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Abstract

Neural progenitor cell (NPC) fate is influenced by a variety of biological cues elicited from the
surrounding microenvironment and recent studies suggest their possible role in pediatric
glioblastoma multiforme (GBM) development. Since a few GBM cells also display NPC
characteristics, it is not clear whether NPCs transform to tumor cell phenotype leading to the onset
of GBM formation, or NPCs migrate to developing tumor sites in response to paracrine signaling
from GBM cells. Elucidating the paracrine interactions between GBM cells and NPCs in vivo is
challenging due to the inherent complexity of the CNS. Here, we investigated the interactions
between human NPCs (ReNcell) and human pediatric GBM-derived cells (SJ-GBM2) using a
Transwell® coculture setup to assess the effects of GBM cells on ReNcells (cytokine and
chemokine release, viability, phenotype, differentiation, migration). Standalone ReNcell or GBM
cultures served as controls. Qualitative and quantitative results from ELISA®, Live/Dead® and
BrdU assays, immunofluorescence labeling, western blot analysis, and scratch test suggests that
although ReNcell viability remained unaffected in the presence of pediatric GBM cells, their
morphology, phenotype, differentiation patterns, neurite outgrowth, migration patterns (average
speed, distance, number of cells) and GSK-3p expression were significantly influenced. The
cumulative distance migrated by the cells in each condition was fit to Furth’s formula, derived
formally from Ornstein-Uhlenbeck process. ReNcell differentiation into neural lineage was
compromised and astrogenesis promoted within cocultures. Such coculture platform could be
extended to identify the specific molecules contributing to the observed phenomena, to investigate
whether NPCs could be transplanted to replace lesions of excised tumor sites, and to elucidate the
underlying molecular pathways involved in GBM-NPC interactions within the tumor
microenvironment.
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Introduction

Glioblastoma multiforme (GBM) is a highly malignant form of cancer found within the
central nervous system (CNS) which, when diagnosed, has a median patient survival time of
less than a year [1]. GBM affects populations of all ages, although the pediatric form is
understudied due to the histopathological diversity of the ailment. Pediatric GBM is also
more challenging to treat due to intrinsic drug resistance [2]. Although the cellular origins of
pediatric GBM are unclear, one theory suggests that they could arise from the transformation
of proliferating NPCs during embryogenesis [3-6]. In addition to cancer stem cell markers
(e.g., CD133) [7, 8], GBM cells also express a variety of lineage markers including pre-
neural and astrocyte, and a variety of mature neuronal markers including GABA and GalC

[4].

NPCs respond to various spatio-temporal cues to determine their progeny, and their
maturation is driven by a combination of intrinsic temporal factors as well as extracellular
signals from the developing brain microenvironment. For example, at mid-gestation, young
neurons migrate above the germinal ventricular zone (VZ) and eventually to the
subventricular zone (SVZ). By postnatal stage, radial glia transform into astrocytes and the
VZ disappears, but the SVZ remains into adulthood where NPCs continue to proliferate [9],
and respond to a variety of growth factors mimicking responses seen during embryogenesis.
When cultured /n vitro, NPCs have been shown to expand and maintain an undifferentiated
phenotype in the presence of epidermal growth factor (EGF) and/or basic fibroblast growth
factor (bFGF), and could differentiate into both neuronal and glial lineages upon removal of
these mitogens [10]. NPCs have been shown to migrate and integrate into the surrounding
tumor microenvironment, and therefore offer potential to impede GBM progression by
delivering relevant suppression molecules to the tumor site [11]. For example, studies have
shown that GBM cells have a BMP cell-cycle exit pathway similar to that of NPCs, which
could impede tumor progression if manipulated [12].

The therapeutic potential of NPCs in a cancerous microenvironment is currently limited by
the potential transformation of NPCs to tumorigenic phenotype, which is thought to be
triggered by a variety of molecular mechanisms [6]. Holland et a/. reported that NPCs can
produce similar histological characteristics as GBM in a rodent model, viatransduction
proteins such as Akt and KRas [13]. Genetic analysis suggested that Olig2 regulates both
NPC and GBM lineages and is critical for cell proliferation in both populations [14]. Dai et
al. found that mature mouse astrocytes transfected with the platelet-derived growth factor
appeared to be more susceptible to GBM transformation /n vivo [15]. Other studies suggest
that the mechanisms driving GBM transformation are based on increased production of the
glycoprotein CD133, which is also a NPC marker. Thus, the origin of GBM is likely either a
derivation from CD133 expressing cells which are normally not present in the adult brain, or
from CD133-positive ependymal cells in the adult brain [16]. In general, NPCs are at risk

Exp Cell Res. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Farrell et al.

