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Abstract

Glioblastoma is the most common and most lethal primary brain tumor to affect adults. While
current treatment options provide temporary recourse, the majority of patients experience tumor
recurrence and few survive five years past their initial diagnosis. Recently, tumor microtubes
(TMs) were identified in an in vivo model of glioblastoma. These membrane-bound structures
formed physical connections between tumor cells, over short and long distances, and facilitated
intratumoral communication, invasion, treatment resistance, and post-treatment tumor recovery.
To date, this is the first instance of TMs being reported in glioblastoma. The lack of an in vitro
model for these structures has delayed further characterization of how TMs form between cells,
facilitate intercellular exchange, and how they can be therapeutically targeted to increase treatment
susceptibility. The study presented here is the first instance of TMs characterized in an in vitro
model of primary glioblastoma (PriGO) cells. These TMs recapitulated many of the structural and
functional properties of those observed in vivo, making it a suitable model for further
experimentation. Using this model, Racl, a known orchestrator of cytoskeletal remodeling and
motility, was shown to be integral to establishing a TM network between PriGO cells, as
demonstrated by siRNA-mediated protein knockdowns. PREX1, a GEF necessary for Racl
signaling activity, also played a role in PriGO TM formation as evidenced by CRISPR/Cas9-based
knockouts. Re-introducing a PREX] domain with Rac-GEF activity into cells lacking the protein
led to a functional rescue of TM growth, thus confirming PREX1’s involvement. Characterizing a
cell culture model of glioblastoma TMs is a necessary first step in the study of these structures,

ultimately paving the way for future development of therapies that disrupt this network.
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1. Introduction

1.1. Glioblastoma

1.1.1. Classification

Primary malignant gliomas are a family of tumors named for their de novo growth in the
brain and their histologic and morphologic similarity to normal glial cells (1). The World Health
Organization classifies tumors of the central nervous system on a 4-grade histological scale defined
by increasing degrees of undifferentiation, aggressiveness, and mortality (1,2). On this scale,
glioblastoma is a grade IV glioma and accounts for approximately 80% of glioma cases.
Glioblastoma is also the most common primary brain tumor to affect adults; each year,
approximately 1,000 Canadians are diagnosed with glioblastoma, most commonly at the age of 60
or older (2,3). Clinical signs of glioblastoma include headaches, cognitive difficulties, personality
changes, gait imbalance, focal signs, and seizures (4). Histologically, glioblastoma presents with
dense cellularity, a high mitotic index, extensive vascularity, and tissue necrosis (1). Despite
extensive interventions, 90% of patients experience tumor recurrence within seven months, and
fewer than 5% of patients survive five years after their diagnosis (5).

A defining feature of this disease is its ability to grow rapidly, infiltrate tissue, and
disseminate across the brain (6). Histological analysis has shown that this predominantly occurs
along existing brain structures, named Scherer’s secondary structures. These include cerebral
blood vessels, white matter tracts, and the subarachnoid space (5). Bradykinin produced by
cerebrovascular endothelial cells is known to act as a chemotactic signaling peptide to
glioblastoma cells, directing their movement towards blood vessels. In mouse models of glioma,
icatibant, a bradykinin receptor inhibitor, has been shown to reduce the percentage of vessel-
adhered glioma cells by 58%, suggesting that targeting the glioblastoma microenvironment could

be one therapeutic option (7). Expansion of the tumor can begin with as little as one cell migrating
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outwards from the tumor bulk; this diffuse invasion of the surrounding brain tissue is often
responsible for incomplete surgical resection and subsequent recurrence of the tumor, typically
within a few centimeters of the original tumor border (8).

1.1.2. Diagnosis and treatment

The current standard of care for glioblastoma is a combination of maximal surgical resection,
radiotherapy, and the chemotherapeutic agent temozolomide (TMZ) (9). TMZ, the major first-line
therapy for patients with this disease, was first used to treat primary brain tumors in 1993 (10).
TMZ’s cytotoxicity comes from its ability to methylate DNA at the N7 and O° positions of guanine,
as well as the N? position of adenine (11). Activation of the DNA repair response occurs but,
unable to find a corresponding base, leaves nicks in the DNA strand (12). These nicks accumulate
and block the cell cycle at the Go-M DNA damage checkpoint, ultimately triggering apoptosis
when cells cannot complete mitosis (13). The enzyme O°-methylguanine-DNA methyltransferase
(MGMT) plays a primary role in TMZ resistance by demethylating O®-methylguanine sites,
effectively reversing the cytotoxic activity of TMZ lesions (14). In line with this, epigenetic
silencing of the MGMT gene, observed in approximately 45% of glioblastoma cases, has been
correlated with responsiveness to therapy (14,15). Indeed, in patients with silenced MGMT, a
significantly longer median survival is observed after treatment with TMZ and radiotherapy
compared to patients receiving only radiotherapy (21.7 months vs. 15.3 months, respectively) (14).

Since the introduction of TMZ, a number of adjuvant therapies have been developed and
reserved for salvage treatment after tumor recurrence. Among these are bevacizumab, a vascular
endothelial growth factor (VEGF)-targeting antibody that inhibits tumor angiogenesis; irinotecan,
a chemotherapeutic agent that has been combined with bevacizumab to extend progression-free

survival; and procarbazine, lomustine, vincristine (PCV), a ternary drug cocktail with a high



toxicity profile and similar mechanism of action to TMZ (1,16—18). Despite the availability of
these therapies, they have done little to extend overall survival for patients with glioblastoma, often
work in a small subset of patients, and come with a host of toxicities and side-effects that reduce
patients’ quality of life both during and after treatment (16). Indeed, the challenge in developing
more targeted therapeutic approaches has been credited to several factors: 1) intratumoral genetic
heterogeneity; 2) tumor dissemination into intricate brain regions, making complete surgical
resection unachievable in most cases; 3) physiological isolation of the tumor due to the blood-
brain barrier; and 4) challenges identifying and targeting self-renewing glioblastoma stem cells
(GSCs) (19,20). Thus, while it is true that clinicians’ therapeutic repertoire has expanded, the lack
of robust and durable treatment options emphasizes the need for a more thorough comprehension
of the disease’s molecular drivers.

1.1.3. Genetics of glioblastoma

Cases of glioblastoma can be divided into clinical and molecular subtypes. Clinical
subdivision distinguishes between primary tumors that typically develop de novo in older patients
with no history of astrocytoma, and secondary tumors that originate from low-grade astrocytoma
tumors and are often seen in younger patients (2,21). Primary and secondary glioblastoma tumors
differ broadly in their genetic make-up. Primary tumors frequently harbor TERT mutations, EGFR
amplification, and loss of PTEN, INK4A and NFI. In contrast, secondary tumors are marked by
TP53 and IDH1/2 mutations, PDGF and FGF amplification, and PTEN and RB loss (21,22).

In 2008, The Cancer Genome Atlas (TCGA) performed an extensive genetic and epigenetic
analysis of over 200 tumors and constructed a molecular classification scheme that divided
glioblastoma into four subtypes based on expression profile clustering (23). Analysis of the

mutations associated with each subtype revealed the following: classical tumors were



characterized by EGFR amplification, lack of TP53 mutation, and CDKN2A deletion; neural
tumors by elevated expression of neuronal markers NEFL, GABRAI, ASCL1, and TCF4; proneural
tumors harbored amplification of the PDGFRA gene, mutations to /DHI and TP53, and increased
expression of several proneural development genes, such as SOX, DCX, DLL3, and TCF4; and
mesenchymal tumors exhibited NF'/ mutation, expression of tumor necrosis factor (TNF) and NF-
kB pathway genes, and mesenchymal marker expression, including MET and CHI3L1 (23,24). A
fifth subtype has been identified since the first molecular classification—the glioma-CpG island
methylator phenotype (G-CIMP)—which refers to tumors with hypermethylation of the MGMT
promoter-associated CpG island (25,26). This subtype makes up a large portion of secondary
tumors and accounts for their increased sensitivity to TMZ treatment (25). The phenotype is also
dependent on the presence of mutations to the isocitrate dehydrogenase 1 (/IDHI) gene (27-29).
The abundance of molecular subtypes clearly showcases glioblastoma’s extensive genetic
heterogeneity, however a number of mutations still prevail across classifications. Among these are
mutations to 7P353, a tumor suppressor protein which responds to DNA damage by activating
cellular stress pathways that halt the cell cycle and induce apoptosis (30). The TP53 pathway is
mutated in approximately 87% of patients, and most often in those with secondary tumors (31).
This predominantly occurs through deletion of the CDKN2A locus (58%), followed by mutation
or deletion of the 7P53 gene (28%) (32). Mutations to the epidermal growth factor receptor
(EGFR) and platelet-derived growth factor receptor (PDGFR)-both members of the receptor
tyrosine kinase (RTK) family of extracellular signaling receptors—are seen in approximately 45%
and 13% of GBM patients, respectively (33). This class of receptors controls the MAPK and PI3K
pathways which are critical mediators of cell survival, proliferation, differentiation, and

angiogenesis (33). Downstream of RTKs, Phosphatase and tensin homologue located on



chromosome TEN (PTEN) downregulates cell cycle progression by reducing intracellular levels
of phosphatidylinositol-3,4,5-trisphosphate (PIP3), thus limiting cell growth and division (30).
80% of patients with glioblastoma have lost one allele of PTEN and the second allele is deleted or
mutated in 40% of cases (34). Conversely, mutations to P/3K, the enzyme responsible for PIP;
production, are observed in approximately 25% of glioblastoma patients and lead to constitutive
signaling of the PI3K pathway (32). Similarly, mutations to the tumor suppressor retinoblastoma
(RB) are seen in 20% of patients with glioblastoma (30). The RB protein is critically involved in
inhibiting progression of the cell cycle by binding to, and inhibiting, members of the E2F family
of transcription factors (30). Signaling mutations can also be used as predictors of survival and
prognosis. For example, deletion of exons 2-7 in the EGFR gene (referred to as EGFRVIII)
correlates strongly with poor prognosis for affected patients (35).

Delineating the genetic and clinical profile of different subtypes has been an important step
forward for glioblastoma research. Identifying unique molecular subtypes that are associated with
different treatment sensitivities and clinical outcomes has laid the groundwork for personalized
approaches to treating glioblastoma in the future.

1.1.4. Primary glioblastoma cultures

The results presented here make use of primary glioblastoma cells that were isolated from
patients undergoing surgical tumor resection at The Ottawa Hospital. Referred to here as PriGO
cells, these cultures were grown in monolayers on laminin-coated plates using serum-free
Neurobasal A (NA) media supplemented with epidermal growth factor (EGF), fibroblast growth
factor 2 (FGF2), B-27 supplement, and N-2 supplement at 37°C in 5% O>. Incubation in 5% O>
supports PriGO cell growth more than atmospheric oxygen levels (~20%), likely due to the

similarity to physiological oxygen levels in the brain (36). In previous studies, glioblastoma cells



that were isolated from patients and grown in similar conditions have been referred to as glioma
stem cells (GSCs) and glioblastoma tumor-initiating-cells (GTICs). These conditions preserve the
genetic and molecular profile of PriGO cells in vitro, as well as their invasive phenotype when
injected as intracranial xenografts into immunocompromised mice (36—38). Primary glioblastoma
cultures have also been shown to express several neural stem cell markers in vitro, including
SOX2, Nanog, Musashi-1, inhibitor of differentiation protein 1 (ID1), Olig2, and nestin, and are
capable of differentiating into neurons, astrocytes, and oligodendrocytes (39—43). A number of
cell surface proteins have been proposed as markers to enrich GSCs from non-stem tumor cells,
including CD133, CD15, CD44, and A2B5 (44-46). However, these markers are reported to
mediate interactions between glioblastoma cells and their microenvironment, thus dissociating
these cells can alter the type and pattern of marker expression.

