiz-Gomez

2008. Anillin from D’ Avino et al. 2008.

Data generated by Renee D. Read
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wild-type

Supplemental Figure S2.1. Loss of Drak function suppresses EGFR-dependent glial
hyperplasia

(A-D) 3 um optical projections of brain hemispheres from late 3" instar larvae approximately 130
hrs old, displayed at the same scale. Frontal sections, midway through brains. Anterior up; midline
to left. Glial cell nuclei labeled with Repo (magenta); glial cell bodies labeled with GFP (green,
CDS8-GFP expressed using the repo-Gal4 driver). Brains counter-stained with anti-HRP (blue),
which reveals neuropil at high intensity and neuronal cell bodies at low intensity. Drak loss of
function (Drak®! null allele, B) had no obvious effect on glial cell morphology or number of glial
cells compared to wild-type (A). Overexpression of dEGFR* alone (C) yielded increased glial cells
compared to wild-type controls (A). Drak?; repo>dEGFR* (D) showed reduction of glial

hyperplasia compared to repo>dEGFR* alone.

Data generated by Renee D. Read.
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Supplemental Figure S2.2. Drak cooperates with hREGFR'!! to promote glial transformation.
(A-D) 3 um optical projections of brain hemispheres from late 3" instar larvae approximately 130
hrs old, displayed at the same scale. Frontal sections, midway through brains. Anterior up; midline
to left. Glial cell nuclei labeled with Repo (red); glial cell bodies labeled with CD8-GFP (green).
Brains counter-stained with anti-HRP (blue), which reveals neuropil at high intensity and neuronal
cell bodies at low intensity. Drak overexpression (Drak®F) using the repo-Gal4 driver (B) had no
obvious effect on glial cell morphology or number of glial cells compared to wild-type (A).
Overexpression of AEGFR' alone (C) yielded increased glial cells compared to wild-type controls
(A). repo>Drak®t; hEGFR'™ (D) showed increased numbers of abnormal glia (red nuclei, green)
as compared to Drak®F or REGFR alone, and these excess glia lost the normal stellate shape and
created large aggregates of small clustered cells that disrupted normal larval brain architecture and
stunted larval brain development as evidenced by the decreased neurons cells present (HRP-stain).

(E) Levels of phosphorylated Sqh (Sqh-S19-P) are elevated in repo>Drak®t; hEGFR brains
compared to repo>hEGFR"! brains.

Data generated by Renee D. Read.
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Supplemental Figure S2.3. Anillin operates downstream of the Drak/Sqh pathway to
promote glial transformation.

(A-F) 3 um optical projections of brain hemispheres from late 3™ instar larvae approximately 130
hrs old, displayed at the same scale. Frontal sections, midway through brains. Anterior up; midline
to left. Glial cell nuclei labeled with Repo (red); glial cell bodies labeled with CD8-GFP (green).
Brains counter-stained with anti-HRP (blue), which reveals neuropil at high intensity and neuronal
cell bodies at low intensity. Knockdown of anillin using the repo-Gal4 driver (B) had no obvious
effect on glial cell morphology or number of glial cells compared to wild-type (A).
repo>dEGFR*; Drak®F (C) yielded increased glial cells compared to wild-type controls (A).
repo>dEGFR*; Drak®E anillin®®" (D) showed a reduction in numbers of abnormal glia (magenta
nuclei, green cell bodies) as compared to repo>dEGFR*; Drak®F (C), and these excess glia lost the
normal stellate shape and created aggregates of small cells that disrupted normal larval brain
architecture and stunt brain development, as evidenced by the decreased neural tissue present
(HRP-stain). repo>dEGFR*:sqhP?’P?! (E) yielded increased glial cells compared to wild-type
controls (A). repo>dEGFR*;sqhP?°P?! :anillin®R¥ (F) showed a reduction in numbers of abnormal
glia (magenta nuclei, green cell bodies) as compared to repo>dEGFR*;sqh”?’P?! (E), and these
excess glia lost the normal stellate shape and created large aggregates of small cells that disrupted
normal larval brain architecture and stunt brain development as evidenced by the decreased neural
tissue present (HRP-stain).

(G) Glial cell numbers in representative 3 um optical projections of brain hemispheres from late
3 instar larvae approximately 130 hrs old, matched for section plane; Repo-positive nuclei were
counted manually. Statistics generated using One-Way ANOVA with multiple comparisons,

#akskkn<().0001. Statistics comparing glial cell numbers of wild-type flies to anillin®®M flies were
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generated using paired parametric T-Tests, n.s: p>0.05. Statistics comparing glial cell numbers of
repo>dEGFR*; Drak®F flies to repo>dEGFR*; Drak®%;anillin®®, and repo>dEGFR*;sqhP?'P?!
flies to repo>dEGFR*;sqhP?P?! ;anillin®®™4 were generated using paired parametric T-Tests,
**p<0.01 (four larval brains were counted for each condition).

Data generated by Alexander S. Chen.
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Supplemental Figure S2.4. Knockdown of STK17A in GBM cells showed a decrease in
proliferation and MRLC-S19-P levels.
(A) Following selection for siRNA expression, U87 cells show reduced proliferation upon Stk17A
knockdown. Cells were infected with lentiviral vectors, wither either control lentivirus or STK17A
shRNAs, 3 days prior to selection for 2 days with puromycin.
(B) Knockdown of STK17A using 2 separate shRNAs in U87 cells decreased expression levels of

MRLC-S19-P compared to control cells treated with GFP shRNAs, cells not treated with ZVAD.
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Band intensities were normalized to Actin (numbers above each band), and band intensities were
reported as fold changes relative to control cells treated with GFP shRNA.

(C) Knockdown of STK17A using 3 separate shRNAs in GBM301 cells decreased expression
levels of ANLN and MRLC-S19-P compared to control cells treated with GFP shRNAs, cells not
treated with ZVAD. Cells were infected with lentiviral vectors 3 days prior to harvest. Band
intensities were normalized to Actin (numbers above each band), and band intensities were
reported as fold changes relative to control cells treated with GFP shRNA.

(D) Adherently cultured GBM301 cells harvested 3 days after infection with either control
lentivirus or shSTK17A#1. GBM301 cells showed reduced proliferation, altered cell shape, and
reduced adhesion. GBM301 cells were not treated with ZVAD.

Data generated by Renee D. Read.
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Supplemental Figure S2.5. STK17A is overexpressed in gliomas

(A) Overall survival of LGG TCGA cases with STK/7A4 copy gain (z-score threshold of +/- 2)
compared to cases without STK17A4 copy gain. 513 cases were analyzed and the overall survival
was depicted as Kaplan-Meier curves. Cases with STK/7A4 copy gain showed a worse prognosis
compared to cases with no STK77A4 copy gain (Logrank Test P-Value= 1.63e-8).

(B) Overall survival of GBM TCGA cases (Cell, 2013 cohort) with STK17A4 copy gain (z-score
threshold of +/- 2) compared to cases without STK/74 copy gain. 151 cases were analyzed and the
overall survival was depicted as Kaplan-Meier curves. Cases with STK/74 copy gain showed a
worse prognosis compared to cases with no STK/74 copy gain, but was not statistically significant
(Logrank Test P-Value= 0.0564).

Data generated by Alexander S. Chen.
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Chapter 3. RIOK2-IMP3-TORC2 complex drives neoplastic glial proliferation through
modulation of MYC
Alexander S. Chen, Jhomar Marquez, Nathaniel H. Boyd, Se-Yeong Oh, Riley Gulbronson,

Jamie A.G. Hamilton, Emily R. Legan, and Renee D. Read.

3.1 Abstract

Glioblastoma multiforme (GBM) is the most common primary malignant brain tumor and
is resistant to current therapies. Here, using a combination of proteomic and genetic approaches
in both Drosophila and human GBM models, we identify novel signaling effectors that act
downstream of EGFR and PI3K signaling pathways, which drive GBM. Our results indicate that
RIOKZ2, an atypical serine/threonine kinase, forms a complex with the RNA-binding protein,
IMP3 (Imp in Drosophila), and that the dRIOK2/RIOK-Imp/IMP3 pathway is necessary for
tumorigenesis. Furthermore, our results indicate that RIOK?2 catalytic activity is important for
neoplasia and recruits TORC2 to phosphorylate IMP3. Finally, the dRIOK2-Imp pathway
regulates protein levels of dMyc, a known Imp target mRNA, and these key findings were
recapitulated in human GBM models. Collectively, our data indicates that RIOK2 catalytic
activity promotes the activation of TORC2 and recruitment of IMP3, which in turn, modulates

MYC mRNA and protein levels to promote tumorigenesis.



84

3.2 Introduction

Glioblastoma multiforme (GBM), which is classified by the World Health Organization
Classification System as grade IV neoplasms (2), is the most common adult primary malignant
brain tumor. GBM originates from glia and glial progenitor cells and characteristically shows
rapid cell proliferation and extensive brain infiltration. With current treatment, surgery followed
by radiation and temozolomide therapy, the median survival for GBM patients remains poor at
12-15 months (225). To better understand the basic biology of GBM in order to develop
improved treatments for this disease, a concerted effort has been made to genomically
characterize mutations in GBM and to understand the biological mechanisms by which these
mutations drive tumorigenesis.

Genomic analyses reveal that common genetic lesions in GBM alter receptor tyrosine
kinase/RAS/phosphatidylinositol-3 kinase (RTK/RAS/PI3K) signaling pathways, occurring in
88% of GBMs (7). The RTK Epidermal Growth Factor Receptor (EGFR) is amplified in 40-50%
of GBM cases and is typically subject to gain-of-function mutations (7, 215), the most common
of which is EGFRY™! (191), leading to constitutive activation of the kinase which conveys
proliferative and survival advantages (188, 192). Both wild-type EGFR and EGFR!"! signal
through the PI3K pathway, which is commonly dysregulated in GBM (226). Genetic lesions that
activate components of the PI3K pathway typically occur in 90% of GBMs (7), often as a
consequence of inactivating mutations in PTEN phosphatase or activating mutations in PIK3CA
and PIK3R1 (7), resulting in constitutive activation of PI3K signaling. To understand how these
mutations specifically drive initiation and progression of GBM, there is a need to identify novel

biological processes activated downstream of EGFR-PI3K signaling in glia. Through
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understanding novel mechanisms and new factors involved in GBM, we hope to uncover new
potential therapeutic targets that may be used to develop new treatments for GBM patients.

To identify and investigate new downstream effectors of the EGFR-PI3K signaling
pathways, we utilized a Drosophila GBM model (49). Drosophila melanogaster have several
advantages as a model for neurologic cancers. Drosophila have a fully sequenced and annotated
genome, versatile tools to allow for in vivo cell-type specific gene manipulation, and Drosophila
neural and glial cell types are homologous to human neurons and glial cells (32-36, 196).
Furthermore, Drosophila have functional orthologs for approximately 75% of human genes
including many involved in gliomagenesis (37, 195). In Drosophila, co-overexpression of
constitutively active forms of EGFR and PI3K in glial progenitor cells produces invasive
malignant neoplastic tumors that recapitulate key aspects of human GBM, including a reliance
on gliomagenic core kinases like mTor and transcription factors like dMyc to drive
tumorigenesis (49).

Using genetic screens in our Drosophila GBM models, our lab previously found that
right open reading frame kinase 2 (RIOK2) is required for EGFR-PI3K-dependent glial
tumorigenesis (50). RIOK2 belongs to the RIO family of proteins, which are conserved
evolutionarily in organisms from Archaea to humans (133), comprised of at least four members
(RIOK1, RIOK2, RIOK3, and RIOKB), and defined by the presence of a RIO kinase domain
(133). RIO family members are considered atypical protein kinases in that the RIO kinase
domain has sequence similarity to eukaryotic protein kinases (133, 227) but lacks the activation
loop and substrate binding domains found in traditional eukaryotic protein kinases (133). Studies
have shown that RIOK2 has functionally distinct roles in processing 18s rRNA and assembly and

maturation of the 40S ribosomal subunit (144, 146, 228, 229). In GBM tumor cells, RIOK2,
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which is overexpressed in EGFR amplified/mutant GBM cells, is upregulated in response to
AKT activation downstream of EGFR signaling, and RIOK2 binds to and activates the mTOR
complex 2 (TORC2), which in turn, phosphorylates AKT and maintains AKT activation to drive
tumorigenesis (50). However, other downstream effectors of RIOK2 in tumorigenesis are
unknown.