Page 3

for malignant transformation based on activated pro-mitotic genes, telomerase activity, and
anti-apoptotic genes, which can be triggered by a combination of less than seven mutations
[17, 18].

Currently, limited information exists pertaining to the influence of GBMs on NPCs and vice
versa [6]. NPCs injected /n vivoto mouse tumor sites have been shown to aggressively
migrate into tumor sites and overexpress several cytokines and chemokines, which has the
potential to trigger antitumor NPC-mediated immunity [11, 19]. GBMs also appear to
transmit signals to the surrounding environment that cause the co-expression of several
unique neuronal markers in both themselves (autocrine) as well as surrounding stem cells
(paracrine) [3, 20]. Investigating the paracrine signaling between GBM cells and NPCs in a
controlled microenvironment (e.g., cocultures) might help in direct quantification of the
influence of each cell type on the other, in the identification of molecules which arrest GBM
growth, metastasis and tumor formation suppression, and in evaluating the potential of NPC
transplantation in restoring lost cell populations at the lesions site after surgical removal of
CNS tumor [6]. Using a biomimetic coculture system, limitations associated with /n vivo
studies could be overcome and direct cell-cell contact could be eliminated, while effectively
exposing GBM cells and NPCs to the signaling molecules released by the other.

This study is based on the hypothesis that the biochemical signals released by pediatric
GBM-derived cells influence the normal NPC phenotype by altering their morphology,
survival, migration, differentiation patterns, and release of various cytokines and
chemokines. Given the similarities in the cellular pathways which regulate both NPC and
GBM cell differentiation and proliferation, such coculture studies would also provide key
insights into the effect NPCs have on GBM cells. The outcomes from such studies might
help elucidate the conditions leading to the onset and progression of pediatric GBMs,
identify the target molecules and pathways which might help impede GBM progression, and
unlock the interactions of NPCs in tumor microenvironment [21].

Materials and Methods

NPC and GBM cell expansion

Human NPCs (ReNcell VM Human Neural Progenitor Cell Line; SCC008) and all media
components were purchased from EMD Millipore. ReNcells were maintained in an
undifferentiated state by culturing on laminin-coated T-75 flasks in the presence of non-
differentiating maintenance media (Millipore Cat. No. SCMO005) containing 20 ng/mL of
freshly-thawed bFGF and EGF. Media was changed every 24 h, and after 7 days, ReNcells
were gently detached using Accutase (Life Technologies, Carlsbad, CA) and frozen in
ReNcell freezing medium (Millipore Cat. No. SCMO007). Differentiation media was ReNcell
maintenance media without any bFGF or EGF. All cells used in this study were before
passage 10.

Human pediatric glioblastoma multiforme cells (GBM) were obtained from the Children’s
Oncology Group (COG) Cell Culture and Xenograft Repository at Texas Tech University
Health Sciences Center School of Medicine. Cells were derived from a five-year old female
and labeled as the “SJ-GBM2” cell line [22]. The SJ-GBM2 cell line was expanded in
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uncoated T-75 flasks. All media products were purchased from Life Technologies unless
otherwise noted. GBM media was prepared using Iscove’s modified Dulbecco’s medium
containing 20% fetal bovine serum, 4 mM L-glutamine, and ITS supplement (5 pg/mL
insulin, 5 ug/mL transferrin, 5 ng/mL selenous acid). Media was replaced every 3 days, cells
detached using Pucks EDTA (140 nM NaCl, 5 mM KCI, 5.5 mM glucose, 4 mM NaHCOs3,
13 uM phenol red, 0.8 mM EDTA, and 9 mM HEPES) after 7 days, and frozen in a solution
containing 50% fetal bovine serum and 7.5% DMSO in Iscove’s modified Dulbecco’s
medium. Cells were used prior to passage 20. Henceforth, SJ-GBM2 cells will be referred to
as GBM, and undifferentiated ReNcells as ReNcell-bFGF. All cultures in this study were
performed on 2D tissue culture grade plastic, and ReNcells were always plated on laminin-
coated dishes.