A number of studies have successfully identified lineage-specific signaling pathways that
direct GSC differentiation. For example, treating GSCs with Wnt3a, an inhibitor of Notch
signaling, has been shown to induce BIII-tubulin® neuronal differentiation (47). This could also be
accomplished by overexpression of the transcription factor ASCLI, which in turn increases
expression of genes such as MYTI, GPR37LI, and HMGA2 (48). Treating GSCs with bone
morphogenic protein 4 (BMP4) has also been shown to direct GFAP' astrocytic lineage
differentiation and reduce tumorigenicity (49). However, many of these cells remain susceptible
to cell cycle re-entry and do not exhibit the appropriate reconfiguration of DNA methylation
patterns (50). Serum-induced differentiation has been associated with the expression or co-
expression of several distinct lineage markers, including GFAP (astrocytic) and TuJ1 (neuronal),
in PriGO cells and other GSC lines (36,39,51). Indeed, culturing glioblastoma cells in serum-

containing media also causes an eventual loss of invasive phenotype, both in vitro and in vivo (52).



1.2. Bridging cells with physical connections
1.2.1. Tunneling nanotubes

Dynamic cell-to-cell connections were first reported in rat pheochromocytoma PC12 cells
(53). These structures were termed tunneling nanotubes (TNTs) for their ability to physically
connect cells over long distances and form open-ended, ‘tunnel-like’ tubes that facilitate the
intercellular exchange of organelles, vesicles, proteins, calcium, miRNA, ATP, and other cargo
(54). They are further distinguished from other cellular extensions by forming above, and being
non-adherent to, the culture plate surface (55,56). In vitro, TNTs are observed to have a diameter
of 20-500nm and extend up to several hundred micrometers in length (57). Since their discovery,
TNTs have been reported in numerous healthy and cancerous cell lines, including NRK cells, B
cells, macrophages, cardiac myocytes, ovarian cancer cells, and mesothelioma cells (58—61). TNTs
have also been seen connecting normal and cancer cells, including ovarian epithelial cells and
ovarian cancer cells, osteoblast cells and osteosarcoma cells, and HeLa cells and fibroblasts
(60,62). The degree of exchange permitted by TNTs has been shown to vary according to the
membrane continuity between cells (63). Open-ended TNTs define those that permit uni- or bi-
directional transfer of cellular cargo, while close-ended TNTs form a junctional boundary between
cells that allows select cargo transfer. For example, TNTs connected by connexin 43-containing

gap junctions are able to exchange calcium ions and other small molecules between cells (63,64).

While the function of TNTs has largely been shown to facilitate positive intercellular
communication, these structures can also be used as a conduit for the transfer of non-beneficial
cargo. TNTs have been observed to allow the transfer of prions (PrP5¢) between infected and
uninfected neuronal CAD cells, as well as between dendritic cells and primary neurons (65). This

may represent a novel route for prions to access the nervous system. TNTs have also been reported
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to transfer the fibrillar protein Tau between neurons, thus possibly contributing to Tau aggregate
pathologies, such as Alzheimer’s disease (66). More recently, TNTs were also implicated in the

transfer of HIV between primary macrophages (64).

Several studies have evaluated the structural properties of TNTs and the signaling pathways
necessary for their growth. TNTs ubiquitously contain F-actin, allowing dynamic cytoskeletal
reorganization, but vary with regards to the presence of microtubules (67). In Raw264.7
macrophage cells, M-Sec was identified as a critical component of TNT formation via its
interaction with RalA and the downstream exocyst complex that initiates cytoskeletal remodeling
(68). Similar work in RAW/LRS macrophage cells demonstrated that both Cdc42 and Racl play
important roles in TNT biogenesis and elongation (55). Inhibiting the function of either protein
significantly reduced the number of TNT-like protrusions observed, and depletion of their
downstream effectors, Arp2/3 and WAVE, similarly impaired the number of TNT connections that
formed between cells (55). Using 3D super-resolution imaging, the same study identified
differential localization of Cdc42 and Racl within TNTs. Specifically, Cdc42 was concentrated at
the structure base while Racl was observed throughout the TNT length, suggesting a differential
role for both proteins in the formation and maintenance of TNTs. In contrast to these findings,
studies performed in CAD cells demonstrate that Cdc42, IRSp53, and VASP all act to stimulate
filopodia growth while simultaneously inhibiting the formation of TNTs (57). The same study
found a reverse role for Eps8, an actin-remodeling protein, which facilitated TNT formation and
reduced filopodia extension. Thus, this demonstrates that the mechanisms involved in TNT growth

can differ depending on the cellular context and warrant cell type-specific characterization.

Previous reports have shown that cells are capable of forming TNTs by two mechanisms,

both of which are supported by time-lapse video recordings (69). According to the cell



dislodgement mechanism, when two cell bodies come into physical contact, they move apart and
retain a TNT between one another. In contrast, the actin-driven protrusion (ADP) mechanism
describes instances where two separate cells extend filopodia-like protrusions that come into
contact with one another and form a TNT bridge (63). Alternatively, TNTs can also form via the
ADP mechanism when one cell extends a protrusion that comes into contact with the cell body of
another cell. One study performed in rat hippocampus astrocytes identified S100A4, an
extracellular signaling molecule, as a necessary cue for the growth of TNTs (70). The S100A4
receptor, Receptor for Advanced Glycation End Product (RAGE), was also required to
successfully form TNTs (70). This suggests that the growth of cellular protrusions preceding TNTs

is a non-random and coordinated process that depends on specific signaling cues and receptors.

1.2.2. Tumor microtubes

Studies of TNTs have mostly been conducted in vitro; however, structures with similar
properties to TNTs were recently characterized in an in vivo model of glioblastoma (71). This
study used patient-derived glioblastoma cells that were transplanted into mouse brains and
followed by in vivo multiphoton laser-scanning microscopy (71). The authors referred to these
physical connections as tumor microtubes (TMs) in light of their thicker diameter and ability to
form ultra-long connections (>500um), persist for long periods of time, and establish a
multicellular functional network. TMs contained actin, B-tubulin, non-muscle myosin IIA, and
mitochondria. Rather than a continuous membrane and cytoplasm, cells were separated by
connexin 43 (Cx43)-containing gap junctions. These gap junctions were important for
bidirectional propagation of intercellular calcium waves and required for long-term stabilization

of TMs, as demonstrated by shRNA-mediated Cx43 knockdown. This further suggests that other



gap junction-permeable molecules, such as ATP and amino acids, may also participate in TM

transfer, but this has yet to be explored.

Formation of TMs required activity of growth associated protein 43 (GAP-43)—a protein that
is highly expressed in axonal growth cones and has a role in neuronal cell migration (71-73).
Knockdown of GAP-43 significantly interfered with TM formation, resulting in shorter and less
branched TMs, and smaller whole-tumor volume. The presence of TMs also correlated with cells’
susceptibility to radiation-induced damage; TM-connected cells were protected from cell death
compared to their non-connected counterparts via their ability to rapidly shuttle calcium ions to
connected cells to prevent calcium-induced apoptosis. Furthermore, when cells were successfully
ablated by laser-induced damaged, they were rapidly replaced by nuclei traveling to the damaged
site via TMs (71). Indeed, the ability of TMs to be used as a conduit for nuclear migration in this

study also implicates these structures in tumor dissemination and network expansion.

1.2.3. Other cellular extensions

TNTs and TMs are two of the numerous cellular extensions that have been characterized in
vitro and in vivo. Included in this list are axons, astrocytic processes, cytonemes, filopodia,
lamellipodia, invadopodia, and others. In many ways, TNTs and TMs are differentiated from these
structures by morphological, functional, and signaling-related characteristics, however some
degree of overlap has also been observed. In an effort to better elucidate the similarities and
differences between these structures, as well as the qualities that uniquely set TNTs and TMs apart,

a comparative table can be found below.
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Identifying

Originall . . . . .
Re (;gr ted i,n Observed In Structural Signaling Origins Functions
P Characteristics
. Rat NRK cells, B cells, ) e - .
Tunneling heochromocytoma macrophages, cardiac Actin-based, connect cells glfél}tzﬁ? i[fc;ﬁc,zgdcﬂ Ei;lslgitz Ellzerzgilllflzr
Nanotubes P myocytes, ovarian cancer | together, and form above s AP, . & ’
cells (PC12 cells) . WAVE, VASP, Eps8 vesicles, proteins, small
(TNTs) cells, mesothelioma, the substrate (54) )
(53) osteosarcoma (58-61) (54,55,57) molecules, ions, etc (63)
Tumor ) ) zgsil;?sﬁdl}lzl}ieiha t form GAP-43; presumably Facilitate bidirectional
. Glioblastoma cells | Glioblastoma cells N i signaling also overlaps exchange of calcium ions
Microtubes in glioblastoma in vivo and | ~ ¢ e i .
71 71 . with TNT signaling between Cx 43-containing
™™ persist for longer than
(TMs) TNTs (71.74) pathways (71) gap junctions (71)
Single axon per neurons; PARs for polarization; Transmit electrical signals
Neuron Neuron. ranges from a single T- Spectrins and Ankyrin B in the form of action
eurons ceurons shape branch to elaborate at AIS; branching guided | potentials towards the
arborization (75) by neurotrophins (76) synapse (77)
extend numerous procesis | Stelaion i promoted by | PR PREE,
Astrocytic Astrocytes Astrocytes to surround neurons, GPCR signaling, cAMPI, | buffering, clearance of
Processes contain intermediate and MLCK activity, lutamate, pH control, etc
inhibited by RhoA (79) & P » S1C.

filaments (78)

(80)

Cytonemes

Drosophila wing
imaginal disc (81)

Drosophila tissues
(82)

Long cellular extensions
that are defined by their
orientation towards the
disc midline where Dpp is
expressed (82)

Require leucine-rich-
GPCRs (Lgr4/5), VASP,
fascin, and myosin-X (83)

Specialized filopodia that
transport signaling proteins
(e.g. morphogens) between
signaling cells (82)

Filopodia

Lamellipodia

(85,87)

Macrophages, Finger-like protrusions that Cd.C4.2 Stimﬁi‘}fgﬁ rflzlzl? l\;lligration, responding tc(;
Metazoa (84) neurons, epithelial form at the leading edge of activity via ; ’ chemoattractants, woun
> cellular extensions (85) via Dia2; IRSp53 acts via | healing, cell-cell adhesion
cells (85) u WAVE2/ENA/VASP (85) | (86)
Cdc42 stimulates Arp2/3 Mieration. nding t
Macrophages, Sheet-like protrusions activity via WASP; chegmoa(t)tr;lcfjﬁ':)s WO%I’I((;
Metazoa (84) neurons, epithelial typically found between cortactin scaffolding; healine. cell-cell ,a dhesion
cells (85) filopodia (85) cofilin, LIMK activity (86) &

Abbreviations: PAR, partition-defective proteins; AIS, axon initial segment; MLCK, myosin light chain kinase; RIF, Rho in filopodia
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Table 1. Comparison of TNTs and TMs to other cellular projections.

TNTs and TMs are presented with five other types of structures that are prominently featured in
literature surrounding cellular extensions. An overview of the cells that have been reported to form
each extension, as well as the extensions’ identifying structural characteristics, signaling origins,
and posited functions are presented as well. The comparison highlights a degree of overlap
between TNTs, TMs, and other structures, but importantly, also sheds light on the unique

characteristics that set TNTs and TMs apart.
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1.3. The PI3K signaling pathway

1.3.1. Overview

The phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) pathway is involved in cell
survival, proliferation, and migration (88). This pathway begins with activation of an upstream
receptor tyrosine kinase (RTK), such as the epidermal growth factor receptor (EGFR) or the
platelet-derived growth factor receptor (PDGFR) (89). Upon ligand binding, the RTK catalyzes
the activation of PI3K, allowing it to relocate to the cell membrane and phosphorylate
phosphatidylinositol-4,5-bisphosphate (PIP2) to form phosphatidylinositol-3,4,5-trisphosphate
(PIP3) (90). PIPs-dependent Rac exchange factor 1 (PREX1) is synergistically activated by binding
of PIP3 and Ggy, a product of G-protein-coupled receptor (GPCR) activation (90). Upon binding
of both activators, PREX1 functions as a Rac guanine exchange factor (Rac-GEF), converting
Racl from its inactive GDP-bound state to its active GTP-bound state (90). Once GTP-bound,
Racl activates a number of downstream effector proteins that promote survival, proliferation,
cytoskeletal reorganization, motility, and migration, as described below (91).