In this manuscript, we show that RIOK2 promotes GBM tumorigenesis in a novel
mechanism apart from RIOK2’s known function in ribosome assembly by interacting with the
RNA-binding protein, IGF2BP3 (IMP3). IMP3 belongs to the IGF2BP family of RNA-binding
proteins, consisting of IMP1, IMP2, and IMP3, which are characterized by two N-terminal RNA-
recognition motifs (RRMs) and four C-terminal hnRNP-K homology (KH) domains (160).
IMP3, like other members of the IGF2BP family, regulates the localization, stability, and
translation of cytoplasmic target mRNAs (160, 172). IMP3 is considered an oncofetal protein, in
that IMP3 is normally highly expressed during embryogenesis and sparingly expressed in adult
tissue, but is highly expressed in cancers (160). IMP3 expression acts as a biomarker for high-
grade disease and poor prognosis in cancer patients, including GBM patients (172, 174, 230).
Furthermore, studies show that IMP3 binds to and regulates mRNA of several well-established
drivers of gliomagenesis including IGF2 and MYC (172, 174, 177). Our data here reveal that
RIOK2 promotes GBM tumorigenesis by forming a complex with IMP3 to mediate

phosphorylation of IMP3 by TORC2 to modulate MY C protein levels.
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3.3 Materials and Methods
Drosophila Strains and culture conditions

Drosophila stocks were obtained from the Bloomington stock center and VDRC : UAS-
Imp®”N¥ (Bloomington #34977, VDRC #20321, VDRC #20322); UAS-RIOK2%"N4 (VDRC
#404701) ; UAS-dMyc™®4 (VDRC #2948). UAS-dRIOK2"T and UAS-dRIOK2XP transgenic
Drosophila were created by BestGene Inc., and isogeneous stocks were bred for experimental
use. Drosophila GBM models were previously established and crosses to create tumorous larval
brains were performed as described (50). All stocks were cultured on standard corn meal

molasses food at 25°C. All genotypes were established by standard genetic crossing.

Cloning

The Drosophila dRIOK2 MIP10156 cDNA was purchased from the Drosophila
Genomics Resource Center and cloned into pUAS-T using standard techniques. Human RIOK?2-
flag cDNAs encoding isoform I (Origene) were cloned into pRev-Tre tetracycline inducible
vectors (Clontech). Kinase dead (KD) versions of Drosophila and human RIOK2 (dRIOK2KP,
RIOK2XP) were created using site directed mutagenesis (Lightning Quick Change Kit, Agilent)
to make alanine substitutions at catalytic residues Lys-123 and Asp-246 in both human RIOK2

and dRIOK?2 as described by other groups (146, 228).

Immunohistochemistry and Imaging
Larval brains were dissected with forceps, fixed in 4% paraformaldehyde, processed,
stained, and imaged as previously described (49). The following antibodies were used: 8D12

mouse anti-Repo (1:10, Developmental Studies Hybridoma Bank), anti-dMyc (1:25,
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Developmental Studies Hybridoma Bank), or anti-Imp (1:500, a gift from Paul MacDonald,
(231)). Secondary antibodies were conjugated to Cy3, Alexa-488, or Alexa-647 (1:100-250,
Jackson Laboratories). Brains were mounted on glass slides ventral side down in vectashield and
whole mount imaged on a Zeiss LSM 700 confocal system. For experiments where protein levels
were compared between genotypes, all samples were prepared, subjected to
immunohistochemistry, imaged, and image processed in a parallel manner side by side. 6 or
more brains were stained with each Ab combination, and representative images are shown for
each result. All brain phenotypes shown were highly penetrant, with approximately 75-100% of
animals showing the growth phenotypes described. Images were analyzed in Zeiss Zen Software
and processed in Photoshop. For larval brains probed with anti-dMyc, to reduce particulate
background from the antibody, a median filter setting as used for the Cy3 channel with a kernel
size set at 5 across all genotypes. Larval Drosophila brain hemisphere volumes were analyzed
using Imaris software. Larval glial cells were counted manually in representative optical sections
of age-matched brain hemispheres, matched for section plane. Statistical analyses were done

using Prism.

Mammalian tissue culture

GBM39, generously shared by C. David James, was created from human GBMs serially
xenografted. GBM725, GBM730, GBM914, GBM131, GBM56, and GBM1219 neurosphere
cultures were created from GBM surgical specimens collected at Emory University and
maintained in culture as described (88). Human tumor specimens were collected from surgical
specimens donated for research with written informed consent of patients and were collected and

used according to recognized ethical guidelines (Declaration of Helsinki, CIOMS, Belmont



89

Report, GCP, Nuremberg Code) in a protocol (IRB00045732) approved by the Institutional
Review Board at Emory University. HNPCs were obtained from Lonza. U87 and U87-EGFR'!!
cells were gifts of Frank Furnari. Cell culture was performed as previously described (50).

Lentiviral shRNAs for RIOK2 and IMP3 (Sigma, MISSION shRNA, TRCN0000197250,
TRCNO0000074675, TRCN0000074675) were transfected with packaging vectors in 293 cells
using Lipofectamine 3000 reagent (Thermofisher), and viral supernatant was isolated and used to
infect GBM cells. For lentiviral infection, adherently plated cells were incubated with lentiviral
supernatant for 6-8 hours with polybrene to enhance viral entry. Adherent neurospheres were
plated in serum-free media with Geltrex (Thermofisher) or Laminin (Sigma); and adherent U87
cells plated in 10% FBS. After infection, viral media was replaced with fresh media with zZVAD
caspase inhibitor if indicated, and cells were incubated for 72-96 hours prior to harvest.

U87 cells with doxycycline-inducible wild-type RIOK2 (Rev-Tre-RIOK2%T) or kinase-
dead RIOK?2 (Rev-Tre RIOK2XP) or empty vector (Rev-Tre alone) were created from cells
engineered with the Tet3G tetracycline responsive transcriptional inducer (Clontech). Prior to
collection for experiments, RIOK2 expression vectors were induced with 8 pg/ml of doxycycline
and incubated for 48 or 72 hours. WST-1 assays were performed as per manufacturer’s
instructions (Takara) (50).

For immunofluorescence, U87-EGFRY!! cells were grown on glass coverslips, fixed with
4% paraformaldehyde, and stained on the coverslips with anti-IMP3 (1:100, DAKO, clone 69.1),
anti-RIOK?2 (1:100, Sigma HPA005681), and DRAQ7 (1:200, Cell Signaling Technology) to

stain nuclear DNA and chromosomes.

Sucrose gradient analytical fractionation for ribosome biogenesis
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Ribosome profiling analysis was performed using a previously published protocol
adapted for GBM cultures (232). GBM cells were cultured as described above, and to prevent
apoptosis 20 uM zVAD was added for 48 hrs prior to harvest. For sucrose density gradient
fractionation, hypotonic lysis (5 mM Tris pH 7.5, 2.5 mM MgCl,, 1.5 mM KCl, 0.1% Triton-
X100 with protease and phosphatase inhibitors) was performed on 8-10 million GBM cells per
experimental sample. Briefly, cells were treated with cyclohexamide and RNAseOUT (Sigma) to
block translation elongation to fix ribosomes and ribosomal subunits on RNAs. Following
preparation of hypotonic supernatants, the OD260 of each sample was measured (NanoDrop,
ThermoFisher), and, based on OD readings, equivalent amounts of ribosomes for each lysate was
loaded onto each 10%-45% sucrose density gradient (BioComp Gradient Master machine) for
ultracentrifugation at 33,000 rpm for 5 hours (Beckman Optima L8OK Ultracentrifuge, SW41Ti
rotor). For optimal detection of ribosomes, 4-10 ODs were used per experiment, with the same
ODs loaded for each control and experiments per experiment. 10% of total cell lysate was saved
as an input control. Fractions were isolated and measured using a Brandel density gradient
fractionator system with a UV detector, fraction collector, and chart recorder (Teledyne ISCO),
and UV absorbance was recorded and analyzed with the TracerDAQ software system
(MicroDAQ). Fractions were concentrated using centrifugal filters, and analyzed by western blot

for protein composition.

Immunoprecipitations
For immunoprecipitations used for proteomics analysis, either 2 million GBM301 cells or
5 x 10°U87 cells were lysed with hypotonic lysis buffer. 10% of the cell lysate was saved as

input controls. For GBM301 and U87 cells, 10 pg of anti-RIOK2 (1:1000, Sigma, HPA005681),
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or a non-specific IgG were conjugated to magnetic beads according to supplier recommendations
(BIORAD, SureBeads, Protein A magnetic beads, 161-4013). In order to ensure equal amounts
of protein was used for both conditions, cells were pooled and equal amounts of the pooled cells
were added to each IP condition. For U87 overexpressing RIOK?2 constructs, 50 pl of anti-FLAG
M2 magnetic beads (Sigma, M8823) was used. In order to ensure equal amount of protein was
used per IP, cell lysates were quantified and equal amount of protein was added to each IP
condition. Samples were incubated for 8 hours with end-over-end rotation at 4°C and washed
five times with washing buffer (5§ mM Tris pH 7.5, 2.5 mM MgCl, 1.5 mM KCl). Samples were
submitted to the Emory Integrated Proteomics Core for total proteomic processing according to
published procedures (233). Samples for phospho-peptide mapping were submitted to the Taplin
Mass Spectrometry Facility (Harvard University)

For protein-protein interactions, 2 million GBM39 cells were used per conditions and
were lysed in hypotonic lysis buffer (5 mM Tris pH 7.5, 2.5 mM MgCl,, 1.5 mM KCIl) with
protease and phosphatase inhibitors as above. 10% of the cell lysis was saved as input controls.
10 pg of either anti-IMP3 (Cell Signaling 57145), anti-RIOK2 (1:1000, Sigma, HPA005681), or
a non-specific IgG were conjugated to magnetic beads according to supplier recommendations
(BIORAD, SureBeads, Protein A magnetic beads, 161-4013). In order to ensure equal amounts
of protein was used for both conditions, cells were pooled and equal amounts of the pooled cells
were added to each IP condition. Samples were incubated for 4 hours with end-over-end rotation
at 4°C and washed five times with washing buffer (150 mM NaCl, 10 mM HEPES, 1 mM
EGTA, 0.1 mM MgCl,, pH 7.4, and 0.1% Triton-X100). Beads were then incubated in 1X LDS

sample buffer at 70°C for 10 min and analyzed using Western blot.
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In vitro immunoprecipitations were prepared using 0.012 pg of recombinant RIOK2
protein and 0.012 pg of recombinant IMP3 protein in hypotonic lysis buffer (5 mM Tris, 2.5 mM
MgCl,, 1.5 mM KCIl) with 0.1 mg/ml of Bovine Serum Albumin (BSA) as a competitor. 10 pg of
anti-RIOK?2 (1:1000, Sigma, HPA005681) or a non-specific IgG were conjugated to magnetic
beads according to supplier recommendations (BIORAD, SureBeads, Protein A magnetic beads,
161-4013). Samples were incubated for 4 hours with end-over-end rotation at 4°C and washed
five times with washing buffer (150 mM NaCl, 10 mM HEPES, 1 mM EGTA, 0.1 mM MgCl,,
pH 7.4, and 0.1% Triton-X100). Beads were then incubated in 1X LDS sample buffer at 70°C
for 10 min and analyzed using Western blot.

For U87 immunoprecipitations for tetracycline inducible systems, 5 x 10° cells were
plated for each condition and treated with 8 pg/ml of doxycycline for 72 hours. Cells were lysed
in hypotonic lysis buffer, and 10% of total cell lysate was saved as an input control. The
remaining cell lysate was quantified, and equal amounts were added to 50 ul of anti-FLAG M2
magnetic beads (Sigma, M8823) and incubated for 4 hours with end-over-end rotation at 4°C and
washed five times with washing buffer (150 mM NaCl, 10 mM HEPES, 1 mM EGTA, 0.1 mM
MgCl, pH 7.4, and 0.1% Triton-X100). Beads were then incubated in 1X LDS sample buffer at

70°C for 10 min and analyzed using Western blot.

Crosslinking Immunoprecipitations

Approximately 3 million GBM39 cells were used per condition. The crosslinking
immunoprecipitation was ran according to Zlatic et a/ (234). 10 pg of anti-RIOK2 (1:1000,
Sigma, HPA005681), anti-IMP3 (Cell Signaling 57145), or a non-specific IgG were conjugated

to magnetic beads according to supplier recommendations (BIORAD, SureBeads, Protein A
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magnetic beads, 161-4013). Following washes, beads were then incubated in 1X LDS sample

buffer at 70°C for 10 min and analyzed using Western blot.

In vitro Kinase Assay

10 pl reactions containing 1 pg of purified recombinant protein 1 pCi y-[**P] ATP in 50
mM Tris/HCI, pH 7.6, 200 mM NaCl, and 5 mM MgCl, (Kinase Buffer) were incubated at 37°C
for 1 hour. Samples were then immunoprecipitated for 4 hours with end-over-end rotation at 4°C
using magnetic beads conjugated with anti-IMP3 (Cell Signaling 57145) according to supplier
recommendations (BIORAD, SureBeads, Protein A magnetic beads, 161-4013). Samples were
washed five times with kinase buffer. Beads were then incubated in 1X LDS sample buffer at

70°C for 10 min and analyzed using phosphoimager.