Transwell® coculture conditions

After initial expansion, test cultures were run for 5 or 10 days under these conditions, in
parallel: ReNcells cultured alone in non-differentiating media (ReNcell bFGF), ReNcells
cultured alone in differentiation media (ReNcells alone), GBMs cultured alone in GBM
media (GBM alone), ReNcells cocultured with GBMs seeded in transwell insert (ReNcell
cocultures), and GBMs cocultured with ReNcells seeded in transwell insert (GBM
cocultures). For these cocultures, ReNcell differentiation media and GBM media were
mixed in 1:1 ratio and supplemented. To ensure no direct cell-cell interactions, 1-um PET
membrane Transwell® cell culture inserts (Flacon/Corning, Durham, NC) were used. NPCs
were first seeded in laminin-coated 24-well plates at a density of 4 x 104 cells/well and
cultured for 3 h with 200 pL of differentiation media or non-differentiating media. For
cocultures, after 3 h, Transwell® inserts were placed and 4 x 10* GBMs were seeded within
the uncoated inserts. Respective media for both cell types was replaced daily. In all the
cases, cells were cultured on 2D substrates and not within 3D scaffolds.

Cytokine/chemokine analysis

Cytokine and chemokine analyses were performed using Discovery Assays® (Eve
Technologies, Alberta, Canada). Cell culture supernatants (150 uL) were collected from each
well after 24 h culture, spun down at 3000 g for 5 min, and stored at —20 °C. The
supernatants were then processed using multiplexing LASER bead technology and
processed on a dual-laser flow-cytometry system (Bio-Plex 200). The technology works by
utilizing different combinations of red and infrared fluorophore beads conjugated to specific
antibodies targeted to the cytokine or chemokine of choice and were read using a flow-
cytometry based system. The quantity of the specific analyte generated was based off of a
series of standards set forth by the company. The following cases were tested: ReNcells
alone, GBM alone, ReNcells bFGF, ReNcell cocultures and GBM cocultures. For ReNcell
cocultures, ReNcells were plated in the bottom dish of the 24-well plates and GBM cells
were seeded in the Transwell inserts. Similarly, for GBM cocultures, GBM cells were plated
in the bottom dish of the 24-well plates and ReNcells were seeded in the Transwell inserts.
The presence of following 42 cytokines and chemokines (EGF, Eotaxin-1, FGF-2, FIt-3L,
Fractalkine, G-CSF, GM-CSF, GRO, IFNa2, IFN-y, IL-1a, IL-1pB, IL-1ra, IL-2, IL-3, IL-4,
IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17A, IL-18,
IP-10, MCP-1, MCP-3, MDC, MIP-1a, MIP-1B, PDGF-AA, PDGF-AB/BB, RANTES,
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sCD40L, TGF-a, TNF-a, TNF-B, and VEGF) and 3 cancer markers (Galectin-3, MPO, and
FAP) were tested. Cytokine and chemokine expression levels from these bead assays were
plotted as a heat map using R software.

NSC and GBM viability was measured using the LIVE/DEAD® viability and cytotoxicity
kit (Life Technologies) on days 5 and 10, for all the culture conditions. Cells were incubated
with calcein AM and ethidium homodimer-1 for 30 min and immediately underwent
fluorescent imaging using an Axio Vert.Al fluorescence microscope (Carl Zeiss
Microimaging; NY). For coculture conditions, the Transwell® inserts containing the GBMs
were removed and placed in a separate well, stained using the aforementioned procedure and
imaged. Viability of ReNcells and GBMs was expressed as a percentage of the number of
live cells counted over the total number of cells, using a custom-written macro in ImageJ (>
1500 cells counted per condition).

Cellular morphology

Cell shape index (CSI) was assessed from the staining of live cells (FITC-channel) using the
images acquired from all of the aforementioned LIVE/DEAD® staining cases. Images were
processed using the particle analyzer function feature in ImageJ (> 1000 cells counted per
condition). The projected area (A) and perimeter (P) for each cell was measured and the
average cell morphology was quantified using the formula: CSI = 4t A/P2. CSI values range
from zero (infinitely elongated polygon) to one (perfect circle).