1.3.2. Racl and PREXI

The Ras superfamily is a collection of small GTPase proteins, subdivided into the Ras, Rho,
Rab, Ran, and Arf subfamilies (92). Among the Rho family are RhoA, Cdc42, and Rac which have
significant structural homology, bind some of the same interacting partners, and share related
functions (93). Most notably, Rho family GTPases drive similar aspects of cytoskeletal
reorganization. RhoA promotes the formation of stress fibers, Cdc42 initiates the formation of
finger-like membranous protrusions, termed filopodia, and Rac drives formation of fan-like sheets
that separate filopodia and propel cells forward during migration (94). The Rac subgroup of the

Rho family consists of three isoforms: Racl, Rac2, and Rac3. Only Racl is expressed ubiquitously,
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while Rac2 and Rac3 expression is restricted to hematopoietic cells and neural cells, respectively
(95). Like all GTPases, Racl cycles between GDP- and GTP-bound conformations. When bound
to GTP, Racl is active and capable of interacting with effector proteins to orchestrate pro-survival
and pro-migratory cellular functions (91). GTPase activating proteins (GAPs) accelerate the
hydrolysis of GTP to GDP, thereby limiting the duration of Racl activity and converting Racl to
its inactive state (96). These proteins include SRGAP3, RACGAP1, and ARHGAPI5. In contrast,
guanine exchange factors (GEFs), which include DOCKI1, TIAMI, and PREXI, catalyze the
exchange of GDP for GTP, thus promoting GTPase activity (96).

Phosphatidylinositol-3,4,5-trisphosphate (PIP3)-dependent Rac exchange factor 1 (PREX1)
is a member of the PREX family of Rac guanine exchange factor (Rac-GEF) proteins, which also
encompasses PREX2 and its splice variant, PREX2b (90). The PREXI gene is located on
chromosome 20 (20q13.13) and encodes 40 exons; its protein is 185kDa and is composed of 1,659
amino acids (90). The first domain in the PREX1 protein is a N-terminal Dbl homology (DH)
domain which, in combination with the neighboring pleckstrin homology (PH) domain, enacts the
protein’s Rac-GEF catalytic activity. Following this are two Dishevelled, Egl-10, and Pleckstrin
(DEP) domains and two PDZ protein interaction domains, as well as an inositol polyphosphate 4-
phosphatase domain with no detectable phosphatase activity (90).

PREXT1 was first discovered in neutrophils as a potent activator of Racl in the presence of
PIP; (97). Since then, high levels of PREX1 expression have been detected in macrophages,
platelets, and endothelial cells. Expression of PREX1 has been detected ubiquitously in the brain,
and to a lesser degree in bone marrow, thymus, spleen, lymph node, and lung tissue (90). PREX1
was subsequently shown to be activated synergistically by both PIP3 and Ggy; activation by either

component alone resulted in a one- to two-fold increase in PREX1-induced Racl activity, whereas
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the presence of both activators increased Racl activity 16-fold (97). This is dependent on the DH
and PH domains of Rac1, which bind Ggy and PIP3, respectively (90).

The effect of PREX] deletion has been investigated in PREX]-knockout (PREX1-KO) mice
(98). Mice lived normal life spans and were fertile but weighed approximately 14% less than wild-
type mice. The most evident effect of PREXI-KO was observed in neutrophil responses.
Neutrophils exhibited reduced GPCR-dependent, but not GPCR-independent, reactive oxygen
species (ROS) production. After treating mice with an inflammatory agent, they were unable to
recruit neutrophils to the injured site; however, in transwell and Dunn chamber assays, PREX]-
KO neutrophils migrated as well as their wild-type counterparts (98). Altogether, this suggests that
PREXI1 is a key signaling molecule in the recruitment of neutrophils to sites of inflammation, but
not in the migration of individual neutrophil cells.

1.3.3. PREX]I in healthy cells

As previously described, PREX1 is a GEF that plays an important role in catalyzing the
switch from inactive Racl-GDP to active Racl-GTP. While activation of PREXI itself largely
depends upon PIP; and GPy binding, PREX1 has also been shown to be activated by protein
phosphatase 1o (PP1a) and inhibited by cAMP-dependent protein kinase A (PKA) (99). Once
PREXI is activated and subsequently activates Racl, Racl-GTP can interact with a number of
downstream binding partners that drive cellular migration (91). Importantly, Racl activity has
been shown to exercise GEF-dependent functions—while Tiam1-mediated Racl activation reduces
cell motility, likely through IQGAP1, PREX1-mediated activation exerts the opposite effect (100).
PREX1-Racl-mediated motility has been shown to be regulated by flightless-1 homologue (FLII)
which acts as a scaffold for simultaneous PREX1 and Racl binding and directs Racl activity to

initiate a pro-migratory signaling cascade (100). Among Rac1’s downstream effectors are the p21-
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activated kinases (PAKs), PAK1, PAK2, and PAK3—serine/threonine kinases that phosphorylate
and activate Linl1, Isl-1, Mec-3 kinases (LIMKs) (91). Once activated by PAKs, LIMK1 and
LIMK?2 phosphorylate and inactivate cofilin, a protein that normally depolymerizes actin filaments
(101-103). In addition to reducing actin depolymerization, Racl also activates proteins that
stimulate actin filament extension — in particular, the WASP-family verprolin-homologous protein
(WAVE) family, and Diaphanous-related formins (DRFs) (104). After Racl activation, WAVE2
stimulates activity of the actin-related proteins (ARP) 2/3 complex (91). This complex directly
elongates cytoskeletal filaments by serving as a nucleation site for the assembly of actin monomers
on existing filaments, thus creating branched networks (105). In contrast, the DRF proteins Dial,
Dia2, and Dia3 all incorporate actin monomers onto the ends of cytoskeletal filaments, thus
directly causing non-branching filament growth (104). In keeping with their roles in branched and
unbranched polymerization, the WAVE complex and Dia proteins have been implicated in the
formation of fan-like lamellipodia and protrusive, finger-like filopodia, respectively (104).

1.3.4. PREX]I in cancer

The importance of Racl to the spread of cancer is so robust that several studies have
demonstrated that the metastatic potential of cancer cell lines can be increased and decreased by
overexpression and knockdown of Racl, respectively (106—108). This suggests that altering levels
of PREX1 may similarly mediate glioblastoma motility via reduced activation of Racl.  Several
studies have demonstrated a role for PREX1 and PREX2 in the context of cancer. In melanoma,
PREXI is highly expressed in most primary cell lines and tumor tissue, and knockout of PREX]
has been shown to impair melanoma invasion in vitro (109). Further evidence for this comes from
genetic mouse models of melanoma, where deletion of PREX] restricts tumor metastasis and

spread (109). Breast cancer cell lines and tumors also show evidence for PREX] overexpression
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and ErbB-driven activity (110,111). PREX1 is required for the motility and tumorigenic potential
of breast cancer cells, and knockdown of PREX1 has been shown to reduce tumor invasiveness in
vivo (110). A close relative of PREXI, PREX?2, is mutated in approximately 14% of melanoma
cases (112). In this disease, truncating mutations to PREX2 have been shown to enhance its Rac-
GEF activity and accelerate tumor development (113).

Recently, work from our lab showed that PREX] was overexpressed in patient-derived
glioblastoma cells, patient biopsies, and intracerebral xenografts grown in immunocompromised
mice (37). Gont et al. demonstrated that siRNA-mediated PREX1 knockdown reduced primary
glioblastoma cell motility and invasion in vitro, as measured by videomicroscopy and transwell
invasion assays. Importantly, this behavior was phenocopied by knockdown of Racl, consistent
with both proteins acting to stimulate pro-migratory behavior (37). Tracing this pathway
backwards, inhibition of PI3K and Ggy was reported to similarly impair cell motility.

1.3.5. Study rationale

TMs have been characterized in an in vivo model of glioblastoma but, to date, no in vitro
model of these structures exists for this disease. This limits the pace at which we can study the
structure and function of glioblastoma TMs and how they contribute to supporting tumor growth
and invasion. Thus, we sought to characterize the first in vitro model of TMs using primary
glioblastoma cells. Because these cells recapitulate many of the genetic and histopathological
features of the original tumor, they are an accurate model upon which to base our understanding
of glioblastoma TMs. Developing this model would allow future studies to expand on our findings
and develop strategies to intervene with TM growth and function.

Previous studies have identified Racl activity as a requirement for TNT growth and

extension. Racl, and its GEF, PREX1, have also been shown to contribute to primary glioblastoma
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cell motility and invasion by Gont et al. Considering these findings, and knowing that Racl has
roles in both actin cytoskeleton reorganization and cell motility, it is possible that Racl and PREX1

contribute to TM biogenesis in an in vitro model of glioblastoma.

2. Hypotheses and Aims
2.1. Hypothesis #1
In vitro characterization of PriGO tumor microtubes will identify similar structural and
functional properties to those observed in an in vivo model of glioblastoma.
2.1.1. Aims #1-4
1. Characterize TM morphology, length, and connectivity in PriGO cells.
2. Characterize mechanisms of TM formation in PriGO cells.
3. Assess the structural properties of TMs and TM-TM boundaries.

4. Assess possible functional roles for TMs in intercellular communication.

2.2. Hypothesis #2
Knockout of PREX] in PriGO cells will impair TM formation and growth in vitro.
2.2.1. Aims #5-8
5. Characterize PREXI and Racl expression in PriGO TMs.
6. Assess the effect of PREX1 and Racl knockdown on TM formation.
7. Establish a PREX1-KO PriGO cell line using CRISPR/Cas?9.

8. Characterize the effect of PREXI-KO on PriGO TM formation.
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3. Materials & Methods
3.1. Cell culture

Primary glioblastoma (PriGO) cells were isolated from patients undergoing surgical tumor
resection at The Ottawa Hospital and used throughout this study (36). Four cell lines are referred
to here, derived from four different patients: PriGO7A, PriGO8A, PriGO9A, and PriGO17A. For
the experiments used throughout this study, PriGO cells were between passages 10 and 25. PriGO
cells were grown in monolayers on laminin-coated plates using serum-free Neurobasal A (NA)
media. Media was supplemented with EGF, FGF2, B-27, and N-2 to support cellular growth. Cells
were incubated in 5% Oz and 20% CO; at 37°C. Recordings and measurements described

throughout this study were performed with PriGO cells plated at approximately 60% confluency.

3.2. Immunofluorescence

Prior to immunofluorescence, approximately 300,000 PriGO cells were grown on laminin-
coated cover slips in 6-well dishes for 48 hours. Cells were then treated with 2mL of 4%
paraformaldehyde and incubated at room temperature for 30 minutes. Cells were washed with
phosphate-buffered saline (PBS) and permeated with 0.2% Triton X-100 in PBS for 10 minutes at
room temperature. After washing with PBS, cover slips were blocked with 100ul of 5% normal
goat serum (NGS) in PBS for one hour at room temperature. After removing the 5% NGS/PBS,
cells were stained with 100ul of primary antibody in 5% NGS/PBS for one hour at room
temperature. After washing, cells were stained with 100ul of secondary antibody in 5% NGS/PBS
for one hour at room temperature in the dark. Cover slips were washed and mounted on +/+

microscope slides with 20ul of Prolong Gold + DAPI for visualization of the nucleus. Microscope
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slides were incubated overnight in the dark at room temperature and images were acquired the
following day by epifluorescence and/or confocal microscopy.

The following antibodies were used in the described experiments: PREX1 rabbit monoclonal
at a concentration of 1:400 (Cell Signaling, Danvers, MA, USA), Racl mouse monoclonal at a
concentration of 1:100 (Abcam, Cambridge, MA, USA), non-muscle myosin IIA rabbit polyclonal
at a concentration of 1:500 (Sigma-Aldrich, St. Louis, MO, USA), B-tubulin mouse monoclonal at
a concentration of 1:100 (ThermoFisher Scientific, Rockford, IL, USA), phalloidin at a
concentration of 1:40 (Life Technologies, Burlington, ON, Canada), and Connexin 43 rabbit

polyclonal at a concentration of 1:50 (Invitrogen, Camarillo, CA, USA).