Western Blot Analysis

The following antibodies were used for immunoblotting following the manufacturer’s
recommendations: anti-RIOK2 (1:1000, Sigma HPA005681; 1:1000, Origene Clone OTI3E11),
anti-IMP3 (1:1000, Cell Signaling 57145; 1:1000, DAKO clone 69.1), anti-mTOR (1:1000, Cell
Signaling 4517), anti-MYC (1:1000, Cell Signaling clones D3N8F and ESQ6W), anti-NOB1
(1:1000, Origene TA808793 clone OTI1C12), anti-phospho-Ser/Thr-Pro MPM-2 (1:500,
Millipore-Sigma 05-368), and anti-actin (1:200, Developmental Studies Hybridoma Bank

JLA20).

in silico Analysis
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Patient RNAseq data from The Cancer Genome Atlas (TCGA) was downloaded using
Gliovis (235) (gliovis.bioinfo.cnio.es) and XY correlations were performed between RIOK?2,
IMP3, MYC, and mTOR mRNA expression (data from 528 GBM patients), as well as mRNA
expression of RIOK?2 and IMP3 by tumor grade (data from 620 glioma patients). Copy number
analysis for EGFR and comparison with /MP3 mRNA expression was performed using

cBioportal (data from 201 patients).

RNA-binding Protein Immunoprecipitation

RNA-binding protein immunoprecipitation was run according to supplier
recommendations (Millipore, Magna RIP Kit, 17-700). Beads were conjugated with 10 pg either
anti-IMP3 (#1: MBL, RNO0O9P, #2: Cell Signaling, 57145) or non-specific [gG. cDNA was
generated from [Ped RNA, PCRed with primers against MYC, and the PCR results were

analyzed using DNA gel electrophoresis.

Statistical analyses

Larval brain volumes were analyzed using one-way ANOVA with multiple comparisons.
Larval glial cell numbers were analyzed using two-tailed parametric T-Tests. WST-1 data was
analyzed using two-tailed parametric T-Tests. TCGA microarray data analysis was downloaded
and graphed using Graphpad Prism. Correlative data was analyzed using linear regression, and
the slope and P value are reported as calculated from an F test that answers the question “is the
slope significantly non-zero?” Tumor grade data and copy number analysis was analyzed using
one-way ANOVA with multiple comparisons and are reported using p values. Comparisons

between two groups were done using two-tailed parametric T-Tests.
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3.4 Results

RIOK2 knockdown does not dramatically affect ribosome assembly in GBM cells

In human and yeast cells, RIOK2 kinases, which are not functionally redundant with
other RIO kinases, promote assembly of the 40S ribosome subunit, and loss of RIOK?2 function
can decrease ribosome biogenesis (144, 146, 147, 228, 229, 236). We and others have observed
that, in both Drosophila and human cells, RIOK2 RNAI can trigger dp53/P53 activation (50,
237). P53 transcriptional activation can occur as a result of the P53-dependent ribosome stress
response, which is triggered by defects in ribosome biogenesis (238, 239). Thus, we
hypothesized that, in GBM cells, RIOK2 loss or inhibition impairs ribosome biogenesis. In our
cell-based GBM models, we performed sucrose gradient density analytical fractionation to
characterize ribosome assembly defects caused by RIOK2 RNA.. Cells were treated with RIOK?2
shRNAI constructs combined with zZVAD caspase inhibitor to block apoptosis, and lysed in
hypotonic conditions so as to preserve cytoplasmic RNA macromolecules. Surprisingly, over 10
repeat experiments in three different cell types (2 EGFR mutant GBM stem cell cultures, U87
cell models), cells with efficient RIOK2 knockdown showed minor reductions in levels of the
40S and 60S ribosome subunit relative to monosomes as compared to control cells, and these
changes were not consistent with significantly reduced ribosome assembly observed in other cell
types upon RIOK?2 loss (Figure S3.1A) (146). Of note, we observed that with RIOK2
knockdown sufficient for GBM cell growth arrest and apoptosis, residual RIOK2 protein was
present in 40S subunit fractions (Figure S3.1B): this residual RIOK2 protein was likely sufficient
for sustained ribosome biogenesis. Previous studies and our results (see below) suggest that

catalytically inactive RIOK2 (RIOK2KP) acts as a dominant negative when overexpressed,
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although overexpression of RIOK2XP also did not induce ribosome biogenesis defects (Figure
S3.2A). Thus, our results indicate that reduced RIOK2 function does not primarily block tumor
cell survival or growth through reduced ribosome biogenesis.

In these experiments, we examined ribosome fractions from GBM cells for other changes
induced by RIOK?2 knockdown. Prior studies show that TORC2 phosphorylates substrates in
association with ribosomes, albeit independently of TORC2 assembly (240, 241). Because
phosphorylation of TORC2 substrates is reduced by RIOK2 RNAi, we wondered if RIOK2 loss
altered TORC?2 association with ribosomes. We found that, upon RIOK2 knockdown, defining
TORC2 components RICTOR and mTOR no longer co-fractionate with immature or mature
ribosomes (Figure S3.1B). Thus, without substantially impacting ribosome assembly, RIOK2
knockdown impairs mTORC2 complex assembly, and thereby reduce mTORC?2 activation (50).
However, these data do not provide mechanistic insight into how RIOK2 modulates mTOR.
While RIOK2 protein is predominantly associated with the 40S subunit peak in (Figure S3.1B),
overexpressed cytoplasmic RIOK2 protein in GBM cells may acquire previously undescribed
functions that impact TORC2.

Together with our published data showing a requirement for RIOK2 in EGFR mutant
GBM cells (50), these results suggest that RIOK?2 loss or inhibition affects other, as yet

undiscovered, cellular processes in GBM.

IMP3 is an effector of RIOK2
To understand the mechanisms by which RIOK2 promotes GBM cell growth and
survival, we performed immunoprecipitation (IP) experiments on endogenous and flag-epitope-

tagged RIOK2 protein to identify novel binding partners. IP experiments were carried out in
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RIOK2-dependent EGFR-PTEN-mutant GBM cells (U87-EGFR!!! cells, GBM301 EGFR¥!!
cells) under hypotonic lysis conditions to enrich for cytoplasmic RIOK2 and its binding partners.
Controls were nonspecific rabbit IgG IPs and empty anti-flag IPs. Immunoprecipitation
experiments were performed three times, and proteins associated with RIOK?2 were
proteomically profiled using mass spectrometry (Emory Integrated Proteomics Core) (242, 243).
Datasets were compared and RIOK?2 binding partners were identified that eluted with both
endogenous RIOK?2 and epitope-tagged RIOK2 to control for antibody-specific artifacts.
Potentially significant RIOK?2 binding partners reproducibly met three important criteria: 1) 2-
fold or greater enrichment in RIOK2-specific IPs compared to either non-specific controls, 2)
more than three spectral counts, and 3) contained 2 identified peptides.

We identified several well established RIOK?2 binding proteins, including several
ribosome assembly factors, including TSR1, LTV1, NOBI1, and PNO1 (Figure 3.1A, Table
S3.1), which validates our technique (244). Furthermore, we identified several novel RIOK2
binding proteins, almost all of which were RNA-binding proteins (RBPs). The identified RBPs
include IMP3, G3BP1, ATXN2L, ILF3, and others (Figure 3.1A, Table S3.1), which have
described primary functions in mRNA stability, transport, and translation (160). Several of these
RBPs co-fractionate with RIOK2, each other, and with RBP-mRNA complexes in published
studies (245, 246), increasing our confidence that they were legitimate RIOK2 partners. In our
dataset, the RBP, IMP3 (also known as IGF2BP3), is a particularly interesting novel RIOK2
binding partner due to its previously described role in cancers, including GBM, where it is a
biomarker for high-grade disease and poor patient prognosis (174).

To follow-up on our proteomics analysis, we identified RIOK2 partners with Drosophila

orthologs (Table S3.1). We then assessed the physiological relevance of these proteomic hits
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using an unbiased RNAIi screen in our Drosophila GBM model in which glial-specific co-
overexpression of constitutively active EGFR (dEGFR*) and PI3K (dp1104X) orthologs causes
glial neoplasia (Table S3.2). The rationale being that tumor-specific functionality of RIOK2 and
its partners should be conserved between Drosophila and human GBM models, and that genetic
analysis of the RIOK2 pathway could be done rapidly and economically in Drosophila (50).
Corresponding RNAIi constructs for Drosophila orthologs of these proteins were obtained from
public sources and were tested in vivo in normal Drosophila glia and in neoplastic glia in our
repo>dEGFR*; dp110“‘“Y Drosophila GBM model as described (50) (Table S3.2). We found
that glial-specific RNAIi of ribosome assembly factors and essential RBPs significantly impaired
growth and proliferation of both neoplastic and normal glia (Table S3.2, Figure S3.3). In
contrast, glial-specific RNAi of Imp, the sole IMP3 ortholog (247), significantly blocked growth
and survival of neoplastic glia but had no detectable effect on the growth and survival of normal
glia. Thus, Imp knockdown phenocopies the effects of dRIOK2 knockdown and catalytic
inhibition in our Drosophila models (50) (see below), which suggests that Imp functions with
dRIOK2 in a conserved pathway.

To understand the mode of interaction between RIOK?2 and IMP3 in GBM, we confirmed
RIOK2-IMP3 binding with reciprocal IPs of endogenous IMP3 in EGFRY! mutant RIOK2-
dependent patient-derived GBM stem cells (GBM39) and confirmed by western blot that RIOK2
was pulled down (Figure 3.1B). In contrast, while control normal human neural progenitor/stem
cells (HNPCs) express both IMP3 and RIOK?2, but IMP3 was not associated with RIOK2 by co-
IP (Figure 3.1C). This suggests that the interaction between RIOK2 and IMP3 is enriched in
tumor cells. Of note, ribosome assembly factors such as NOB1 were not detected in the RIOK2-

IMP3 IPs from GBM cells, suggesting that the RIOK2-IMP3 complex is distinct from the



RIOK2-ribosome assembly factor complexes (Figure 3.1B). Thus, RIOK2 may have novel
functions independent of ribosome assembly.

Next, in order to determine whether RIOK2 and IMP3 directly bind each other, we
performed in vitro co-IPs with purified recombinant RIOK2 and IMP3. We observed co-IP of
both IMP3 and RIOK?2 with each other, indicating that RIOK2 and IMP3 form a direct
interaction (Figure 3.1D). Thus, collectively, our data show that IMP3 is a bona fide direct
binding partner of RIOK?2 that may drive GBM tumorigenesis through a novel mechanism

outside of well-established RIOK2 function in ribosome assembly.
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A
human IP: IgG Control IP: RIOK2 IP: IgG Control IP: RIOK2
protein (Spectral Counts) | (Spectral Counts) (Number of (Number of
Unique Peptides) Unique Peptides)
RIOK2 0 22 0 11
IMP3 0 8 0 6
G3BP2 0 8 0 6
ATXN2L 2 8 1 6
ILF3 0 13 0 11
TSR1 0 30 0 22
LTV1 0 21 0 13
NOB1 0 12 0 9
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Figure 3.1. IMP3 is a binding partner and downstream effector of RIOK2.

(A) Proteomic Analysis of RIOK2 immunoprecipitations (IPs) from U87-EGFRY'! GBM cells

performed with antibodies against either endogenous RIOK2 or with a non-specific IgG control.

Values are reported in spectral counts and number of unique peptides. Spectral counts are the

total number of spectra identified for a protein and is a relative measurement of the quantity of a

given protein, while the number of unique peptides refers to the number of peptides that matches

the protein in question. Names of RNA-binding proteins are colored red, and names of ribosome



101

assembly factors are colored blue.

(B) IPs from GBM39 cells using antibodies against either RIOK2 or IMP3 demonstrated
reciprocal co-IP of endogenous IMP3 and RIOK?2, respectively. IMP3 IPs showed no detectable
co-IP of endogenous NOBI, a ribosome assembly factor and established RIOK?2 binding partner.
Both endogenous RIOK2 and IMP3 were detected in total cell lysates.

(C) co-IPs of endogenous RIOK?2 showed enrichment of endogenous IMP3 from GBM39 cells
compared to human neural progenitor cells (HNPCs). Both endogenous RIOK2 and IMP3 were
detected in total cell lysates of HNPCs and GBM39s.

(D) co-IP of purified recombinant RIOK2 and IMP3 protein with RIOK2 antibody demonstrate
direct binding of IMP3 to RIOK2. RIOK2 protein was pretreated with 0.1 mg/ml of Bovine
Serum Albumin (BSA 0.1mg/ml) binding competitor to reduce non-specific binding of
recombinant IMP3.