3.3. Confocal microscopy
Confocal microscopy was performed using the Zeiss Laser Scanning Microscope (LSM) 800
with Airyscan. Z-stack images of PriGO cells were acquired using the 63X magnification and Zen

software package.

3.4. Videomicroscopy
Approximately 30,000 PriGO8A cells were plated on laminin-coated Bioptechs delta-T
dishes (Butler, PA, USA) in ImL of complete NA media. Cells were grown for 48 hours to allow
adequate time for TMs to begin forming and videomicroscopy was subsequently performed. For
the duration of video acquisition, cells were maintained in a sealed chamber at 37°C and 5% Oo.
Phase contrast images were taken at 1-2.5 minute intervals for a minimum of 5 hours and a
maximum of 24 hours. Images were acquired with the 10X objective of a Zeiss Axiovert 200M

microscope equipped with an AxioCam HRm CCD camera (Zeiss, Gottingen, Germany). TM
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lengths were quantified manually using Fiji software; an example is shown in Supplementary

Figure 1. TM motility was also quantified using Fiji with the MTrack]J Fiji plugin.

3.5. Transmission Electron Microscopy (TEM)

PriGO8A cells were cultured on a glass light microscope slide and processed in situ. The
slide with monolayer was immersed in 2.5% (sodium cacodylate buffered) glutaraldehyde for one
hour at 4°C, transferred through a 3X rinse in 0.05M Sodium Cacodylate buffered to pH 7.2. Next,
the slide was immersed in 2% Osmium Tetroxide for 1 hour, followed by rinses in water and a
dehydration schedule through graded ethanols (50%, 70% through several changes in absolute
EtOH). After a final dehydration in acetone, several drops of Spurr’s resin were placed on the area
of interest and the slide inverted on a BEEM capsule slightly over-filled with Spurr’s resin,
ensuring contact with resin and the slide surface and placed in a 70°C oven overnight. After
polymerization, the slide with inverted capsule was lightly heated on a hot plate for several seconds
and the block eased off the slide. The block was thin sectioned for electron microscopy and the
sections stained with uranyl acetate followed by lead citrate and screened on a Hitachi H-7100

transmission electron microscope at 75Kv.

3.6. Mitochondria labelling
PriGO8A cells were incubated for 30 minutes with 100nM MitoTracker Red FM diluted in
complete NA media, followed by three washes with PBS and addition of NA media. Mitochondrial
labelling could be detected immediately after incubation and washing by EVOS microscopy or
videomicroscopy and persisted for up to two days. After incubation, labelled cells were passaged

and plated in delta-T dishes with PriGO8A-GFP cells for videomicroscopy.
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3.7. RNA interference

RNA duplexes targeting Racl and PREX1 were purchased from Dharmacon (Lafayette, CO,
USA) and had the following sense strand sequences: siRacla (UAAGGAGAUUGGUGCUGUA),
siRaclb (UAAAGACACGAUCGAGAAA), siPREX1a (GAGAUGAGCUGCCCUGUGA), and
siPREX1b (GAAAGAAGAGUGUCAAAUC). Non-targeting siRNA controls were also
purchased from Dharmacon. To prepare the siRNA complex for transfection, oligofectamine and
Opti-MEM were first mixed at a ratio of 4ul to 11ul, respectively, per well, and incubated at room
temperature for 10 minutes. Separately, siRNA duplexes were mixed with Opti-MEM to a final
volume of 185ul per well. Calculations were performed so that the concentration of siRNA duplex
in the final Iml volume added to each well would be 20nM. 15ul of the oligofectamine and Opti-
MEM mixture prepared previously were mixed with each 185ul siRNA mixture and incubated at
room temperature for 20 minutes. PriGO8A cells were then washed with PBS and 800u1 of Opti-
MEM was added to each well. The 200ul siRNA mixtures were then added drop-wise to their
respective well. Cells were incubated for 4 hours, after which 2ml of complete NA media were
added. Cells were then incubated for 48 hours and then washed and replenished with complete NA
media only. Subsequent experiments assessed the effect of siRNA-mediated knockdown on TM

formation and growth.

3.8. Lentivirus transduction
To induce constitutive GFP or mCherry expression, PriGO8A cells were transduced with
either pLenti-CMV GFP Puro (Addgene Plasmid #17448) or pLV-mCherry (Addgene Plasmid
#36084), respectively. Cells transduced with pLenti-CMV GFP Puro were subsequently incubated

in 0.5ug/ml of puromycin for four days, with antibiotics refreshed every second day, to select for
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PriGOSA cells that expressed GFP. Cells of each population were subsequently co-cultured for 48
hours to allow sufficient time for the formation of TMs and were then recorded by
videomicroscopy to determine whether protein exchange could be detected.

For the lentiviral knockout of GFP, lentiCRISPR EGFP sgRNA (Addgene Plasmid #51764)
was used. This virus contains a puromycin selection cassette and expresses Cas9 protein and an
EGFP-targeting synthetic sgRNA. PriGO8A cells with constitutive GFP expression were cultured
in a 6-well plate and incubated with 1ml of lentiCRISPR EGFP virus for 4 hours, after which 1ml
of complete NA media was added to the solution. 24 hours later, the virus-containing solution was
replaced with 2ml of fresh media. After 24 hours, cells were incubated in 1pg/ml of puromycin to
select for those that were successfully transduced by the lentiCRISPR EGFP virus. Puromycin
selection was continued for four days, and cells were then imaged by EVOS microscopy to assess

changes in GFP expression.

3.9. Transfection

After lentiCRISPR transduction, lipofection-mediated CRISPR/Cas9 was tested. First,
approximately 200,000 PriGO8A cells were plated in each well of a 6-well plate and left to plate
down overnight. These experiments began with two crRNAs targeting PREX] (sequence #1:
TTGCAGAGCTGCATGCTTCT, PAM #1: GGG, located on exon 5 of PREXI; sequence #2:
TATCGCTTCCGCTACGACGA, PAM #2: TGG, located on exon 12 of PREXI; Dharmacon).
Subsequent experiments were performed using the first crRNA that targeted exon 5 because it was
determined to have higher on-target specificity and lower off-target activity by the Deskgen Guide
Picker online tool. To begin preparing the CRISPR complex, 1X siRNA buffer was prepared by

combining 800ul sterile PBS and 200ul 5X siRNA buffer. crRNA:tracrRNA oligos were then
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prepared by mixing 1pul 100uM crRNA, 1ul 100uM tracrRNA, and 98ul 1X siRNA buffer per
well. This solution was heated at 95°C for 5 minutes and then cooled on the benchtop to room
temperature. To produce the ribonucleoprotein (RNP) complex for each well, 50ul 1uM
complexed crRNA:tracrRNA oligos, 20ul 1uM Cas9 nuclease, and 300ul Opti-MEM were all
mixed together. The solution was then incubated at room temperature for 5 minutes. For each well,
Sul lipofectamine and 1625ul Opti-MEM were mixed together and incubated at room temperature
for 5 minutes. The lipofectamine solution was then mixed with 370ul of RNP complex to achieve
a final RNP concentration of 25nM, and the solution was incubated for 20 minutes at room
temperature. 2ml of transfection complexes was added to each well of a 6-well dish. 48 hours later,

DNA was extracted from cells to be assessed for mutations by the T7EI assay (described below).

3.10. CRISPR/Cas9 electroporation

Electroporation-based delivery of CRISPR/Cas9 components was performed and adapted
from IDT DNA Technologies. First, an electroporation enhancer (Alt-R Cas9 Electroporation
Enhancer, IDT DNA Technologies) was prepared to increase the efficiency of electroporation.
1.08ul of 100uM stock electroporation enhancer was combined with 8.92ul of water to form a
10.8uM working solution. For the crRNA:tracrRNA duplex, a crRNA sequence targeting exon 2
of PREX] was used (Dharmacon; sequence: CGTTCTGCCGGATGCGATGC, PAM: AGG). This
was combined with tractRNA-ATTO 550 (IDT DNA Technologies) to a final duplex
concentration of 44uM (e.g. 4.4ul 100uM crRNA, 4.4ul 100uM tracrRNA, 1.2pul water) to form
the complete guide RNA complex. The complex was then heated at 95°C for 5 minutes. To form
the Cas9 solution, for each well, 0.3ul of 61uM Cas9 nuclease stock solution was combined with

0.2ul of Resuspension Buffer R. To form the crRNA:tracrRNA:Cas9 complex, for each well, 0.5l
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of crRNA:tracrRNA complex was combined with 0.5ul of diluted Cas9 nuclease and incubated
for 20 minutes at room temperature. PriGO8A cells, grown to 70-80% confluence, were then
resuspended in Resuspension Buffer R to 500,000 cells per well. For each well, the following
complex was prepared: 1ul crRNA:tractrRNA:Cas9 complex, 9ul cell suspension, and 2ul of
10.8uM electroporation enhancer. To prepare the Neon Transfection System for electroporation,
the Neon Tube was filled with 3ml of Electrolytic Buffer (E Buffer if using a 10ul tip; E2 Buffer
if using a 100ul tip) and inserted into the Neon Pipette Station. A Neon Tip was inserted into the
Neon Pipette and 10ul of the 12pl solution available for each well was drawn into the tip, taking
care to avoid air bubbles. The Neon Pipette and Tip were inserted into the Pipette Station. The
following electroporation parameters were used: 1050V, 30ms, and 2 pulses. After electroporation,
cells were immediately plated on a laminin-coated 6-well plate, incubated in normal PriGO culture
conditions, and ATTO 550 fluorescence was verified 24 hours later by EVOS microscopy. Cells
were passaged once to ensure that they maintained their normal rate of proliferation and, two weeks
after the first round of electroporation, a second round was performed on the same cells with the
same experimental set-up and electroporation parameters. A T7EI assay (described below) was
performed on the twice-electroporated cells to validate the presence of PREX-targeted mutations.
Immunofluorescence was performed to confirm loss of PREX1 protein production. These cells
(hereafter referred to as PREX1-KO PriGOS8A cells) were subsequently carried and characterized

for the motility and TM growth.

3.11. T7 Endonuclease I (T7EI) assay
The T7EI assay was performed after CRISPR/Cas9 to validate the presence of mutations

inserted at the target PREX] site. After performing PCR for the target region, amplified DNA was

25



purified according to the QIAquick PCR Purification Kit handbook and the amount of DNA was
quantified with a NanoDrop Microvolume Spectrophotometer. To form heteroduplexed DNA,
assembly required 200ng of purified PCR product, 2ul of 10X NEBuffer 2, and the addition of
nuclease-free water to 19ul. PCR products were separated and annealed together under the
following conditions: 10 minutes at 95°C, —2°C/second from 95°C to 85°C, —0.1°C/second from
85°C to 25°C, and a hold at 25°C. After forming heteroduplexes, 19ul of heteroduplexed DNA was
incubated with 1ul of the T7EI enzyme (New England BioLabs, Ipswich, MA, USA) for 25
minutes at 37°C. The digested DNA was then run on a 1.5% agarose gel for approximately 1 hour
at 100V to detect parent and fragmented bands. Alongside the digested DNA, two controls were

run: a PCR product control, and a heteroduplexed, undigested PCR product control.

3.12. Statistical analyses
Statistical analyses were performed using the GraphPad Prism program. To compare two
groups, unpaired two-tailed t-tests were used. Multiple groups were compared using a two-way
Analysis of Variance (ANOVA) test with a Tukey post-hoc analysis. Graphs show the mean and
standard error of the mean (SEM) for each collection of data points. P values are represented as *

<0.05, ** <0.01, *** <0.001, and **** <(0.0001.