Data generated by Alexander S. Chen with technical assistance from Duc Duong.
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Imp is overexpressed in EGFR-PI3K mutant neoplastic glia, and is specifically required for
glial neoplasia

Imp, the Drosophila ortholog of IMP3, is the sole member of the IGF2BP (IMP) family
of RNA-binding proteins, which is composed of three members in humans (IMP1, IMP2, and
IMP3). Because of the lack of putative redundancies in Drosophila compared to human GBM
models and the conserved requirement for dRIOK2 signaling in GBM (50), we further utilized
our in vivo Drosophila GBM model to investigate the impact of knockdown of IMP family
proteins in glial neoplasia. Using immunohistochemistry, we found that Imp is upregulated in
neoplastic dEGFR*; dp110“““Y mutant glia compared to wild-type glia, which is consistent with
previously published reports showing that IMP3 is upregulated in GBM (Figure 3.2A) (174,
248). We next used confocal imaging to characterize the effect of Imp functional reduction on
normal and neoplastic glia. We observed that glial-specific Imp knockdown by RNAi
significantly reduced both brain volume and neoplastic glial proliferation in the GBM model
(Figure 3.2B-H). The reduction of neoplastic glia proliferation and brain volume was similar
between Imp knockdown and dRIOK2 knockdown in repo>dEGFR*; dp110“4X animals,
indicating that Imp may be a potential downstream effector of dRIOK2 (Figure 3.2B-H).
Furthermore, Imp knockdown in wild-type glia yielded grossly normal brain morphology and
glial cell development (Figure S3.4A-D), and animals with glial-specific Imp knockdown were
viable. This result indicates that the reduction in neoplastic glial cell growth was not due to non-
specific cellular lethality as a consequence of Imp knockdown, and that Imp is not essential for
normal glial proliferation and development. Thus, collectively, our data suggests that similar to
dRIOK2 (50), Imp is essential for proliferation of neoplastic tumorous EGFR-PI3K mutant glia,

which is consistent with reports that IMP3 is required for proliferation of GBM cell lines (174,
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248, 249).
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Figure 3.2. Imp knockdown mimics dRIOK?2 knockdown in a Drosophila GBM model.
(A) 3 um optical projections of brain hemispheres, aged-matched 3™ instar larvae. CD8-GFP
(green) labels glial cell bodies; anti-HRP (blue) counterstains for neurons and neuropil; and
magenta labels Imp protein (alone leftmost panels, GFP-HRP merge center panels, and Imp-
GFP-HRP merge rightmost panels). Imp knockdown (repo>dEGFR*:dp1 104X, Imp@sRN4)
(bottom panels) reduced Imp protein levels in glia (green cells in bottom panel) compared to
control repo>dEGFR*;dp110“*4X brains (top panels).

(B) Optical projections of whole brain-nerve cord complexes from 3™ instar larvae
approximately 6 days old. Dorsal view; anterior up. CD8-GFP (green) labels glial cell bodies.
Imp knockdown (repo>dEGFR*;dp110“44%; Imp?’N1) decreased neoplastic brain overgrowth
relative to repo>dEGFR*;dp110“44X controls and mimics dRIOK2 knockdown
(repo>dEGFR*;dp110“44X;dRIOK24RN4)  restoring brain sizes similar to wild-type animals.
(C-F) 3 um optical projections of brain hemispheres, aged-matched 3 instar larvae. Frontal
sections, midway through brains. Anterior up; midline to the left. Repo (magenta) labels glial
cell nuclei; CD8-GFP (green) labels glial cell bodies; anti-HRP (blue) counterstains for neurons
and neuropil. (C) repo>dEGFR*;dp110“““X showed drastically increased brain sizes and glial
cell number (magenta) compared to (F) wild-type brains. (C-E) Imp knockdown
(repo>dEGFR*;dp110“44%; Imp?’N) and dRIOK2 (repo>dEGFR*;dp110“44X; dRIOK29RN4)
significantly decreased numbers of neoplastic glia compared to repo>dEGFR*;dp11044X,
(G) Total volumes of (in um?) of 3™ instar larval brains were measured using confocal
microcopy couples with Imaris and normalized to repo>dEGFR*;dp1104X larval brains.
(repo>dEGFR*;dp110“44%: n=8, repo>dEGFR";dp 110X, Imp?RN1; n=7,

repo>dEGFR*;dp110“4X:dRIOK2%RN: n=9 wild-type: n=27). Statistics generated using One-
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Way ANOVA, ****p<(.0001.

(H) Glial cell numbers counted in representative 3 um optical projections of 3™ instar larval
brain hemispheres. (repo>dEGFR*;dpl10“4X: n=4, repo>dEGFR*;dp 110X, Imp?’N1; n=4,
repo>dEGFR*;dp110“4X:dRIOK2%RN: n=5_ wild-type: n=5). Statistics generated using two-
tailed TTESTs, ****p<0.0001.

Data generated in (A-F, H) by Alexander S. Chen and in (G) by Alexander S. Chen and Riley

Gulbronson.
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RIOK2 and IMP3 are co-overexpressed and co-localized in GBM cells

While our results showed that dRIOK2 and Imp are physiologically relevant in our
Drosophila GBM model, we wanted to determine if IMP3 and RIOK2 are of equal importance in
human GBM cells. We first performed western blot analysis of a panel of patient-derived GBM
neurosphere cultures from EGFR amplified tumors, which are enriched for GBM stem cells, and
observed that RIOK?2 and IMP3 are co-overexpressed in GBM relative to cultured HNPCs
(Figure 3.3A). This finding is consistent with previous studies that showed that IMP3 is
overexpressed in GBM tumor tissue (174). To assess whether RIOK2 and IMP3 are co-
overexpressed in GBM tumor tissues, we used cBioportal and Gliovis to download and analyze
tumor genomic data cataloged by The Cancer Genome Atlas (TCGA). Our data show that both
RIOK?2 and IMP3 mRNA are overexpressed to the greatest degree in grade IV gliomas (GBMs)
relative to grade II and grade III gliomas (Figure 3.3B). Furthermore, analysis of TCGA reveal
that RIOK?2 and IMP3 mRNA expression levels are positively correlated in that high expression
levels of RIOK2 mRNA co-occur with high expression levels of /MP3 mRNA, indicating that
they may operate together to promote tumorigenesis (Figure 3.3B). Moreover, tumors with
EGFR amplification have significantly higher expression levels of /MP3 mRNA, indicating that
IMP3 overexpression is maybe upregulated by EGFR signaling (Figure 3.3B). Collectively,
analysis of publicly available TCGA datasets reveal that RIOK2 and IMP3 are co-overexpressed
in GBM.

To further investigate whether RIOK2 and IMP3 regulate each other in GBM cells, we
conducted immunofluorescence experiments to assess their localization pattern in GBM cells
overexpressing EGFRY!!, Our data show that RIOK2 and IMP3 are both predominantly localized

in the cytoplasm of these cells, with both RIOK2 and IMP3 exhibiting a perinuclear staining
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pattern consistent with previously published IMP3 localization patterns (Figure 3.3C) (163, 250).
These results suggest that RIOK2 and IMP3 may promote GBM tumorigenesis primarily in the
cytoplasm.

Collectively, our data support that IMP3 and RIOK2 are co-overexpressed and co-
localized in GBM tumors, consistent with the possibility that they form a functional pathways;

however, the mechanism by which RIOK2 and IMP3 promote GBM tumorigenesis is unclear.
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Figure 3.3. RIOK2 and IMP3 are co-overexpressed in human GBMs.

(A) A panel of lysates from human neural progenitor cells (HNPCs) or short-term patient-
derived GBM neurosphere cultures derived from tumors with loss of PTEN and amplification of
EGFR (GBM301, GBM725, GBM914, GBM1219) or other RTKs (NTRK2: GBM131, MET:
GBM730, GBM56) show elevated RIOK2 expression compared to HNPCs; all cultures express
endogenous IMP3.

(B) Analysis of TCGA GBM tumor profiling data show significantly increased expression of
both RIOK?2 and IMP3 mRNA in grade IV gliomas compared to lower grade gliomas. Increased
expression of RIOK?2 and IMP3 mRNA are significantly correlated with each other across all
TCGA glioma grades. IMP3 mRNA expression is significantly increased in high grade gliomas
with EGFR amplification compared to tumors without EGFR amplification.

(C) U87-EGFRY!™ cells were fixed and stained to label nuclear DNA (DRAQ7, blue), RIOK2
(magenta), and IMP3 (green). RIOK2 and IMP3 were co-localized predominantly in the cytosol,
with both RIOK2 and IMP3 also exhibiting a perinuclear localization pattern (denoted by white
arrows).

Data generated in (A) by Renee D. Read with technical assistance from Colleen Mosley, in (B) by

Nathaniel H. Boyd, and in (C) by Jamie A.G. Hamilton and Renee D. Read.
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RIOK2 catalytic activity promotes tumorigenesis

Because RIOK?2 is thought to be a kinase and an ATPase, we sought to assess the
importance of RIOK2 catalytic activity in promoting GBM tumorigenesis to determine if RIOK2
catalytic activity is required for tumorigenesis and if RIOK2 phosphorylates IMP3. For this
purpose, we tested catalytically inactive (KD) versions of RIOK?2 in Drosophila and human
GBM cells.

In our Drosophila GBM model, we overexpressed catalytically inactive dRIOK2
(dRIOK2XD) or, as a control, dRIOK2 wild-type (dRIOK2"") in neoplastic glia in
repo>dEGFR’; dp110“44X animals and compared their phenotypes to control repo>dEGFR’,
dp110“4X animals that overexpressed a lacZ construct. dRIOK2XP overexpression, but not
RIOK2WT overexpression, significantly reduced both glial proliferation and brain volume in the
GBM model (Figure 3.4A-F). In contrast, in normal wild-type glial cells, dRIOK2XP
overexpression did not cause obvious or detectable defects in glial progenitor cells (repo-Gal4)
or in neural stem cells (wor-Gal4, dpn-Gal4), and even whole animals (actin-Gal4) were grossly
normal and viable with dRIOK2XP overexpression (Figure S3.5A-D, data not shown). Thus,
dRIOK2XP can specifically act as a dominant negative, and block tumorigenesis, while sparing
normal cells. This suggests that dRIOK2 adopts a differential or neomorphic function in tumor
cells, and that dRIOKXP overexpression specifically counteracts this function.

To determine if kinase-dead RIOK2 (RIOK2XP) similarly provokes growth arrest in
human GBM cells, we overexpressed RIOK2XP in cultured cells. We had difficulty recovering
GBM cells that constitutively overexpress RIOK2XP from viral vectors (not shown), suggesting
that RIOK2XP blocks GBM cell growth and survival. Thus, we tested RIOK2XP using

tetracycline inducible vectors to find that RIOK2XP overexpression significantly reduced growth
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of PTEN-null U87 GBM cells, which are sensitive to RIOK2 levels, as measured by WST-1

assays (Figure 3.4G), whereas wild-type RIOK2 (RIOK2WT) overexpression enhanced cell

growth, consistent with our published data showing that RIOK?2 confers a proliferation

advantage to PTEN mutant cells (50). Thus, RIOK2 catalytic function promotes tumorigenesis.
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Figure 3.4. dRIOK2/RIOK?2 catalytic activity drives tumorigenesis and mediates IMP3
binding.

(A) Optical projections of whole brain-nerve cord complexes from 3™ instar larvae
approximately 6 days old. Dorsal view; anterior up. CD8-GFP (green) labels glial cell bodies.
repo>dEGFR*;dp11044¥ and overexpression of wild-type dRIOK2
(repo>dEGFR*;dp110“““%;dRIOK2"T) increased larval brain size relative to wild-type.
Overexpression of catalytically inactive dRIOK2 (repo>dEGFR*;dp110“44X;dRIOK2KP)
decreased larval brain size relative to repo>dEGFR*;dp110“44X and
repo>dEGFR*;dp110“44%,dRIOK2"T animals.

(B) Total volumes of (in um?) of 3™ instar larval brains were measured using confocal
microscopy coupled with Imaris and normalized to wild-type larval brains.
(repo>dEGFR*;dp110°44%: n=8, repo>dEGFR":dp110““Y;dRIOK2"T: n=8,
repo>dEGFR*;dp110“4X,dRIOK2XP: n=12, wild-type: n=8). Statistics generated using One-
Way ANOVA with multiple comparisons, ****p<(0.0001.

(C-E) 3 pum optical projections of brain hemispheres, aged-matched 3™ instar larvae. Frontal
sections, midway through brains. Anterior up; midline to the left. Repo (magenta) labels glial
cell nuclei; CD8-GFP (green) labels glial cell bodies; anti-HRP (blue) counterstains for neurons
and neuropil. (B) repo>dEGFR*;dp110“4*X and overexpression of wild-type RIOK2
(repo>dEGFR*;dp110“44%;dRIOK2"T) showed drastically increased glial cell number (magenta)
and brain size compared to (E) wild-type brains. Overexpression of catalytically inactive RIOK2
(repo>dEGFR*;dp110““*Y; dRIOK2XP) showed drastically reduced glial cell number and
decreased brain sizes compared to repo>dEGFR*:dp110“4*X and

repo>dEGFR*;dp110“44%,dRIOK2"T animals.
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(F) Glial cell numbers in representative 3 pm optical projections of 3" instar larval brain
hemispheres. (repo>dEGFR*;dp110““X: n=5, repo>dEGFR*;dp110“““Y;dRIOK2XP: n=5, wild-
type: n=5). Statistics generated using two-tailed Student TTESTS, ****p<(0.0001, **p<0.01.

(G) WST-1 assays on U87 GBM cells overexpressing either empty vector control, FLAG-tagged
wild-type RIOK2 (RIOK2WI-FLAG), or FLAG-tagged catalytically inactive RIOK2 (RIOK2KP-
FLAG). RIOK2 constructs were induced for 48 hr by doxycycline (dox). RIOK2XP-FLAG
overexpressing cells displayed reduced viability and/or proliferation compared to RIOK2W!-
FLAG overexpressing cells, which showed increased proliferation relative to vector control cells.
Five samples were used for each condition. Statistics generated using two-tailed Student
TTESTS, **p<0.01, ****p<0.0001. Western blots confirming overexpression of RIOK2W1-
FLAG and RIOK2XP-FLAG upon doxycycline induction.

Data generated in (A-B) by Alexander S. Chen and Emily Legan and in (C-F) by Alexander S.

Chen with assistance from Renee D. Read and in (G) by Renee D. Read.
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The RIOK2-IMP3 complex depends on RIOK2 catalytic activity and recruits TORC2 to
phosphorylate IMP3

To assess the contribution of RIOK2 catalytic function to RIOK2-IMP3 interactions, we
performed co-IP experiments on U87 cells overexpressing RIOK2XP or control cells expressing
either RIOK2WT or an empty vector. Proteomics analysis of these co-IPs indicated that IMP3
displayed reduced binding to RIOK2XP compared to RIOK2"T, and that both RIOK2XP and
RIOK2WT specifically co-fractionated with established RIOK?2 binding partners, including
ribosome assembly factors and other RBPs found to co-IP with endogenous RIOK2 (Table S3.3).
These results were confirmed by western blot (Figure 3.5A), which demonstrate that IMP3
binding is regulated by RIOK2 catalytic activity in vivo.

Given the requirement for RIOK2 catalytic activity for IMP3 binding, we hypothesized
that IMP3 is a potential substrate of RIOK2. Our in vitro kinase assays revealed that RIOK2
autophosphorylates and phospho-proteomic analysis identified RIOK2 autophosphorylation sites
consistent with published literature (139) (Figure S3.6A and S3.6B). In vitro kinase assays and
phospho-proteomic analysis also revealed that RIOK2 does not directly phosphorylate IMP3
(Figure S3.6C). These results are consistent with reports that RIOK2 can exert its function in the
context of 40S ribosome assembly without directly phosphorylating a substrate (146).
Furthermore, recent studies have shown that instead of directly phosphorylating substrates,
RIOK2 may act as an ATPase, where the phosphoryl transfer from ATP to Asp257 in the RIOK2
active site and the subsequent hydrolysis of aspartylphosphate induces a conformational change
that releases RIOK2 from the pre-40S particle along with other trans-acting factors such DIM,
LTV1, and NOBI1 (146, 147). Therefore, we suspected that RIOK2 may undergo a

conformational change that depends on its catalytic activity to recruit other proteins to act as
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intermediaries in IMP3 regulation.

To identify additional proteins in the RIOK2-IMP3 complex, we performed crosslinking
IPs on endogenous RIOK2 and IMP3 in patient-derived EGFRY!!! mutant RIOK2-dependent
GBM stem cells (GBM39) using DSP, an anime-reactive crosslinker with NHS ester reactive
ends that specifically recognize proteins, combined with stringent washes, to identify transient
protein-protein interactions (Figure 3.5B). We observed IMP3 and RIOK2 co-IP from DSP
treated cells, and, by blotting for additional proteins, we found that mTOR and RICTOR, a
component of mMTOR Complex 2 (TORC2), were enriched in our RIOK?2 IPs compared to non-
specific IgG controls (Figure 3.5C). Our results are consistent with our previous studies which
show that RIOK2 forms a complex with TORC2, that binding of RIOK2 to mTOR depends on
RIOK2 catalytic activity, and that RIOK?2 catalytic activity is necessary to drive TORC2
activation (50). Therefore, RIOK2 may recruit IMP3 to the TORC2 complex.

Previous studies show that mTOR directly phosphorylates IMP3 at Ser184 (173). To
determine if mTOR phosphorylates IMP3 in the RIOK2-IMP3 complex, we performed
crosslinking co-IP on endogenous IMP3 in patient-derived GBM stem cells (GBM39) followed
by western blots with an antibody that should recognize the phosphorylated Ser184 site (MPM2,
recognizes phospho-Ser/Thr adjacent to Pro), and we detected presumptive phosphorylated IMP3
in the RIOK2-IMP3-mTOR complex (Figure 3.5D). Furthermore, in GBM39, RIOK2
knockdown reduced phosphorylation of IMP3 at Ser184 and Thr529, a second site also adjacent
to a Pro residue, supporting the hypothesis that phosphorylation at these sites is regulated by
RIOK?2 (Figure S3.6D). Together, our data support a model in which RIOK2 catalytic activity
allows for recruitment of IMP3 and TORC2, which in turn phosphorylates IMP3, and forms a

stable RIOK-IMP3 complex.



117

OV1d a0
dl OV1d

OV1d- meHOR]
dl 9V1d

10309 Aydwig
dl OV1d

OV 1d-auAOR
ajesA| |ejo} d|-a.d

OV Id- 1 meHOR
ajesA| |ejo} d|-o4d

10399/ Aidwig
ajesA| |ejo} dj-a.d

<

IMP3

SIS B | RIOK2-FLAG

Se—  AcCtin

IP: Anti-FLAG

total lysate

GBM39

+DMSO

o
[72]
(a]
+

GBM39

idylpropionate)
MW 404.42

Spacer Am 120 A

Dithiobis{succinims

Immunoprecipitation

dsa+
dl €dINI

OSIa+
dl €diNI

OSINa+
d1 96] o1y199dg-uoN

(]

dsa+
dlI X0

OSa+
dI 20

OSa+
d1 96| 24109dg-uoN

dsa+
ajesA| |ejo) d|-a.d

OSWa+
ajesA| |ejo} d|-a.d

ajesA| |ejo} dj-a4d

P-IMP3 (MPM2)

IMP3

s W | MTOR

S g | RIOK2

—

[

- —

E—

—

— — ——

mTOR

RICTOR

IMP3

RIOKZ | e s s

Actin

GBM39

GBM39



118

Figure 3.5. The RIOK2-IMP3 complex recruits TORC2 to phosphorylate IMP3.

(A) RIOK2WT-FLAG or RIOK2XP-FLAG overexpression was induced in U87 cells with 8 pg/ml
doxycycline for 72 hrs, and proteins were [Ped with Mouse M2 Anti-FLAG magnetic beads.
Westerns blots on total cell lysates set aside prior to IP show that endogenous IMP3 was
expressed across all samples, and that FLAG-tagged RIOK2WT-FLAG and RIOK2XP-FLAG
were sufficiently induced by doxycycline treatment. Western blots of show that a significantly
reduced amount of IMP3 co-IPed with RIOK2XP-FLAG compared to RIOK2WT-FLAG.

(B) Diagram of experimental workflow for DSP crosslinking and IPs from GBM39 cells.

(C) GBM39 cells were treated with either DMSO or DSP crosslinker (1mM) for 2 hrs. Western
blot analysis show that GBM39 total cell lysates set aside prior to IPs endogenously expressed
mTOR, RICTOR, IMP3, and RIOK2. Western blots of RIOK?2 IPs from GBM39 cells indicate
enrichment of endogenous mTOR and RICTOR protein in the RIOK2-IMP3 complex as
compared to control non-specific IgG IPs.

(D) GBM39 treated with either DMSO or DSP crosslinker (1 mM) for 2 hrs prior to IPs with
either IMP3 antibody or a non-specific IgG control. Western blots show enrichment of
endogenous mTOR protein in the IMP3-RIOK2 co-IPed complex, as well as phosphorylated
IMP3 (detected with MPM2 antibody).

Data generated by Alexander S. Chen.
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RIOK2 and IMP3 regulate MYC levels in an evolutionarily conserved pathway

IMP family RBPs regulate target mRNA transport, stability, and translation (160).
Previous studies in human cells show that IMP3 regulates several target mRNAs that encode
established gliomagenic oncogenes including IGF2 and MYC (159). Notably, MYC is the
founding member of the MYC family of “super-transcription factors,” so called because they
regulate at least 15% of all known genes, many of which have established functions in a variety
of pro-tumor pathways such as cell proliferation, cell growth, metabolism, ribosome biogenesis,
and stem cell self-renewal (178, 180). Recent studies in Drosophila have identified that in
neurogenesis, Imp upregulates dMyc protein levels by increasing dMyc mRNA stability, which
in turn leads to increased proliferation and size of Drosophila neural stem cells, known as
neuroblasts (251). Moreover, studies in human leukemia cells have shown that IMP3 binds to the
3> UTR of MYC mRNA, and deletions in the RNA-binding domain of IMP3 prevented binding
of IMP3 to MYC and in turn, reduced MYC mRNA stability (177). Together, these studies make
a compelling case that IMP3 regulates MYC mRNA levels. However, no previous studies have
connected RIOK?2 to regulation of IMP3 or MYC.

Using our Drosophila GBM model, we tested whether dRIOK2 and Imp knockdown
affect dMyc protein levels. Using antibodies specific to dMyc protein, our data show that dMyc
protein levels are reduced with glial-specific knockdown of dRIOK2 and Imp in the GBM model
compared to control animals (Figure 3.6A). These results are consistent with a hypothesis that a
dRIOK2-Imp complex may drive glial tumorigenesis by modulating protein levels of dMyc,
which is required for EGFR-PI3K driven glial tumorigenesis (49).

We next wanted to determine if IMP3 and RIOK2 regulate MYC mRNA in human GBM

cells. To determine whether IMP3 binds to MYC mRNA in GBM, we performed RNA-binding
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protein immunoprecipitations (RIP) in GBM stem cells (GBM39), using two separate IMP3
antibodies. Our data show that MYC mRNA is enriched in samples [Ped with IMP3 compared to
non-specific antibody immunoprecipitation (Figure 3.6B), indicating that MYC is a bona fide
target mRNA of IMP3 in GBM cells. To determine if RIOK2 and IMP3 regulate MYC levels in
human GBM cells, we knocked down RIOK?2 and IMP3 in GBM39 and GBM301 cells, and
observed reduced levels of MYC mRNA and protein in these cells (Figure 3.6C and 3.6D, Figure
S3.7A-B), indicating that MY C expression is upregulated by RIOK2 and IMP3. Consistent with
this interpretation, analysis of TAGC data indicate that higher RIOK2 and IMP3 expression
levels are significantly correlated with higher MYC mRNA expression levels, particularly in

tumors that show EGFR gain and amplification (Figure S3.7C-D).
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Figure 3.6. dRIOK2/RIOK2 and Imp/IMP3 modulate dMyc/MYC expression in a
conserved pathway.

(A) 3 um optical projections of brain hemispheres, aged-matched 3™ instar larvae. CD8-GFP
(green) labels glial cell bodies and magenta labels dMyc protein (alone in top panels, merged in
bottom panels). dMyc knockdown was used as a control to determine background in dMyc

antibody stains. dRIOK2 knockdown (repo>dEGFR*;dp110““X;dRIOK24RN4) (Third panel
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from the left) reduced dMyc levels compared to repo>dEGFR*;dp11044X brains (rightmost
panel) and showed similar levels as dMyc knockdown(repo>dEGFR*;dp110“44%;dMyc?RN4)
(second panel of the left). Imp knockdown (repo>dEGFR*;dp 110X, Imp?RN1) (rightmost
panel) reduced dMyc levels compared to repo>dEGFR*;dp 110X brains (leftmost panel) and
showed similar levels as dMyc knockdown (repo>dEGFR*;dp110“44X;dMyc?EN) (second panel
of the left).

(B) IMP3 was IPed with two different antibodies (anti-IMP3 #1 and anti-IMP3 #2) from GBM39
cells. IP with non-specific IgG was used as a negative control. Co-IPed IMP3-bound mRNAs
were extracted and cDNAs were generated. cDNA was PCRed with primers against MYC, and
DNA gel electrophoresis showed specific MYC PCR products, indicating that MYC mRNA was
bound to IMP3 in GBM cells expressing RIOK2.

(C) RIOK2 or IMP3 knockdown was performed in GBM39 cells using verified lentiviral
shRNAs. GBM cells were treated with 20 uM zVAD to prevent apoptosis. Cells were harvested
96 hrs after infection. GBM39 cells with RIOK?2 and IMP3 knockdown showed reduced
expression of endogenous MYC mRNA, as measured by qPCR, and MYC protein, as measured
by western blot, compared to control cells infected with GFP shRNA. Two replicates were used
per conditions. Statistics generated using unpaired two-tailed Student TTESTS, **p<0.01.