4. Results
4.1. Aim 1: Characterize TM morphology, length, and connectivity in PriGO cells.
4.1.1. TMs connect PriGO cells in vitro
TMs were characterized in primary glioblastoma (PriGO) cells that were isolated from

patients undergoing surgical tumor resection at The Ottawa Hospital. Four PriGO cell lines were
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grown on laminin-coated plates at 37°C in 5% O and 20% CO>. Importantly, the presence of
laminin allows PriGO cells to grow as a monolayer, extend cellular processes, and establish TMs
with other cells. Laminin has also been shown to maintain glioblastoma cells in a stem cell-like
state in vitro (114,115). However, previous work with in vitro models of glioblastoma have
demonstrated that collagen, hyaluronan, and Matrigel can also be used as 2D or 3D scaffolds for
cellular growth (116-118). Without an appropriate scaffold, glioblastoma cells grow as individual
neurospheres that do not demonstrate the same tendency to form intercellular contacts (36). Thus,
laminin was necessary to characterize a cell culture model of glioblastoma TMs. TMs were defined
as cellular extensions that form physical contacts between PriGO cells, distinguishing them from
filopodia-like protrusions that form and retract without bridging cells (Figure 1A-C). Consistent
with previous reports, TMs formed above the culture plate surface and did not contact the substrate,
as demonstrated by a 3D reconstruction of PriGO cells imaged by confocal microscopy (Figure
ID-E). In some cases, TMs were also seen to pass over other TMs or nearby cells, further
demonstrating their non-adherence to the plate.

4.1.2. TM length and connectivity

PriGO cells obtained from four different patients (referred to as 7A, 8A, 9A, and 17A) were
characterized for their TM length and connectivity. Supplementary Figure 1 shows an example of
the TM length quantification process. TM connectivity was defined as the percent of cells
connected by TMs in culture, and determined by calculating the proportion of connected cells in
multiple fields of view under the microscope. Comparison of TM lengths showed that PriGO9A
cells form the shortest connections, with a mean length of 61.60pum, while PriGO17A cells formed
the longest TMs with a mean length of 82.77um (Figure 2A; n > 70 TMs measured per PriGO cell

line). PriGO7A and PriGO8A cells reached intermediate mean lengths of 70.82um and 65.62um,
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respectively. Interestingly, all PriGO cells were capable of forming TMs as short as 18um and
extending over 200um in length. The longest connections observed between cells were still
considerably shorter than those seen in glioblastoma in vivo (71).

The percent of cells connected by TMs also varied across PriGO cultures obtained from
different patients; PriGO8A cells showed the highest percentage of connectivity, while PriGO7A
cells showed the least (68.12% vs. 36.22%, respectively; Figure 2B). PriGO9A and PriGO17A
cells exhibited an intermediate degree of connectivity, with TMs forming between 53.41% and
44.26% of cells, respectively. A similar degree of variability was observed in the percent of cells
connected by > 1 TM to other cells in culture (Figure 2C). In this regard, PriGO8A cells were most
often connected by 1 TM and least connected by 3 or more TMs compared to other cell lines; a
pattern also seen in PriGO9A and PriGO17A cells. In contrast, of the PriGO7A cells that formed
TMs, three-quarters formed 2 TMs and the remainder were almost equally likely to form 1 or 3+
TMs.

Further TM characterization (described in the results below) was only performed on
PriGOS8A cells, which show an intermediate TM length and high degree of connectivity. This cell
line was chosen because it has been thoroughly characterized by previous studies from our lab

(36-38).
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Figure 1. PriGO cells form physical contacts in vitro, termed tumor microtubes (TMs).

A. Representative images of TMs observed in PriGO8A cells grown on laminin-coated dishes. —
indicates TMs connecting two PriGOSA cells together; » indicates filopodia-like projections that
do not connect cells. Scale bar = 200um. B-C. High-magnification images of TMs observed in
PriGO8A cells. Scale bars = 50um. D-E. TMs form above the substrate surface and do not adhere
to the plate as demonstrated by 3D reconstruction of z-stack images acquired by confocal

microscopy. Scale bar = 20um.
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Figure 2. PriGO cells from different patients exhibit TM heterogeneity.

A. TM lengths were quantified in PriGO cells obtained from four different patients and cultured
in vitro (n = 100 TMs measured per PriGO cell line). Cells were plated in T-25 flasks and
brightfield images were acquired by EVOS microscopy 48 hours later when cells were at
approximately 60% confluency. At this confluency, all visible TMs were included in
quantifications. TM measurements were aggregated from 8-10 fields of view per cell line. B. The
percent of cells connected by TMs in vitro varies in different PriGO cell lines. The images used to
obtain the quantification panel A were subsequently used for quantifying PriGO cell connectivity.
C. PriGO cells from each patient were characterized for the number of TMs formed by individual
cells, categorized as 1, 2, or 3+ TMs per cell. Individual cells were rarely seen forming more than

4 TMs.
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4.2. Aim 2: Characterize mechanisms of TM formation in PriGOS8A cells.

4.2.1. TMs form by two mechanisms in vitro

Videomicroscopy of PriGO8A cells demonstrated instances of both cell dislodgement and
ADP mechanisms occurring in vitro (representative examples of images acquired by
videomicroscopy shown in Figure 3A-B). Analysis of 72 TM formation events indicated that
PriGO8A TMs preferentially form using the cell dislodgement mechanism compared to the ADP
mechanism (60% vs. 40% of events, respectively; Figure 3C). Of note, TM events counted towards
the cell dislodgement mechanism do not include instances of cells undergoing mitosis and
retaining a TM between each other following cytokinesis.

The TM lifetime was then defined as the point at which a TM was first established between
two cells until it first disconnected from either cell in the pairing. Videomicroscopy was performed
for up to 24 hours, with images captured every 1-2.5 minutes, and identified an overall mean
lifetime of 53.15 minutes. Classifying events according to their formation mechanism revealed
that ADP-derived TMs had a significantly longer mean lifetime than their dislodgement
counterparts at 72.93 minutes compared to 39.80 minutes, respectively (Figure 3D). In both
mechanisms, TMs disconnected after as little as a few minutes but were able to persist for over 3
hours in some cases. For each recorded TM event, the maximum length reached was also
quantified, indicating the maximum distance over which cells remained connected in vitro. TMs
forming according to the ADP mechanism reached significantly greater lengths than TMs derived
from dislodgement events (mean = 152.9um vs. 104.3um, respectively; Figure 3E). In rare

instances, TMs were even seen connecting cells 300-400pum apart.
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Figure 3. PriGO8A TMs form by two different mechanisms in vitro.

A-B. Representative examples of the processes by which cell dislodgement- and ADP-derived
TMs form, respectively, between PriGO8A cells. Scale bars = 100um. C. PriGO8A TMs show
preference for forming via the cell dislodgement mechanism (n = 72 events observed in 9 videos).
D. Analysis of 72 PriGO8A TM events identified differences in the mean lifetime of dislodgement-
and ADP-derived TMs. E. PriGO8A TMs are capable of reaching different maximum lengths
depending on their mechanism of formation. A significant difference was also observed in the

mean maximum TM length for each mechanism.
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4.3. Aim 3: Assess the structural properties of TMs and TM-TM boundaries.

4.3.1. Immunofluorescence for TM structural proteins

Immunofluorescence performed on PriGOS8A cells identified a number of structural proteins
found within TMs. Similar to the observations of Osswald et al. (2015), TMs were positive for
actin, B-tubulin, and non-muscle myosin IIA (Figure 4A-C). Immunofluorescence performed on
PriGO9A and PriGO17A cells also showed evidence for actin and B-tubulin in TMs of these cell
lines (Supplementary Figure 2). This suggests that the structural contents of PriGO cells cultured
in vitro mimic those reported in vivo.

4.3.2. Characterization of the TM-TM boundary

Ultrastructural analysis of TMs was performed using transmission electron microscopy
(TEM) to ascertain whether PriGOS8A cells in vitro recapitulate the same gap junction-containing
phenotype as cells in vivo. Increased structural densities characteristic of gap junction proteins
were observed at the boundaries of projections from separate PriGO8A cells and were associated
for several hundred nanometers (Figure S5A-F). In some cases, the protein densities observed on
paired cells were separated by a nanometer-scale gap. This provides preliminary evidence that gap
junctions may form at the boundary of two TMs or the boundary of a TM and cell body.

Subsequently, immunofluorescence was performed on PriGO8A cells for gap junction-
specific protein Cx43. This labelled TMs and frequently stained discrete patches along the length
of TMs, possibly detecting the point of physical contact between cells. (Figure 6A-B). This,
combined with the TM results presented above, provides further evidence for the presence of gap

junctions at the TM-TM boundary between cells.
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Figure 4. The structural proteins that characterize PriGO8A TMs are similar to those
observed in vivo by Osswald et al.

A-C. Representative images of actin, P-tubulin, and non-muscle myosin IIA (nMMIIA),
respectively, found within the length of PriGO8A TMs in vitro. 63X images were acquired by

confocal microscopy. Scale bars = 20um.
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Figure 5. Transmission electron microscopy of the TM-TM boundary.

A. Transmission electron micrograph showing the boundary of two PriGO8A cells and a
presumptive gap junction. Scale bar = 500nm. Ai. High magnification image of inset shown in A.
Scale bar = 100nm. B. Transmission electron micrograph showing two points of contact between
two neighboring cells, as evidenced by regions of high density protein, indicated by ». Scale bar
= 500nm. C. Transmission electron micrograph of two overlapping TMs with multiple points of
contact. Scale bar = 2um. Ci. High magnification image of inset shown in C. Scale bar = 500nm.
D. Transmission electron micrograph of the boundary between two adjacent PriGO8A cells. Scale

bar = 500nm.

40



41



Figure 6. Immunofluorescence for gap junction protein Connexin 43 positively labels
PriGOSA TMs.

A-B. Connexin 43 (Cx43) staining in PriGO8A cells positively labels TMs connecting cells and
identifies distinct patches of staining along the length of the TM (indicated by P ). This closely
resembles the typical pattern of staining observed in other cell lines that stain positively for Cx43
(described further in Discussion). Dense patches of staining along the length of TMs could indicate
sites of physical contact between TMs originating from different cells. Overall, this staining pattern

further supports the likelihood of gap junctions separating PriGO8A cells. Scale bars =20um.
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4.4. Aim 4: Assess possible functional roles for TMs in intercellular communication.

4.4.1. Assessment of mitochondrial exchange

To determine how permissive PriGO8A TMs were for intercellular communication, we first
assessed whether mitochondria could be transferred between cells. Mitochondria in a population
of PriGO8A cells were labelled with MitoTracker Red FM and cells were co-cultured with a
population of GFP-expressing PriGO8A cells. Videomicroscopy recordings showed that
mitochondrial labelling was concentrated in the cell body and evidence from TEM micrographs
shows mitochondria in the length of cellular projections (Supplementary Figure 3). However, no
overlapping fluorescence was detected in any of the recordings made, suggesting that intercellular
mitochondrial exchange does not occur between PriGO8A cells (n = 4 videos; Figure 7A).

4.4.2. Assessment of GFP and mCherry exchange

To determine whether TM size restricts the passage of large, but not small, cellular cargo,
two populations of PriGO8A cells were transduced with lentivirus to constitutively express either
GFP (MW = 27kDa) or mCherry (MW = 28.8kDa) and co-cultured for 24 hours. Cells were then
recorded by videomicroscopy for 5-24 hours and, in all cases (n = 4 videos), GFP and mCherry
remained in their respective host cell despite being expressed along the length of TMs. No protein
transfer was observed to occur between cells, irrespective of TM connectivity. This was confirmed
for both the cell dislodgement and ADP formation mechanisms (Figure 7B-C). Supplementary
Figure 4 shows an example of two cells connected by an ADP-derived TM with protrusions
originating from both cells. Overall, the inability of TMs to serve as a conduit for intercellular
protein and mitochondrial exchange is likely to be due to the structural properties of the TM’s cell-

cell boundary.
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Figure 7. PriGO8A TMs do not facilitate the exchange of mitochondria or GFP and
mCherry.