Data generated in (A, B) by Alexander S. Chen and in (C) by Se-Yeong Oh.
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Collectively, our data reveal a novel mechanism in which RIOK2 recruits TORC2 and
IMP3 in a complex, where mTOR phosphorylates IMP3, and together, drive GBM tumorigenesis

by modulating MYC levels (Figure 3.7).
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Figure 3.7. A model for the role of the RIOK2-IMP3-TORC2 complex in regulating MYC

expression to promote GBM tumorigenesis.

RIOK2 catalytic activity promotes autophosphorylation to allow for binding to IMP3 and
TORC2. IMP3 is phosphorylated by TORC2 and this complex modulates MYC mRNA to

promote increased levels of MYC protein to promote GBM tumorigenesis.

Diagram generated by Alexander S. Chen.
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3.5 Discussion

EGFR and PI3K are commonly altered in GBM and play key roles in regulating GBM
initiation and progression (194). Utilizing complementary experimental approaches in a
Drosophila GBM model developed by Read et al. and in cell-based models of human GBM (49),
we identified a new pathway in which the atypical serine/threonine kinase, RIOK2, drives GBM
tumorigenesis by forming a complex with the RNA-binding protein, IMP3. The connection
between RIOK2 and IMP3 is novel, and, based on what is known about IMP3, may explain the
tumor cell-type-specific aspects of RIOK2 function.

Previous literature hinted at alternative functions for RIOK2 proteins aside from their
conserved role in ribosome biogenesis: more than half of all Rio2p is not associated with pre-40S
subunits, and, under metabolic stress, cytoplasmic Rio2p localizes to RNA granules (236, 252).
Therefore, we hypothesized that RIOK2 must instead operate through a mechanism outside of
ribosome assembly to promote GBM tumorigenesis. Our data supports a new model whereby
RIOK2 drives GBM tumorigenesis by forming a stable and direct interaction with IMP3, which,
in GBM cells, is part of a larger protein complex that includes TORC2 and likely includes other
RBPs identified in our proteomic analysis of RIOK2 IPs. This concept of RIOK2 and IMP3
operating as part of a larger RBP complex to drive GBM tumorigenesis is consistent with
literature supporting that RBPs act as part of messenger ribonucleoprotein particles that are
regulated by other proteins recruited to regulate the activity of these particles, including kinases
(152, 155, 156). Several of the other RBPs that co-IPed with RIOK?2 and IMP3 bind to different
regions on mRNAs, suggesting that they may associate with each other and RIOK?2 in larger-
scale complexes coordinately bound to target RNAs: for example, ATXN2L/ATXN2 binds to 5’

UTRs in mRNAs and PABPC4 binds to polyA tails (Supplemental Table S3.1).
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RIOK2 has been postulated to be a kinase based on the core sequence similarities
between the RIO domain and other protein kinases, and has been shown to autophosphorylate
itself, although no other substrates have been identified. Our data shows that RIOK2 does not
directly phosphorylate IMP3, but that RIOK2 does autophosphorylate itself, and that in our
Drosophila GBM model and human cell-based models, RIOK2 catalytic function is necessary
for proliferation of tumorous glia cells. Our previously published findings in patient-derived
GBM stem cells using RIOK2 RNAI or overexpression of dominant negative catalytically
inactive RIOK2 (RIOK2KP) reveal that RIOK2 catalytic activity is required for TORC2
activation (50). Here, our IP experiments in GBM cell culture show that RIOK2 catalytic activity
is required for binding formation of the RIOK2-IMP3-TORC2 complex. Therefore, we propose a
model by which RIOK2 catalytic activation and autophosphorylation results in a conformational
change to allow for the recruitment of IMP3 and TORC2, which in turn, allows mTOR to
phosphorylate IMP3, which is consistent with previous studies that have shown, as part of the
TORC2 complex, mTOR directly phosphorylates IMP3 to regulate translation of /GF2 mRNA
(173). It is possible that RIOK2 and IMP3 may also promote GBM tumorigenesis through
modulating TORC?2 activity towards other RBPs and RNAs, although additional experiments
will need to be performed to determine the mechanisms whereby RIOK2, IMP3, and TOCR2
interact with each other and larger RNA particles as well as the functional impact of those
interactions on target mRNAs.

Furthermore, our Drosophila GBM model has identified that both dRIOK?2 and the
Drosophila ortholog of IMP3, Imp, modulates dMyc protein levels. MYC is a known target
mRNA of IMP3 (177), and MYC has an established role in modulating GBM tumorigenesis by

regulating downstream effectors involved in ribosome biogenesis, cell proliferation,
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differentiation, survival, and immune surveillance (178, 180). Importantly, our data in patient-
derived GBM stem cells recapitulates key findings in our Drosophila GBM model, indicating
that this pathway is implicated in the human disease. Our data in GBM stem cells show that
similarly to our Drosophila GBM model, RIOK2 and IMP3 co-localize, and that RIOK2
catalytic activity is important in GBM tumorigenesis. Moreover, knockdown experiments in
patient-derived GBM stem cells reveal that both RIOK2 and IMP3 knockdown reduces MYC
protein levels, indicating that RIOK2 and IMP3 are important in modulating MY C protein levels.
However, the precise mechanism in which the RIOK2-IMP3-TORC2 complex modulates MYC
target mRNA is currently unknown. Compelling findings by Samuels ef al. show that during
development, Imp, the Drosophila ortholog of IMP3, stabilizes dMyc mRNA to increase dMyc
protein levels and in turn, results in faster division rates by neuroblasts (251). It is possible that
the RIOK2-IMP3, in this context, may operate in a similar fashion to increase MY C protein
levels by increasing the stability of MYC mRNA, and that the activity of IMP3 in this context is
stimulated by TORC2-dependent phosphorylation (173).

Collectively, our data shows a novel pathway in which RIOK2 promotes GBM
tumorigenesis. RIOK2 autophosphorylates to allow for the recruitment of both TORC2 and
IMP3 into the complex. TORC2 then phosphorylates IMP3 which turn increases MY C protein
expression to drive GBM tumorigenesis. While additional experiments need to be conducted in
order to further elucidate the mechanism in which RIOK2-IMP3 promotes GBM tumorigenesis,
our findings have uncovered important aspects of GBM tumor biology. By identifying how
RIOK2 may regulate RNA-binding proteins in GBM tumors, we may better develop more

effective therapeutic strategies and in turn, improve GBM patient prognosis.
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Figure S3.1. RIOK2 RNAIi induces minor defects in ribosome biogenesis and disrupts
TORC?2 activation.

A) Analytical sucrose density gradient fractionation of GBM301 cells treated with either a
lentiviral control lacZ shRNA or a validated RIOK2 shRNA. Cells were infected with shRNAs,
treated with 20 uM zVAD, and harvested 72 hrs following infection. Western blots of total cell
lysates (right) confirmed RIOK?2 knockdown and equivalent expression levels of ribosomal
proteins between control and RIOK2 knockdown samples. 4 ODs from each lysate were
ultracentrifuged in a sucrose density gradient of 10%-45%, and eluted into several fractions
while a UV lamp was used to detect ribosome subunits. Annotated UV traces show that RIOK?2
knockdown slightly reduced levels of 40S and 60S subunits relative to levels of mature 80S
monosomes.

B) RIOK2 co-fractionates with mTor and Rictor in association with the 40S ribosome subunit in
GBM cells by analytical sucrose density gradient fractionation. RIOK2 knockdown efficiency
confirmed by western blot on total cell lysate, right two lanes. Annotated UV traces for each
sample (9 ODs used for each) is shown above western blot results for concentrated matched
fractions, which show that RIOK2 knockdown induced a slight reduction in levels of 40S and
60S subunits relative to mature 80S monosomes. RIOK2, mTOR, and RICTOR proteins are
enriched in the concentrated fractions collected for the 40S peak, as confirmed by the presence of
the small subunit protein RPS3. RIOK2 knockdown inhibited mTOR-RICTOR co-fractionation
with the 40S ribosome subunit. IMP3 also co-fractionated with mature and immature ribosomes.
These results may indicate either direct association or independent co-fractionation of RIOK2-
IMP3-mTOR-RICTOR complexes with ribosome subunits.

Data generated in (A, B) by Jhomar Marquez and Renee D. Read.



>

T 80S
8
g a0s 908
Kol
o
]
©
> o
=]
sucrose concentration (10-45%) —p
T 80S
N
g s0s 608 ’;1
‘5’ N ’A [
2 /Y [\ /|
> [\ / WA NN oo
I U \ no\ N
N/ '\\/{\J

sucrose concentration (10-45%) —»

UV absorbance —p

UV absorbance —p

130

- vector control
- RIOK2WT-FLAG
— RIOK2KXP-FLAG

80S

aos 608

sucrose concentration (10-45%) —p

control
RIOK2WT-FLAG
RIOK2KP-FLAG

empty vector

<“RIOK2

Actin

U87 cells (ZVAD)

sucrose concentration (10-45%) —»

Figure S3.2. Overexpressed catalytically inactive RIOK?2 does not induce defects in

ribosome biogenesis.

A) Analytical sucrose density gradient fractionation of from U887 GBM cells overexpressing

either empty vector control, FLAG-tagged wild-type RIOK2 (RIOK2VI-FLAG), or FLAG-

tagged catalytically inactive RIOK2 (RIOK2XP-FLAG). RIOK2 constructs were induced for 48

hr by doxycycline prior to harvesting cells. RIOK2-FLAG induction efficiency confirmed by

western blot on total cell lysate (arrow indicates higher molecular weight epitope-tagged
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RIOK?2).10 ODs from each lysate were ultracentrifuged in a sucrose density gradient of 10%-
45%, and eluted into several fractions while a UV lamp was used to detect ribosome subunits.
Annotated UV traces show that compared to empty vector control U87 cells (black trace),
RIOK2XP-FLAG overexpression did not affect levels of 40S and 60S subunits relative to levels
of mature 80S monosomes in U87 cells (magenta trace), whereas RIOK2VT-FLAG
overexpression slightly increased levels of 40S and 60S subunits relative to levels of mature 80S
monosomes in U87 cells (blue trace). Bottom right shows all UV traces overlaid normalized to
80S peak height.

Data generated in (A) by Alexander S. Chen and Renee D. Read with technical assistance from

Coston Rowe.
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Figure S3.3. Drosophila orthologs of RIOK?2 associated RNA-binding proteins are required
for EGFR-PI3K glial neoplasia.

(A) Optical projections of whole brain-nerve cord complexes from 3™ instar larvae
approximately 6 days old. Dorsal view; anterior up. CD8-GFP (green) labels glial cell bodies.
Knockdown of RBPs Atx2 (repo>dEGFR*;dp110°44X: 4tx2%”N1) or Hrb98DE

repo>dEGFR*;dp110“X: Hrb98DE%RN1) decreased brain overgrowth relative to
74 /4
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repo>dEGFR*;dp1104¥. Glia-specific knockdown of Atx2 (repo>Atx24rN) or Hrb98DE
(repo>Hrb98DE*RN1) induced no obvious defects as compared to wild-type control brains.
(B-G) 3 um optical projections of brain hemispheres, aged-matched 3™ instar larvae. Frontal
sections, midway through brains. Anterior up; midline to the left. Repo (magenta) labels glial
cell nuclei; CD8-GFP (green) labels glial cell bodies; anti-HRP (blue) counterstains for neurons
and neuropil. Knockdown of RBPs (C) Atx2 (repo>dEGEFR”;dp110“44X; Atx 248N or (D)
Hrb98DE (repo>dEGEFR":dp110“““X; Hrb98DE®®N1) decreased the numbers of neoplastic glia
compared to (B) repo>dEGFR*;dp110“44¥. Glia-specific knockdown of (F) Atx2
(repo>Atx2%RN1) or (G) Hrb98DE (repo>Hrb98DERN1) induced no drastic differences in glial
cell numbers or morphology as compared to (E) wild-type animals.

Data generated by Alexander S. Chen and Riley Gulbronson.
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Figure S3.4. Imp and dRIOK2 knockdown in wild-type background produced no gross
morphological defects in Drosophila glia.

(A) Optical projections of whole brain-nerve cord complexes from 3™ instar larvae
approximately 6 days old. Dorsal view; anterior up. CD8-GFP (green) labels glial cell bodies.
Imp (repo>Imp®r¥) or dRIOK?2 (repo>dRIOK2%"N*) knockdown induced no drastic
morphological differences in glia compared to wild-type control animals.

(B-D) 3 um optical projections of brain hemispheres, aged-matched 3™ instar larvae. Frontal
sections, midway through brains. Anterior up; midline to the left. Repo (magenta) labels glial
cell nuclei; CD8-GFP (green) labels glial cell bodies; anti-HRP (blue) counterstains for neurons

and neuropil. Compared to (A) wild-type animals, neither (B) mp knockdown (repo>Imp®tN4)
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nor (D) dRIOK2 knockdown (repo>dRIOK2%®N) showed drastic defects in glial cell numbers
or morphology.