A. PriGO8A TMs cannot be used to transfer mitochondria. Co-cultured populations of cells
labelled with either GFP (green) or MitoTracker Red FM (red) retained their fluorescence after up
to 24 hours; no overlap was observed (n = 4 videos). Representative images of two cells forming
a TM via the cell dislodgement mechanism and not exchanging mitochondria after separating.
Scale bars = 50um. B-C. PriGO8A TMs cannot be used for the intercellular transfer of proteins
such as GFP and mCherry. Representative images of a cell dislodgement-derived TM and ADP-
derived TM, respectively, with lifetimes close to the mean, are shown. No overlap of fluorescence
was detected after up to 24 hours of co-culture, suggesting that protein was not being exchanged

between cells (n = 6 videos). Scale bars = 100um.
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4.5. Aim 5: Characterize PREX1 and Racl expression in PriGO8A TMs.
4.5.1. Immunofluorescence for PREXI and Racl
To determine whether PREX1 and Rac1 could be involved in TM formation, their expression
was first characterized in PriGO8A cells by immunofluorescence (Figure 8A-D). TMs stained
positively for both proteins, with PREX1 exhibiting a more punctate distribution pattern than Racl.
Importantly, this represents the first evidence for the expression of both proteins in glioblastoma

TMs.
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Figure 8. PREX1 and Racl are expressed in PriGO8A TMs in vitro.

A-B. PREXI1 exhibits a punctate staining pattern in PriGO8A TMs but is observed throughout the
length of these structures. Scale bars =20um. C-D. PriGOSA cells stain positively for Racl, which
has a more homogenous distribution pattern throughout TMs. Scale bars = 20um. All images were

acquired by confocal microscopy at 63X magnification.
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4.6. Aim 6: Assess the effect of PREX1 and Racl knockdown on TM formation.

4.6.1. Knockdown of PREXI and Racl

To assess possible functional roles for PREX1 and Racl in TM formation and growth,
siRNA knockdowns were subsequently performed. PriGO8A cells were incubated with one of two
siRNA duplexes targeting either PREX1 or Racl. After 48 hours, cells were imaged by EVOS
microscopy and protein was extracted for Western blot analysis. Analysis of the resulting
populations showed that mock- and si2-transfected cells had comparable TM lengths and
connectivity to the analysis shown in Figure 2, so were likely unaltered by the experiment
conditions. However, siRac1- and siPREX1-treated cells all exhibited significant reductions in TM
length, as shown in Figure 9A-F (si2 vs. siRacla vs. siRaclb, 54.41pum vs. 39.16pum vs. 39.64pum;
si2 vs. siPREX1a vs. siPREX1b, 62.19um vs. 44.77um vs. 46.28um). A similar reduction was
observed in the percent of connected cells (si2 vs. siRacla vs. siRaclb, 59.17% vs. 41.67% vs.
33.33%; si2 vs. siPREX1a vs. siPREX1b, 56.67% vs. 37.50% vs. 35.00%). This presents the first
evidence that PREX1 and Racl are involved in glioblastoma TM formation. To confirm this
finding for PREX1, and to determine whether complete loss of PREX1 protein has more
deleterious effects on motility and TM growth, we performed a CRISPR/Cas9-based knockout of

PREX]I.
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Figure 9. Knockdown of Racl and PREX1 impairs TM formation.

A & D. Western blots showing knockdown of Racl and PREX1 in PriGOS8A cells, respectively,
using two different siRNA duplexes for each protein, compared to cells receiving only
oligofectamine (mock) or cells transfected with a non-targeting si2 control. B-C. Knockdown of
Racl reduces the average TM length and the percent of cells connected by TMs (n = 50 TMs
measured per siRNA duplex). E-F. Knockdown of PREX1 similarly impairs TM formation by
reducing the average TM length and percent of cells connected by TMs in vitro (n > 50 TMs
measured per siRNA duplex).

e Add fields of view
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4.7. Aim 7: Establish a PREXI-KO PriGOS8A cell line using CRISPR/Cas9

To generate a PREX1-KO PriGO8A cell line, CRISPR/Cas9 was used. This technique is
shown diagrammatically in Figure 10A. Clustered regularly interspaced short palindrome repeats
(CRISPR)-associated (Cas9) nuclease was first discovered in bacteria as a mechanism of adaptive
immunity for clearing foreign genetic material (119). Since its discovery, this system has been co-
opted for genome editing in many different cell types, mainly because of its rapid, efficient, and
highly targeted capacity for introducing genome edits. The CRISPR/Cas9 system uses a CRISPR
RNA (crRNA) which consists of a 20-nucleotide sequence complementary to the target region in
the genome (119). A second requirement of this system is that the target region immediately
precedes a 5°-XGG-3’ site, termed the protospacer adjacent motif (PAM). The PAM is recognized
by the Cas9 nuclease and is required for DNA binding (119). The third component of this system
is the trans-activating crRNA (tracrRNA) which fuses with the crRNA to form a single-guide RNA
(sgRNA) complex that facilitates genome editing (119). The final component in this system is the
Cas9 nuclease, which is guided to the target genome location by binding of the sgRNA complex
at its complementary site (119). Once bound, the Cas9 nuclease cleaves the DNA 3 bases upstream
of the PAM site, between the 17" and 18 bases of the target sequence (120). For our purposes,
this allows highly targeted and specific cleavage of the PREXI gene. Once this cleavage occurs,
the most common pathway of DNA repair used by the cell is the non-homologous end-joining
pathway (NHEJ) (121). While this system acts rapidly, it is highly error-prone and often introduces
random insertions and deletions into the DNA strand before ligating the two strands back together.
Often, these result in frameshift mutations or the formation of a premature stop codon, both of

which can result in a genetic knockout and total loss of functional PREX1 protein (121).
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To detect and validate the introduction of a mutation in the PREX1 gene, a T7 Endonuclease
I (T7EI) assay was performed. This assay is commonly used to validate CRISPR knockouts by
utilizing T7EI’s ability to cleave mismatched DNA strands. This enzyme is a stable homodimer
derived from bacteriophage T7 and composed of two catalytic domains connected by a bridge
(122). After PCR amplification of a sequence of known length surrounding the target site, a
heteroduplex formation step produces pairs of wild-type and mutation-bearing strands, as shown
in Figure 10B. The presence of a base pair mismatch results in a kink in the DNA. T7EI resolves
mismatched DNA strands by binding to the site of the mismatched DNA and introducing one nick
on each strand. This occurs within 6 bases 5’ of the mismatched site (123). This results in two
differently-sized strands. The presence of two bands of different length, an indication of a mutation

being successfully introduced at the target site, can be visualized by gel electrophoresis.
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Figure 10. Graphical representation of CRISPR/Cas9 targeting the PREXI gene and the T7
Endonuclease I (T7EI) assay.

A. Depiction of the Cas9 enzyme and a guide RNA (gRNA) composed of a trans-activating
CRISPR RNA (tracrRNA) and a CRISPR RNA (crRNA) targeting a 20-base pair sequence of
exon 2 in the PREX] gene.

B. Depiction of the T7EI assay and a positive result indicating successful introduction of a

mutation at the intended target site of the PREX] gene.
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4.7.1. Lentiviral transduction

Lentiviral transduction was assessed first as a potential method of introducing CRISPR/Cas9
components into PriGO8A cells. Cells were first transduced with a GFP-containing lentivirus
encoding a puromycin selection cassette. After selection, constitutive GFP expression was
observed in all PriGO8A cells. Cells were then transduced with a lentiCRISPR GFP virus,
encoding the Cas9 nuclease enzyme and a guide RNA targeting the GFP gene. After 48 hours,
cells were imaged to quantify their expression of GFP. Compared to a non-transduced population
of GFP-expressing cells, GFP was undetectable in approximately 30% of lentiCRISPR-transduced
cells (Figure 11A-C). Furthermore, after several days of sustained Cas9 expression, PriGOS8A cells
eventually died in culture. This, combined with the incomplete knockout of GFP, suggested that

alternative methods of CRISPR/Cas9 delivery should be explored.

56



o

I L | | |
o o o o o o
mao 6 4 2

d49 Buissaidx3 s Jo %

GFP-KO

Control

57



Figure 11. LentiCRISPR virus targeting GFP reduces GFP expression in PriGOS8A cells.

A-B. Representative images of reduced GFP expression in GFP-expressing PriGOSA cells
transduced with a lentiCRISPR virus targeting GFP. Previously, selection by puromycin was
performed to ensure all cells in the population expressed GFP. Scale bars = 100um. C.
Quantification of GFP-knockout PriGO8A cells compared to a control population of GFP-
expressing PriGO8A cells demonstrates a reduction of approximately 30% in population-wide

GFP expression.

58



4.7.2. Transfection

Subsequently, transfection was tested as a potential delivery method for CRISPR/Cas9
components. Transfection by lipofectamine has been performed in a number of studies to introduce
CRISPR guide RNAs and Cas9 nucleases into cells in vitro, thus making it a potential agent for
use in PriGOS8A cells. Cells were transfected with purified Cas9 nuclease enzyme, a tracrRNA,
and crRNA targeting exon 5 or exon 12 of the PREXI gene for 48 hours. These ready-made
crRNAs were purchased from Dharmacon and specifically targeted PREXI. To optimize
transfection for PriGO8A cells, a number of parameters were varied, including the duration of
transfection, concentration of lipofectamine, and concentration of crRNA, tracrRNA, and Cas9
components. The final conditions tested were Sul of lipofectamine, 25nM crRNA and tracrRNA,
10nM Cas9 nuclease, and 48 hours of incubation. A representative example of a T7EI assay after
transfection under these conditions is shown in Figure 12. Despite repeated attempts to optimize
transfection-mediated delivery of CRISPR/Cas9 reagents, no evidence of a mutation could be

detected after amplification of the PREX] target sequence.
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Figure 12. Lipofection is not an efficient method for introducing CRISPR/Cas9 components
into PriGOSA cells.

* indicates T7 endonuclease I (T7EI) enzyme incubation. PriGO8A cells were electroporated with
purified Cas9, a fluorophore-conjugated tracrRNA, and a crRNA targeting exon 5 of PREX1. The
predicted full-length parent band was 745bp, and the predicted digested band lengths were
approximately 500bp and 245bp. Subsequent T7EI digestion did not produce any bands shorter
than the full-length parent band, as shown, indicating that lipofection is not an effective means of

introducing CRISPR components into PriGO8A cells.
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4.7.3. Electroporation

Electroporation was then tested as a potential method of introducing a DNA plasmid
encoding mCherry into PriGO8A cells. This was done with the goal of determining if cells could
survive the electroporation process and express an inserted DNA plasmid. PriGO8A cells were
electroporated with a mCherry-containing DNA plasmid using parameters from Thermofisher (A:
rat astrocyte cell protocol, 1300V, 20ms, 2 pulses; B: US7MG cell protocol, 1300V, 30ms, 1 pulse)
or the lab of Dr. William Stanford (C: 1050V, 30ms, 2 pulses) (Figure 13A). Three days later, flow
cytometry was used to obtain the percentage of mCherry-positive cells. Protocol C was selected
for downstream experiments because cells were able to survive and maintain robust expression of
mCherry for several days after electroporation.

Electroporation of CRISPR/Cas9 components was then tested using a purified Cas9 enzyme,
a fluorophore-conjugated tracrRNA, and three crRNAs targeting different exonic sequences in
PREXI: target sequence #1: GCTAGAATGGAGGCGCCCAG, PAM: CGG, location: chr20:
48827844-48827866, exon 1; target sequence #2: CGGTGCCCAAGATCTCGTTG, PAM: AGG,
location: chr20: 48827680-48827702, exon 1; target sequence #3:
CGTTCTGCCGGATGCGATGC, PAM: AGG, location: chr20: 48747853-48747875, exon 2.
These three crRNAs were custom-made and tested because they targeted early regions of the
PREXI sequence, thus were more likely to introduce indel mutations into its functional domains.
Introduction of the fluorophore-conjugated tracrRNA allowed visualization of cells that were
successfully electroporated (Figure 13B). From the three crRNAs tested, the highest mutational
efficiency was introduced with crRNA #3 targeting exon 2 (Figure 14; data not shown for other

crRNAs). It was later discovered that the exon 1 sequences being targeted had high GC content,
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which is known to increase the difficulty of on-target Cas9 cleavage activity as well as PCR
amplification when detecting mutations.

To increase the mutational efficiency, a second round of electroporation targeting the same
PREXI sequence was performed. Subsequently, limiting dilutions were performed in 96-well
plates to expand single cells into clonal populations, with the intention of using populations with
a complete PREXI knockout for downstream experiments. However, this proved to be
unsuccessful because culture plates became contaminated on multiple occasions before the
populations could grow sufficiently large to passage. Instead, dilutions were performed to give
initial populations of approximately 200 cells so that they expanded faster and reduced the risk of
contamination before passaging could be done. Seven populations grew sufficiently large to be
passaged and T7EI screens were conducted on each population to identify those with the highest
proportion of PREXI-KO cells for subsequent analysis (Figure 15A). The population that was
chosen for further experimentation is indicated with a A, and was selected because it seemed to
be enriched for PREX] mutations based on the intensity of fragments produced by the T7EI assay.
Immunofluorescence for PREX1 was performed on the selected population and revealed that the
majority of cells, 87%, had undetectable protein levels (Figure 15B). This was further validated
with the online tool TIDE (Tracking of Indels by DEcomposition) which assesses the efficiency
of genome editing at a target locus. This tool uses the quantitative trace data from Sanger
sequencing reactions of control and mutated cells and then quantifies the efficiency of editing and
characterizes the most common types of insertions and deletions. TIDE analysis identified 87.1%
of genomic DNA containing indels that ranged from -10 to +2 bases in length (Supplementary

Figure 5). Thus, although this represents a mixed population of PriGO8A cells, the presence of
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site-directed mutations coupled with low levels of PREX] expression was deemed sufficient to

assess the effects of PREX] deletion on PriGO8A TMs.
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Figure 13. Electroporated PriGOSA cells can be visualized with a fluorophore-conjugated
tracrRNA.

A. Flow cytometry results of PriGO8A cells electroporated with a mCherry-containing DNA
plasmid using parameters from Thermofisher (A&B) or the Dr. William Stanford lab (C). Flow
cytometry was performed three days later to quantify the percent of mCherry-expressing cells. B.
Representative images of PriGO8A cells electroporated with CRISPR components according to
protocol C. A fluorophore-conjugated tracrRNA (red) allows visualization of cells that were

successfully electroporated. Scale bars = 200um.
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Figure 14. A T7EI assay identifies PREX] mutations in electroporated PriGOSA cells.

PriGO8A cells were electroporated with Cas9 nuclease and either no gRNA or gRNA targeting
exon 2 of PREXI. Three days after electroporation, cells were collected and the gRNA-targeted
region was PCR-amplified. The predicted amplicon length is 515 nucleotides. * indicates PCR and
subsequent T7EI digestion for 30 minutes. Successful heteroduplex digestion was predicted to

result in fragment lengths of approximately 200 and 300 bases.
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Figure 15. A T7EI assay can be used to screen for PREX1 mutations in polyclonal PriGOSA
cell populations.

A. PriGO8A cells underwent a second round of electroporation with the same gRNA targeting
exon 2 of PREX]. Cells were then grown in 96-well plates from starting populations of 200 cells.
After expanding and passaging cells, T7EI assays (indicated by a *) identified polyclonal
populations that were enriched for mutations in the targeted site of PREXI. B.
Immunofluorescence for PREX1 revealed decreased protein expression in the population indicated

by a A. Scale bar = 50pum.
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4.8. Aim 8: Characterize the effect of PREX1-KO on PriGO8A TM formation

4.8.1. Cell motility, and TM length and connectivity

Videomicroscopy revealed a 46% reduction in motility of the modified population compared
to wild-type PriGO8A cells (7.94um per frame and 14.65um per frame, respectively), which
agrees with the effect seen in the PREX1 knockdown presented earlier and in previous reports of
reduced PREX1 expression (32). Compared to control cells, PREX1-KO PriGO8A cells exhibited
a significant reduction in TM length, with mean lengths of 62.67um and 33.46um, respectively.
The percent of cells connected by TMs was also significantly reduced, with 58.25% of control
cells and 31.67% of PREX1-KO cells connected. Altogether, these results provide further evidence
for the role of PREX1 in TM biogenesis, as loss of PREX1 drastically impaired formation (Figure
16B-C).

4.8.2. Rescuing PREX1-KO cells

CRISPR/Cas9 was initially performed on PriGO8A cells at low passage, and PREX]-KO
cells were subsequently carried for an extended period of time, possibly leading to genomic and
phenotypic changes associated with high passage number. To determine whether this could be
responsible for our findings, we transduced cells with a lentivirus housing the functional DHPH
domain of PREX] under the control of a doxycycline-inducible promoter. PREX-KO cells were
cultured either in the absence or presence of doxycycline for 48 hours and assessed for their
motility, TM length, and connectivity. Treating cells with doxycycline lead to a functional rescue
of motility in the modified population when compared to untreated cells (13.53um per frame and
8.07um per frame, respectively; Figure 16D). Similarly, DHPH activity lead to an increase in TM
length, with means of 36.72um and 54.72pm in the untreated and doxycycline-treated PREX1-KO

populations, respectively. The percent of cells connected by TMs also returned to baseline levels
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after DHPH expression, as evidenced by TMs connecting 37.33% and 61.67% of cells in the
untreated and treated populations, respectively (Figure 16E-F). Altogether, this suggests that our
findings in PREX1-KO cells are indeed due to the loss of PREX1 signaling and can be rescued by

re-introducing the protein’s functional DHPH domain.
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Figure 16. Knockout of PREX] impairs cell motility and TM formation and can be rescued
by expression of the functional DHPH domain of PREXI.

A. PREXI-KO PriGOS8A cells exhibit reduced motility compared to their wild-type counterparts
when tracked by videomicroscopy. B-C. Knockout of PREX] impairs TM biogenesis by reducing
the average TM length and the percent of PriGOSA cells connected by TMs. D-F. The functional
impairment observed in PREX1-KO PriGOSA cells can be partially rescued by expression of the

functional DHPH domain of PREX].
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5. Discussion

Despite the availability of surgical and adjuvant therapies for treating glioblastoma, the
mortality rate of patients with this disease remains startlingly high (124). Recent characterization
of TMs in an in vivo model of glioblastoma has shed light on a novel mechanism of treatment
resistance and tumor dissemination that has not been previously described in this disease (71). The
authors of this study were unable to demonstrate TM growth in primary glioblastoma cells cultured
in vitro and grown as neurospheres, which is consistent with previous findings of neurosphere
models (36). Presumably, because the cells were not grown on a laminin-coated surface, they were
unable to form a monolayer and extend cellular protrusions that are the precursors to TMs.
However, the conclusions of this study emphasize the need for further examination of glioblastoma
TM biology so that future treatment approaches can target and disrupt the functional network
connecting cells. Thus, there is a pressing need for a cell culture model of glioblastoma TMs that

would allow rapid and manipulable structural and functional characterization of these structures.

5.1. PriGO TM structure and function

The study here presents the first instance of TMs being characterized in an in vitro model of
patient-derived glioblastoma cells cultured as a monolayer. A key requirement for characterizing
this model is culturing PriGO cells on laminin, thereby allowing the cells to adhere to a surface,
form a monolayer, and extend cellular projections. For this study, the term ‘tumor microtube’ was
chosen rather than ‘tunneling nanotube’ because it is consistent with Osswald ef al.’s work which
was the first to characterize cell-to-cell connections in a glioblastoma model. Before performing
qualitative and quantitative assessments of tumor microtubes, a definition for the term was

established to refer to structures that: 1) form a physical connection between two PriGO cells; 2)
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are elevated from the surface in vitro and do not adhere to the culture plate; and 3) contain actin
among their structural components. Though TMs have not been consistently referred to by a single
definition in the literature, the definition chosen here represents many of the characteristics that

are repeatedly described in studies of TNTs (53,55,60,68).

This presents a few challenges. Firstly, for the purposes of quantification, the most strictly
adhered to aspect of the definition is the first criterion: TMs are structures that form physical
connections between two PriGO cells. While this study reports a number of results that support
the latter two criteria, it was not feasible to assess these characteristics in every structure that was
measured. Thus, an assumption, and potential weakness, of this work is that any structure
connecting two PriGO cells represents a TM. To verify the results presented here, ideally future
studies would be able to take advantage of a TM-selective marker that would allow for the most
accurate assessment of these structures in vitro. However, to date, no TM-specific protein marker
has been identified, thus restricting this and other work to using morphological and functional
qualities to report on these structures (54). Furthermore, while the majority of the existing literature
also establishes the second criterion — forming above the substrate surface — as imperative to TM
labelling, a follow-up study to the work reported by Osswald et al. referred to non-connecting
extensions of primary glioblastoma cells as TMs (125). As the ADP formation mechanism
demonstrates, TMs are capable of forming from a previously-unconnected cellular extension.
However, TMs have also been reported to have structural properties and signaling pathways that
diverge from other cellular extensions, such as filopodia and lamellipodia (refer to Table 1 on page
11). Thus, referring to the structures in the follow-up study as TMs may be a naive assumption to
make since many filopodia-like protrusions are seen to form and retract in vitro without contacting

other cells (57). Indeed, a priority for the field going forward should be to identify the proteins that
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delineate TMs from non-connecting projections. The unique characteristics of TMs, such as their
non-adherence to the substrate, strongly suggests that non-overlapping signaling pathways must

be at play to orchestrate these properties.

The results presented here demonstrate that PriGO cells form TMs in vitro that meet the
three criteria presented earlier: actin-containing structures that connect cells together and form
above the substrate (Figure 1). Cells obtained from different patients with glioblastoma were all
capable of forming TMs but exhibited heterogeneity with respect to their average length and the
percent of cells connected by TMs (Figure 2). Compared to TMs formed in vivo which reached
lengths of over 500um, PriGO cells most often formed TMs in the range of 50-100um, and
infrequently extended these over 200um. Furthermore, although different cell lines occupied a
similar range of TM lengths, much larger differences were seen in the percent of cells connected
by TMs. The greatest difference was observed between the PriGO7A and PriGO8A lines, which
formed TMs between 36.22% and 68.12% of cells, respectively, suggesting that PriGO8A cells
are capable of forming a much more interconnected network. This is in line with the in vivo
phenotype of PriGO8A cells reported by Gont ef al. (36). When injected intracerebrally into mice,
PriGOS8A cells formed an invasive tumor that extended into the uninjected hemisphere via the
corpus callosum, thus recapitulating many of the features of GTICs described previously.
Characterization of the percent of cells with > 1 TM revealed that, although PriGO7A cells are the
least connected, individual cells form 2 TMs much more often than cells of any other line, all of
which predominantly form 1 TM per cell. Across all lines, cells that form 3 or more TMs were

rarely seen.

Based on previous studies, it is unclear how TNT formation is induced. However, studies of

T lymphocytes and NK cells have found that a longer duration of cell-cell contact before separation
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increases the likelihood of TNT formation (126,127). The same study found that a greater degree
of receptor/ligand interaction was also associated with a higher likelihood of forming TNTs,
presumably because this led to a greater duration of cell-cell contact. Our findings are consistent
with the results of previous studies elucidating the mechanisms by which TMs form; PriGO TMs
are capable of forming using both the cell dislodgement mechanism and ADP mechanism but show
preference for the former (Figure 3). In vivo, this would suggest that glioblastoma cells are more
likely to be connected by short-distance local networks than by distant connections driven by
searching protrusions. However, in this study, ADP-derived TMs were more likely to connect cells
over larger distances and persist for a longer period of time than dislodgement-derived
connections, thus they represent an important part of the cellular network. The longest-lived TMs
remained in culture for over 3 hours. Although this represents the upper limit of lifetimes recorded
in vitro, it is still significantly shorter than Osswald et al.’s observations which showed TMs
surviving for up to several days. This difference may be due to factors in vivo that support and
stabilize TMs for longer periods of time, thus it is worth considering whether in vitro conditions

could be optimized to promote longer-term TM growth.

Conducting an analysis of TM lifetime and maximum length presented a technical challenge
and limitation to the results reported here. Videomicroscopy recordings were performed using a
10X objective to capture many cells in the same frame while still allowing changes in cellular
morphology to be detected. However, if TMs were already formed when the video started, or if
they persisted beyond the end of the video, their lifetime was not recorded since the start/end time
could not be determined. This restriction would affect long-lasting TMs more than transient TMs,
thus potentially skewing the results of TM lifetime to seem shorter-lived. Furthermore, if a TM’s

length stretched beyond the objective’s field of view, it was not recorded since the full length could
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not be accurately measured. Again, this would mostly limit recordings of far-reaching TMs,
potentially skewing the results towards shorter maximum lengths. These parameters were abided
by to improve the accuracy of the reported measurements, and while they did not often restrict

which TMs could be measured, it is a limitation worth noting in this study.