Data generated by Alexander S. Chen and Riley Gulbronson.
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Figure S3.5. dRIOK2 or kinase-dead dRIOK2 overexpression induced no gross
development or morphological defects in Drosophila glia.

(A) Optical projections of whole brain-nerve cord complexes from 3™ instar larvae
approximately 6 days old. Dorsal view; anterior up. CD8-GFP (green) labels glial cell bodies.
Overexpression of either wild-type dRIOK2 (repo>dRIOK2"T) or kinase-dead dRIOK2
(repo>dRIOK2XP) induced no drastic morphological differences in the brain compared to wild-
type control animals.

(B-D) 3 um optical projections of brain hemispheres, aged-matched 3™ instar larvae. Frontal
sections, midway through brains. Anterior up; midline to the left. Repo (magenta) labels glial
cell nuclei; CD8-GFP (green) labels glial cell bodies; anti-HRP (blue) counterstains for neurons
and neuropil. Compared to wild-type animals (A), (B) overexpression of wild-type dRIOK2
(repo>dRIOK2"T) or overexpression of kinase-dead dRIOK2 (repo>dRIOK2%P) produced no

drastic morphological differences compared to wild-type animals showed drastically different
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brain morphology.

Data generated by Alexander S. Chen and Emily Legan.
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Figure S3.6: RIOK?2 autophosphorylates itself but does not directly phosphorylate IMP3.
(A) Phospho-image of in vitro kinase assay using purified recombinant RIOK2 protein and
radiolabeled ATP show that RIOK2 is autophosphorylated.

(B) Representative image of RIOK?2 phospho-sites identified using phospho-proteomics.

(C) Phospho-image of in vitro kinase assay using purified recombinant RIOK?2 and/or IMP3
protein and radiolabeled ATP show that RIOK2 is autophosphorylated, but does not directly
phosphorylated IMP3.

(D) Phospho-peptide profiling of endogenous IMP3. RIOK2 knockdown was performed in

GBM39 cells using verified lentiviral ShRNAs. GBM cells were treated with 20 uM zVAD to



138

prevent apoptosis. Cells were harvested 72 hrs after infection, and IMP3 was [Ped. RIOK2
knockdown was verified by western blot. GBM39 cells with RIOK2 knockdown showed reduced
IMP3 phosphorylation on Ser184 and Ser528 (magenta) compared to IMP3 from control cells.
Data generated by Alexander S. Chen with technical assistance from the Taplin Biological Mass

Spectrometry Facility.
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Figure S3.7: RIOK2 and IMP3 modulate MYC expression in GBM cells in a conserved
pathway.

RIOK?2 or IMP3 knockdown was performed in GBM 301cells using verified lentiviral ShRNAs.
GBM301 cells were treated with 20 uM zVAD to prevent apoptosis. GBM301 cells with RIOK2
and IMP3 knockdown showed reduced expression of endogenous MYC mRNA, as measured by
qPCR, and MYC protein, as measured by western blot, compared to control cells infected with
GFP shRNA. The samples shown in this figure were harvested 72 hrs after infection, although by
96 hrs after infection we observed a stronger effect on MYC protein levels as shown in Figure
6C, suggesting that MYC levels drop following a prolonged reduction of IMP3 protein. Two
replicates were used per condition. Statistics generated using unpaired two-tailed Student
TTESTS, **p<0.01.

(C, D) Analysis of TCGA glioma tumor profiling data show significant correlation between
increased expression of both RIOK2 and IMP3 mRNA and MYC mRNA expression across all
TCGA glioma grades (C). Increased expression of /MP3 and MYC mRNA are significantly
correlated with each other and significantly increased in grade IV gliomas with EGFR gain and
amplification compared to tumors diploid for EGFR (D).

Data generated by in (A, B) by Alexander S. Chen, Se-Yeong Oh, and Nathaniel H. Boyd, and in

(C-D) by Nathaniel H. Boyd.
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Figure S3.8: RIOK2-IMP3 complexes include other RNA-binding proteins and rely on the
presence of RNA.

A). GBM39 treated with either DMSO or DSP crosslinker (1 mM) for 2 hrs prior to IPs with
either a RIOK2 antibody or a non-specific IgG control. Western blots show enrichment of
endogenous ATXN?2 protein in the RIOK2 IP samples treated with DSP.

B). GBM39 treated with RNAse A (100pg/ml) prior to IPs with either a RIOK2 antibody or a
non-specific IgG control. Western blots show decrease levels of IMP3 protein when in the
sample treated with RNase A.

Data generated by Alexander S. Chen.
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Table S1:Proteomic approach to identify endogenous RIOK2 binding proteins

us7 GBM301
Non-Specific IgG IP RIOK2 IP Non-Specific IgG IP RIOK2 IP
Spectral| Unique [Spectrall Unique | Spectral | Unique | Spectral Unique

GENE IFLY Homolog Counts | Peptide |Counts | Peptide Counts | Peptide | Counts Peptide
L TV1 CG7686 0 0 21 13 0 0 23 14
INOB1 CG2972 0 0 12 9 2 2 10 8
PNO1 ethal (1) GO004 0 0 18 7 2 2 18 10
G3BP2 rasputin 0 0 8 6 4 2 13 8
/LF3 Zn72D 0 0 13 11 17 12 29 22
IRIOK2 IRIOK2 0 0 22 11 0 0 14 12
MP3 Imp 0 0 8 6 0 0 5 3
BYSL bys 0 0 17 12 2 2 18 11
TSR1 CG7338 0 0 30 22 0 0 28 19
SEC23IP IPAPLA1 1 1 17 12 1 1 5 5
GIGYF2 CG11148 1 1 9 5 1 1 14 12
G3BP1 rasputin 4 4 27 13 7 7 3 1
PABPC4 Abp 6 1 28 8 10 8 17 6
ATXN2L Atx2 2 1 8 6 4 3 10 8
RRBP1 alt 5 4 19 1 28 28 57 47
IDDX1 IDdx 1 8 6 26 12 7 6 21 15
[HNRNPUL 1 CG30122 1 1 3 1 13 11 6 4
IDDX5 CG10077 10 4 29 13 7 3 19 9
IHNRNPA3 IHb98DE, Hrb87F 5 4 13 1 11 8 13 11
IDDX17 CG10077 13 7 19 8 7 3 21 12
IHNRNPL lsmooth 4 3 5 5 2 2 6 6

Table S3.1: Proteomic approach to identify endogenous RIOK?2 binding proteins.
Proteomic analysis of IPs from U87-EGFR!!! cells and GBM301 cells performed with antibodies
against endogenous RIOK?2 or a non-specific IgG control. Values are reported in spectral counts
(PSM) or number of unique peptides. Spectral counts are the total number of spectra identified
for a protein and is a relative measurement of the quantity of a given protein, while the number
of unique peptides refers to the number of peptides that matches the protein in question. Names
of the human genes are given along with the name of the associated fly homolog.

Data generated by Alexander S. Chen with technical assistance from Duc Duong.
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Table S2: RNAi screen of Drosophila orthologs for RIOK2 binding proteins

Stock ID CG Number Gene Name dEGFRA;dp110CAAX wild-type
Number Phenotype Phenotype

v49919 CG18212 alt NE NE
v108279 CG18212 alt NE NE
v108843 CG5166 Atx2 NE NE
v34955 CG5166 Atx2 NE NE
v34956 CG5166 Atx2 NE
b36114 CG5166 Atx2 NE
b44012 CG5166 Atx2 SS

b34876 CG1430 bys SS

b29017 CG9054 Ddx1 NE NE
v103365 CG9054 Ddx1 S NE
v29019 CG9054 Ddx1 NE nd
b61289 CG9054 Ddx1 NE NE
b27531 CG9054 Ddx1 NE NE
b55744 CG9054 Ddx1 NE NE
b27484 CG6203 Fmr1 NE nd
b6929 CG6203 Fmr1 NE NE
b6930 CG6203 Fmr1 NE NE
b28896 CG11148 Gyf NE NE
v105985 CG11148 Gyf NE NE
v18158 CG11148 Gyf NE nd
v18159 CG11148 Gyf NE NE
v51759 CG12749 Hrb87F SS SS
b31472 CG12749 Hrb87F NE nd
b31244 CG12749 Hrb87F NE NE
b52937 CG12749 Hrb87F NE NE
v29523 CG9983 Hrb98DE NE SS
b32351 CG9983 Hrb98DE SS SS
b31303 CG9983 Hrb98DE NE NE
v27963 CG7338 Tsr1 SS SS
v27965 CG7338 Tsr1 SS SS
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Table S2: RNAi screen of Drosophila orthologs for RIOK2 binding proteins

Stock ID CG Number Gene Name dEGFRA;dp110CAAX Wild-Type
Number Phenotype Phenotype

v20321 CG1691 Imp NE nd

v20322 CG1691 Imp SS NE
b34977 CG1691 Imp SS NE
b55645 CG1691 Imp NE NE
v16289 CG11738 1(1)G0004 SS NE
v33649 CG7686 LTV1 NE NE
v33650 CG7686 LTV1 SS SS
v62514 CG7686 LTV1 SS nd

v22007 CG5119 pAbp NE SS
b36127 CG5119 pAbp NE nd

b28821 CG5119 pAbp NE nd

b53247 CG5119 pAbp NE nd

v35956 CG8552 PAPLA1 NE NE
v35957 CG8552 PAPLA1 NE NE
v108121 CG8552 PAPLA1 NE NE
b63605 CG8552 PAPLA1 NE NE
b44638 CG8552 PAPLA1 NE NE
v29113 CG9412 rin NE SS
v109911 CG9412 rin S NE
b33392 CG9412 rin NE nd

b57694 CG9412 rin NE NE
b9303 CG9412 rin NE NE
v108351 CG9218 Sm NE NE
b32669 CG5215 Zn72D NE nd

v104991 CG2972 SS NE
v48771 CG2972 SS nd

v106984 CG30122 NE NE
b55209 CG30122 NE NE
b32388 CG10077 NE nd
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Table S3.2. RNAIi screen of Drosophila orthologs for RIOK2 binding proteins.
UAS-dsRNA stocks were obtained for Drosophila orthologs of RIOK?2 binding proteins and
tested to determine the effects of RNAi knockdown of their target genes on neoplastic glia using
the repo>dEGFR*;dp 11044 GBM model and, for comparison, on wild-type glia using repo-
Gal4. Not all UAS-dsRNA stocks tested have been validated for their RNAi efficacy. VDRC
stock ID numbers prefaced with a “v,” Bloomington stock ID numbers are prefaced by a “b”.
Key to genetics interactions: WS: weak suppressor, S: moderate suppressor, SS: strong
suppressor; NE: no effect indicates that there were no obvious phenotypic differences between
dsRNA and control animals; nd indicates no determined.

Data generated by Alexander S. Chen.
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Table S3: Proteomics approach to identify RIOK2-FLAG binding proteins
Vector Control RIOK2WT FLAG IP RIOK2KD FLAG IP
Spectral Unique Spectral Unique Spectral Unique
Human Gene Counts Peptide Counts Peptide Counts Peptide
LTV1 0 0 8 6 11 7
NOB1 0 0 7 4 8 7
PNO1 1 1 11 5 12 7
G3BP2 4 3 6 4 6 5
ILF3 4 4 5 3 11 5
RIOK2 0 0 78 23 78 23
IMP3 2 2 5 2 2 1
BYSL 0 0 4 3 2 2
TSR1 1 1 18 11 6 6
SEC23IP 3 3 5 5 8 5
GIGYF2 2 2 3 3 2 2
G3BP1 11 7 14 8 17 9
PABPC4 9 2 11 1 15 4
ATXN2L 5 4 7 5 10 9
RRBP1 8 7 13 1 14 1
DDX1 8 6 11 5 15 9
HNRNPUL1 1 1 5 3 4 4
DDX5 23 14 38 17 29 16
HNRNPA3 13 9 17 1 7 6
DDX17 9 6 21 9 17 7
HNRNPL 9 8 11 8 17 11

Table S3.3. IMP3 does not strongly co-immunoprecipitate with catalytically inactive
RIOK2.

Proteomic analysis of RIOK2WT-FLAG or catalytically inactive RIOK2XP-FLAG, both with an
N-terminal FLAG epitope tag, and empty vector control cells. RIOK2-FLAG constructs were
overexpressed using doxycycline inducible vectors. Cells were treated with 8 pg/ml of
doxycycline and incubated for 72 hrs and then lysed under hypotonic conditions. Using M2
antibodies to the FLAG epitope tag, I[Ps were performed on total cell lysates from all three
samples, and subjected to proteomic analysis. Values are reported in spectral counts (PSM) and
number of unique peptides. Spectral counts are the total number of spectra identified for a
protein and is a relative measurement of the quantity of a given protein, while the number of
unique peptides refers to the number of peptides that matches the protein in question.

Data generated by Alexander S. Chen with technical assistance from Duc Duong.
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Chapter 4. Discussion

Glioblastoma multiforme (GBM) continues to pose a considerable challenge, as the most
common primary malignant adult brain tumor with a relatively poor patient overall survival of
approximately 14.6 months (1). Due to the highly invasive, heterogeneous, and infiltrative nature
of these tumors, there has been marginal progress in the development of treatment strategies that
extend survival (2, 3). Efforts to genomically characterize this disease have identified a number
of genes that are frequently altered in GBM, such as genes in the EGFR and PI3K signaling axes.
However, efforts to therapeutically target these pathways have been largely unsuccessful in
improving patient outcomes (7, 8, 27-30). Therefore, there has been a concerted effort to better
understand the underlying tumor biology of GBM, focusing on frequently altered signaling
transduction pathways implicated in disease progression, and how downstream effectors of these
pathways contribute to the overall morbidity of this disease.

Given the high prevalence of genomic mutations and overexpression of RTKs, such as
EGFR, and of activating mutations in PI3K signaling pathway components (7), investigation of
how these signaling pathways rely on aberrant activation of novel downstream effectors has been
the primary focus of my dissertation. The development of a Drosophila GBM model with glial-
specific activation of EGFR and PI3K by Dr. Renee D. Read (49) and recent advancements in
cell culture-based approaches that more closely model essential GBM tumor biology (109), have
positioned our laboratory to be uniquely suited for mechanistic studies of how the EGFR and
PI3K downstream pathways coordinately drive GBM tumorigenesis. My research focuses on two
novel kinases, which were first identified in a kinome-wide screen performed using the
Drosophila GBM model (50), that function downstream of EGFR-PI3K signaling to drive GBM

tumorigenesis through two novel and disparate mechanisms. My second chapter focuses on
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investigating the mechanisms by which STK17A/Drak operates downstream of EGFR-PI3K
signaling pathways in order to phosphorylate Sqh/MRLC, which in turn activates the Anillin
adaptor protein to coordinately regulate cytokinesis to promote GBM tumorigenesis. My third
chapter focuses on exploring how RIOK2 forms a complex with RNA-binding protein, IMP3,
and TORC2 to modulate MYC protein levels to drive GBM tumorigenesis. Collectively, my
dissertation adds to our overall understanding of how EGFR-PI3K pathways activates two novel
kinases, STK17A and RIOK2, to promote GBM tumorigenesis through disparate mechanisms.
By understanding how STK17A/Drak and the RIOK2-IMP3-TORC2 complex specifically
contribute to GBM tumor biology, we may be able to design more effective targeted therapies

against these kinases and improve patient treatment strategies.

4.1 Drak/STK17A in EGFR driven gliomagenesis

In the second chapter, I outline a novel function where STK17A/Drak drives GBM
tumorigenesis by regulating cytokinesis. Cytokinesis has long been an interest in the context of
GBM tumorigenesis. Disruption of this mechanism can have a number of functional
consequences ranging from unequal distribution of genetic material to uncontrolled cellular
proliferation and growth. Both of which are conducive to glial neoplasia. To assess the
mechanisms in which Drak promotes tumorigenesis, I utilized our Drosophila GBM model
system to discover that Drak, the Drosophila ortholog of STK17A, specifically drives glial
tumorigenesis downstream of EGFR-PI3K signaling in a kinase-dependent manner. Furthermore,
the use of our Drosophila GBM model has identified known downstream effectors of Drak, such
as Sgh and Anillin, and both of these effectors have a prominent influence on GBM

tumorigenesis. Interestingly, I observed that Drak, activated Sqh, and Anillin all co-localized to
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the cleavage furrow of mitotic glial cells, suggesting that Drak, Sqh, and Anillin may play a key
role in cytokinesis to promote GBM tumorigenesis. Importantly, these results were recapitulated
in human GBM cells, suggesting that this pathway is evolutionarily conserved. Collectively,
these results identify a novel mechanism in which GBM tumor cells hi-jack cytokinesis in order
to promote uncontrolled cellular proliferation and growth. In the developing fly, studies show
that Drak/Sqh/Anillin regulates the actin cytoskeleton (129-132). Our data in human GBM
models reveal that GBM can adopt this essential evolutionarily conserved developmental
pathway, resulting in uncontrolled tumor cell proliferation.

While our studies on STK17A/Drak have made major contributions to our understanding
of GBM tumor biology, there still remains a number of questions regarding how STK17A
regulates cytokinesis. While our data shows that STK17A/Drak, MRLC/Sqgh, and Anillin co-
localize to the cleavage furrow of mitotic glial cells, the precise manner in which these members
contribute to the formation of the cleavage furrow is currently unknown. In the future, we can
use live-imaging approaches of fluorescently labeled actin subunits to address how
STK17A/Drak defects may influence cytoskeletal remodeling at the cleavage furrow and
whether these defects directly influence the proliferation of neoplastic glia.

Furthermore, while our studies show that STK17A promotes GBM tumorigenesis by
phosphorylating MRLC, the precise nonmuscle myosin type Il isoform that contributes to glial
cell proliferation is currently unknown. Studies show that NMII isoform C may regulate
cytokinesis and is expressed in GBM (219). In order to determine whether the STK17A pathway
regulates NMIIC, we can perform immunoprecipitations to validate whether NMIIC found in the
complex. While questions remain regarding how precisely the Drak/STK17A, Sqgh/MRLC,

Anillin complex regulates the cytoskeletal remodeling necessary for cytokinesis, our findings
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have made major contributions to the understanding of basic tumor GBM biology. By better
understanding how protein kinases contribute to the formation of the cleavage furrow, a crucial
step in mitosis, we can better understand how cancer cells proliferate and in turn, potentially

develop more effective targeted therapies to treat GBM tumor patients.

4.2 RIOK2 and IMP3 in gliomagenesis

The mechanism in which oncogenic mRNAs are regulated is a growing area of research
in the field of GBM tumor biology. In the third chapter, I identified how the RIOK2-IMP3-
TORC?2 complex contributes to GBM tumorigenesis by modulating MYC protein expression.
What is fascinating about this project is that it demonstrates how proteins operating in the
context of a larger protein complex may convey functions outside of their typically understood
role. RIOK2 is typically understood to have a role in the maturation of the 40S ribosomal subunit
(141, 144), although our results indicated that ribosome biogenesis is largely unaffected when
RIOK2 overexpression is blocked by RNAI. Instead, our data demonstrates that, in GBM cells,
RIOK2 is part of a complex with IMP3 and the TORC2 complex, and that these proteins forms a
complex distinct from the 40S ribosome subunit and the RIOK2-associated ribosome assembly
factors, such as NOB1. Our laboratory identified Imp, the Drosophila ortholog of IMP3, through
an unbiased screening approach using our Drosophila GBM model, as an important effector
downstream of dRIOK2 in promoting GBM tumorigenesis. The identification of Imp is
interesting given its previously described role as a biomarker in predicting poor patient prognosis
(174). Our data in human GBM cells show that RIOK2 form a complex with IMP3 and TORC2,
and that RIOK2 catalytic activity is important for the formation of this complex. Additionally,

data in both our Drosophila GBM model and human GBM stem cells show that dARIOK2/RIOK?2
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and Imp/IMP3 knockdown reduce levels of MYC protein, indicating that the dRIOK2/RIOK2-
Imp/IMP3-TORC2 complex drives GBM tumorigenesis by modulating levels of dMyc/MYC
protein.

Our data elucidate how RNA-binding proteins are involved in promoting GBM
tumorigenesis. IMP3 is typically understood to be an oncofetal protein and is highly expressed
early in development and is only expressed in certain tissues late in development. As such, IMP3
promotes the translation, transport, and stability of target mRNAs involved in essential biological
processes vital during early development like migration and cellular growth and proliferation.
Our data demonstrates that aberrant activation of EGFR-PI3K signaling in GBM can hi-jack this
essential developmental pathway. By operating as a part of a larger complex with IMP3 and
TORC2, it is possible that RIOK2 can then quickly modulate the activity of oncogenic target
mRNAs through a variety of mechanisms including promoting their stability and/or translation.
By regulating a known IMP3 target mRNAs that encode oncogenes, such as MYC and CYCLIN
D1, the RIOK2-IMP3-TORC2 complex can promote uncontrolled glial cell growth and
proliferation, resulting in GBM tumorigenesis. By understanding how the RIOK2-IMP3 complex
contributes to glial cell proliferation in a tumor-specific manner, we can identify new pathways
that may serve as more effective therapeutic targets to combat GBM disease progression.

In terms of our understanding of the RIOK2-IMP3 pathway there are a number of aspects
relating to the mechanism that are currently unknown. While our data conveys compelling
evidence that RIOK2-IMP3-TORC2 complex modulates MYC protein levels, the precise manner
in which this complex regulates MYC mRNA remains to be determined. Recent data in
Drosophila show that Imp regulates dMyc mRNA stability during development (251). It is

possible that in GBM, IMP3, the human ortholog of Imp, may also regulate MYC mRNA
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stability in this context. In order to address this issue, we can perform actinomycin D mRNA
stability assays. Actinomycin D inhibits transcription by intercalating into DNA, and prevents
the unwinding of the DNA double-helix, thus, inhibiting DNA-dependent RNA-polymerase
activity. By knocking down either RIOK2 or IMP3 in GBM stem cells, we can observe whether
reduction of RIOK2 or IMP3 protein levels has any effect on MYC mRNA half-life. I[f MYC
mRNA half-life is reduced, then RIOK2 and IMP3 have a role in promoting MYC mRNA
stability.

While I identified mTOR as a component in the RIOK2-IMP3 complex, it is unclear how
mTOR regulates IMP3 activity. Does inhibiting mTOR from binding to the complex impact
IMP3 activity, and does mTOR directly phosphorylate IMP3 in this context? Ideally, we can use
a number of previously described experimental approaches to address these questions. In order to
address whether mTOR inhibition may influence IMP3 activity, we can treat GBM stem cells
with a mTOR inhibitor such as rapamycin and observe whether mTOR inhibition prevents IMP3
binding to the complex via immunoprecipitation experiments. In order to address whether mTOR
directly phosphorylates IMP3, we can utilize our previously described in vitro kinase assay.

Finally, while we identified MYC as a potential target mRNA of the RIOK2-IMP3
complex, given recent developments in RNA-sequencing technology, we are uniquely suited to
identify novel mRNA targets of the RIOK2-IMP3 complex. IMP3 can regulate hundreds of
different target mRNAs (159). It will be interesting to observe using RNA-sequencing
technologies how knocking down RIOK?2 may influence which target mRNAs are bound to

IMP3.
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4.3 Conclusions

Collectively, these studies on both STK17A/Drak and RIOK2 further emphasizes the
importance of Drosophila melanogaster as a model organism to study essential GBM tumor
biology. Using the Drosophila GBM model, I identified two novel protein kinases, and how they
regulate two disparate mechanisms to promote GBM tumorigenesis. Moreover, key findings
uncovered in our Drosophila GBM model were recapitulated in human GBM using cell-based
approaches, human tissue microarrays, and TCGA data sets. These results indicate that
Drosophila melanogaster can successfully model the human GBM disease. By identifying novel
pathways quickly and efficiently in Drosophila and then translating these findings into human
models, we can more quickly develop targeted therapies against novel pathways that promote
GBM tumorigenesis and in turn, improve patient prognosis.

Going forward, the well-documented advantages of Drosophila models will be crucial for
investigating many emerging areas in glioma biology. Due to the ease of genetic manipulation
and the availability of powerful imaging modalities, Drosophila models are well suited to study
tumor microenvironments, where a complex network of different cell types operate within
distinct microenvironments that, through local and systemic cues, regulate normal and tumor
stem/progenitor cell proliferation and differentiation (253). Studies show that /DH /2 mutations
are a powerful predictor of GBM patient outcomes (2), and by manipulating Drosophila 1dh, the
ortholog of human IDH1/2, researchers may better understand how /DH /2 mutations contribute
to glial tumorigenicity (254). Moreover, many human epigenetic regulators were first discovered
in Drosophila and have functional orthologs in Drosophila, such that Drosophila models could
be effective for determining how mutations in epigenetic regulators, such as 7ET2, promote

GBM tumorigenesis (255-257). Drosophila models may also be effective tools to test complex,
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multi-targeted combinations of pharmacological agents in order to discover effective
combinations that can be translated to treat human GBM patients (258). Of note, while
Drosophila lack an adaptive immune system, they possess a functional innate immune system
where Drosophila glial cell types perform microglia-like functions during development and
injury (38). Therefore, Drosophila may be an effective tool to better understand how the innate
immune system responds to GBM tumors.

In the future, Drosophila will likely continue to reveal novel biological pathways and
mechanisms involved in gliomagenesis, and eventually this knowledge may contribute to the

development of effective treatment strategies to improve patient outcomes.
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