Structurally, PriGO cells contained a number of the proteins that were identified in vivo by
Osswald et al. (Figure 4). TMs stained positively for actin, B-tubulin, and non-muscle myosin ITA.
Future work would benefit from assessing the presence of endoplasmic reticulum and
microvesicles, and the absence of myosin-X, in TMs to further confirm that their contents mirror
those seen in vivo (74). Characterization of the PriGO TM-TM boundary by transmission electron
microscopy revealed similarities with past reports of Cx43-containing gap junctions in
hippocampal neurons and interneurons (128,129). Namely, past reports characterize gap junctions
by increased protein densities at the site of contact between two cells, association for several
hundred nanometers, and a nanometer-scale gap between cells (130). These observations were also
seen in PriGO TMs imaged by transmission electron microscopy (Figure 5). To validate the
presence of Cx43-containing gap junctions between cells, Cx43 immunofluorescence was also
performed in PriGO8A cells (Figure 6). Staining of Cx43 does not mirror what is seen by
performing immunohistochemistry on tissue sections (71). However, the pattern detected was
consistent with previous reports of Cx43-positive staining in glioma cells, colorectal cancer cells,
hippocampal neurons, and astrocytes (131-135). Thus, based on transmission -electron
micrographs depicting gap junction-like structures and a pattern of Cx43 staining that is consistent
with previous reports, it is feasible to conclude that PriGO TMs connect cells by Cx43-containing

gap junctions.
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Osswald et al. describe multiple functions of TMs in vivo, including permitting directed
travel of nuclei and mitochondria, propagating intercellular calcium waves, and mediating
resistance to cytotoxic therapy (74). The authors also demonstrate that cargo exchange via TMs
was restricted to calcium ions and did not permit mitochondrial or protein transfer. The latter
phenomenon was also confirmed in PriGO TMs in vitro (Figure 7). After performing
videomicroscopy on PriGO cells in culture for up to 24 hours, no exchange of mitochondria, GFP,
or mCherry could be detected, providing further evidence that PriGO TMs recapitulate the
structure of the TMs identified in vivo and may carry out similar functions. The next step is to
evaluate whether TMs in vitro can be used to propagate intercellular calcium waves and facilitate

electrical connectivity between cells.

5.2. PREX1 is a novel player in PriGO TM biogenesis

Interestingly, this study also casts light on PREX1 as a novel player in the formation and
growth of glioblastoma TMs. Immunofluorescence positively stains for PREX1 and Racl
throughout the length of TMs (Figure 8). Subsequent knockdown of both proteins impaired both
TM length and TM connectivity, implicating both proteins in glioblastoma TM biogenesis for the
first time (Figure 9). The significance of this finding is worth noting in particular because Racl
has previously been shown to have a cell type-specific role in TNT biogenesis. For example, while
inhibition of Rac1 has been shown to reduce TNT formation and growth in macrophages, the same

experiments had no effect on TNTs connecting HeLa cells (55,68).

Subsequently, multiple methods of performing CRISPR/Cas9 were tested on PriGOSA cells

to determine the best approach for introducing a knockout mutation into the PREXI gene.
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Although lentiviral transduction and lipofection were ineffective at introducing mutations,
electroporation successfully introduced CRISPR/Cas9 components into cells and inserted indel
mutations into the target PREX] site (Figure 11-15). Knockout of PREX] could be detected by
immunofluorescence and negatively labelled the majority of cells, with only a small number
retaining low levels of PREX] expression. PREX1-KO cells were subsequently characterized for
their motility, TM length, and TM connectivity compared to a control population of cells. A
significant reduction in all three metrics was evident, thus implicating the loss of PREX1 signaling
in the reduced ability of PriGO cells to form TMs to other cells and to extend these connections
over long distances. Indeed, loss of PREX] is also not functionally redundant, as its activity could
not be completely compensated for by other Rac-GEFs, such as TIAM1 and VAV1. However,
because motility and TM growth were not abolished completely, this suggests that Racl was still
active in coordinating downstream activators of cytoskeletal reorganization and motility. Thus, it

is likely that other Rac-GEFs are maintaining a basal level of Racl activity.

These findings highlight PREX1 as a component in the cascade of events that initiate, and
contribute to, the formation and growth of PriGO TMs. This is presented diagrammatically in
Discussion Figure 1. However, the fact that some cells retained low levels of PREX] expression
presents a challenge to interpreting these findings. While some cells stained negatively for PREX1,
the results of motility and TM formation aggregate data from the population as a whole, so include
cells that retained low levels of PREX] expression. Thus, it is possible that a more pronounced
phenotype, with regards to both motility, TM biogenesis, and other aspects of cell growth, would
have been observed if a population of complete PREXI-KO cells was characterized. Our lab

recently established PriGO cell lines with complete loss of PREX] by isolating and expanding
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clonal populations. This will allow validation of the results reported here, as well as additional

characterization of how loss of PREX1 signaling affects PriGO cell growth and motility.

Importantly, the effect of PREXI-KO in this study could be functionally rescued by
reintroducing a truncated constitutively active version of PREX] by lentiviral transduction (Figure
16). As described previously, high passage number can substantially alter cellular morphology,
gene expression, response to stimuli, and growth rates compared to early passage cells—an effect
which has been documented in glioma cultures previously (136,137). Thus, the ability to observe
a restoration of cellular motility and TM growth provides evidence that the loss of PREXI
expression is likely responsible for the impairment in cell motility and TM formation, rather than

the continued passage of cells.

5.3. Towards development of a TM-targeting therapeutic strategy

Future studies would benefit greatly from determining whether PriGO cells are capable of
using TMs to facilitate calcium ion transfer and whether a model of TM-dependent treatment
resistance can be devised to advance development of targeted therapeutic approaches. As
previously mentioned, Osswald et al. speculated that in vivo TMs are critical mediators of calcium
homeostasis that are required for network integration (71). The authors showed that the increases
in intracellular calcium levels that occur with radiotherapy-induced cytotoxicity can be mitigated
by enhanced cellular connectivity. Connected glioblastoma cells could distribute calcium
throughout their TM network to reach non-lethal levels, which their non-connected counterparts
were unable to do. Indeed, Cx43 expression in glioblastoma cells has been shown previously to be

a mediator of TMZ resistance (132,138—140). Overexpression of Cx43 in glioblastoma cell lines
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was sufficient to render cells resistant to TMZ treatment, while siRNA- or antibody-mediated
reductions in Cx43 levels led to the opposite phenomenon and restored TMZ sensitivity
(132,139,140). Cx43-mediated resistance has been reported to occur via gap junction-dependent
and gap junction-independent pathways (132,141). One mechanism that contributes to this
involves Cx43-mediated activation of the AKT/AMPK/mTOR pathway which upregulates pro-
survival gene expression and blocks cell death. Blocking this pathway was shown to synergize
with Cx43 inhibition to induce autophagy and cell death (141). Other studies have shown Cx43 to
be inversely related to Bax and Bc/-2 expression and Cytochrome C release, suggesting that Cx43
is linked to the mitochondrial apoptosis pathway (132). Thus, it seems that the ability of
glioblastoma cells to propagate calcium waves is essential to achieving radioresistance in a

network-dependent manner.

Designing targeted therapeutic strategies for glioblastoma requires a thorough understanding
of the signaling pathways underlying its invasive behavior. The recent discovery of TMs in
glioblastoma suggests that dismantling the cancer’s intratumoral network could contribute to
prolonged patient survival and better outcomes. Indeed, Osswald et al.’s in vivo report has already
demonstrated that the heightened resistance to radiotherapy amongst functionally interconnected
cells can be rapidly undermined by blocking connectivity via knockdown of GAP-43 (71). Thus,
these findings demonstrated that glioblastoma tumors frequently form TMs that are important for
their overall growth. Osswald et al. also performed a structural investigation of
oligodendrogliomas—tumors with 1p/19q codeletion—and found that these tumors infrequently
form TMs. Clinically, patients with oligodendroglioma demonstrate a high responsiveness to
combined radio- and chemotherapy and high levels of tumor apoptosis; analyses of two phase III

studies showed long-term survival in 40-50% of patients receiving this treatment regime
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(16,142,143). While glioblastoma and oligodendroglioma likely have differing cells of origin with
different genetic and molecular profiles, these findings also suggest that 1p/19q chromosomal loss
may contribute to this difference in phenotype (71). Thus, the link between TM growth and 1p/19q

codeletion would be interesting to explore further.

5.4. Conclusion

Glioblastoma is a heterogeneous brain tumor with limited treatment options for afflicted
individuals. Several barriers exist to reducing glioblastoma’s high mortality rate, including the
high rate of recurrence and treatment-resistant nature of the disease. Developing targeted therapies
must begin with a comprehensive understanding of glioblastoma’s underlying biology, and great
strides have been taken in the past several decades to dissect the genetic and molecular drivers of
this disease. The recent discovery of functionally interconnecting TMs in an in vivo model of
glioblastoma is one such contribution. These structures were GAP43-dependent and mediated
treatment resistance largely by reducing intracellular calcium levels. The authors posited that other
signaling molecules, such as ATP, miRNAs, IP3, are also gap junction-permeable molecules that
could potentially be transferred via TMs, but this has yet to be confirmed. Ultimately, further
exploration of the functions of glioblastoma TMs will be a necessary step in the development of
new and targeted treatment options.

Here, we present the first characterization of an in vitro model of TMs in patient-derived
glioblastoma cells. Demonstrating that these structures recapitulate many of the structural and
functional characteristics of in vivo TMs was a vital first step in ensuring that this is an accurate
model on which to base future studies. Our characterization of PREX] knockdown and knockout

PriGO cells has also added another piece to our understanding of TM formation. With this model
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of glioblastoma TMs, future studies are primed to untangle the complex network that orchestrates

TM growth and function.
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Discussion Figure 1. Model depicting knockout of PREX1 and the resulting effect on TM
formation and growth.

A. Under normal conditions, PriGO8A cells form TMs in vitro which requires signaling through
Racl and its GEF, PREXI. Activation of downstream effectors promotes cytoskeletal
reorganization and actin polymerization leading to the formation and growth of TMs. B. In
PREXI-KO PriGOSA cells, Racl frequently remains GDP-bound and, therefore, is unable to
activate downstream signaling pathways that lead to TM growth. As a result, cells form TMs less

frequently and, when they do, form shorter connections.
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6. Appendix
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Supplementary Figure 1. Example of TM length quantification.
Example of two PriGO8A cells sharing a TM connection in vitro. TMs were measured from the
narrowest point of one cell preceding the TM to the narrowest point of the connected cell before

the cell body. Measurements were recorded in pm. Scale bar = 50pum.
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Supplementary Figure 2. PriGO9A and PriGO17A cells stain positively for actin filaments.
A-B. Actin staining in PriGO9A and PriGO17A cells, respectively. Actin is found within the
length of PriGO TMs in vitro. 63X images were acquired by confocal microscopy. Scale bars =

20pum.
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Supplementary Figure 3. TEM micrographs of mitochondria in PriGOSA cell projections.
Mitochondria can be detected within the length of PriGO8A cell projections by transmission

electron microscopy (indicated by »).
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Supplementary Figure 4. Videomicroscopy of GFP- and mCherry-expressing PriGO8A cells
connected by a TM.

GFP- and mCherry-expressing PriGO8A cells are connected by a TM formed via the ADP
mechanism. Fluorescent protein expression shows the point of contact between both cells. This is
evidence for two protrusions from separate cells forming a physical contact and connecting the

cells together.
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Supplementary Figure 5. TIDE analysis characterizes the type of PREXI mutations in
PriGOSA cells.

A-B. TIDE analysis of PREX1-KO PriGOS8A cells identifies a total mutational efficiency of 87.1%
and a distribution of indel mutations in the target sequence of exon 2. Indels of varying sizes were
detected within the range of -10 to +2 base pairs. The high mutational efficiency corroborates the

lack of PREX1 protein observed upon immunofluorescence staining.
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