Immunofluorescence imaging

On days 5 and 10, the following cultures were processed to identify and quantify the distinct
neural and glial lineages: ReNcells alone, GBM alone, ReNcell cocultures, and GBM
cocultures. Cells were washed once in sterile 1x PBS, fixed with 4% PFA (4 °C, 2 h),
washed twice with 1x PBS (5 min), and incubated with blocking buffer (0.5% Triton-X, 5%
serum, 1x PBS) for 2 h at room temperature. Serum selection was based on primary and
secondary antibody host species. After removing the blocking buffer, cells were incubated
with respective primary antibodies (4 °C, 24 h): rabbit monoclonal anti-TUJ1 (Abcam),
mouse monoclonal anti-Nestin (Millipore), mouse monoclonal anti-CD133 (Prominin-1;
glioblastoma and stem cell glycoprotein; Millipore), goat polyclonal anti-GFAP (Abcam),
mouse monoclonal anti-SOX2 (ThermoFisher Scientific), rabbit monoclonal anti-EGFR
(ThermoFisher Scientific), chicken monoclonal anti-MAP2 (ThermoFisher Scientific) and
actin-staining Alexa Flour™ 488 Phalloidin (ThermoFisher Scientific). Cells were washed
three times in PBS, incubated with appropriate secondary antibodies (Santa Cruz
Biotechnology, Dallas, TX) at room temperature for 2 h, washed again three times with PBS,
and then counterstained with 4,6-diamidino-2-phenylindole (DAPI, Sigma). In addition,
double-immunostaining was performed in select cases — TUJ1/GFAP, Nestin/GFAP, Nestin/
TUJ1 - using appropriate protocols as per vendor’s specifications. For coculture conditions,
Transwell® inserts containing GBMs were removed, bottom mesh cutout and placed in
separate wells, and stained using the above procedure. Negative controls were also processed
in parallel, which were not stained with primary antibodies in each case. All cells were
imaged using the Axio Vert.Al fluorescence microscope under both phase contrast and
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fluorescence channels using a digital camera (Axiocam C1, Carl Zeiss) and Axiovision data
acquisition software. Total number of cells per well was quantified using batch processing in
ImageJ which quantified all the cells in the well emitting DAPI signal, and comparing that
number to the total number of cells in that same well positively stained for the
aforementioned anti-body markers (> 1000 cells counted per condition).

Axonal outgrowth

Axonal outgrowth was quantified using the fluorescence images acquired from the TUJ1
antibody staining of ReNcell cultures: ReNcells alone and ReNcell cocultures. Images from
each respective condition were then imported into ImageJ and analyzed viathe NeuronJ
plugin [23]. This program traces the length of neurite branching from the soma to the end of
axon using the bright intensity of the stained pixels (n = 3 wells/condition; >100 axons per
condition counted).

Western blot analysis

Semi-quantitative western blot analysis was performed to identify GSK-3p, p-catenin, and
Notch-1 expression levels in ReNcells and GBM cells, and assess if any of these pathways
were involved in mediating the interactions between the two cell types. Briefly, at the end of
standalone or cocultures, cells were washed with PBS, exposed to 1x passive lysis buffer
(Promega), and the pooled cell lysate was centrifuged at 12,000 rpm for 20 min at 4 °C to
extract protein content in the supernatant. Protein bands for GSK-3p (primary antibody
from BD Biosciences), p-catenin (primary antibody from BD Biosciences) and notch-1
(primary antibody from Abcam) were detected using SDS/PAGE western blot procedures
and appropriate secondary antibodies, using protocols we reported [24].

Cell proliferation assay

Cell proliferation was assessed using a BrdU cell proliferation assay (EMD Millipore).
Assays for this experiment were run in 96-well plates as recommended by the manufacturer.
The assay was first run on cells cultured for only 2 h to validate that each cell type was able
to uptake the BrdU reagent and the assay would be able to provide reliable readings.
ReNcells and GBMs were serially-diluted and seeded independently at the following
densities per well: 1, 2, 5, 10, 20, 40, 80, 100, 150, and 300 thousand cells. After 2 h culture,
the assay was run and the plates were read at 450/550 nm using a spectrophotometer (Biotek
Synergy Winooski, VT) and analyzed using Gen 5 software. The data acquired followed a
linear trend of cell population size vs. optical density, which was in agreement with the
manufacturer’s recommendations, and thus the test was deemed valid to use for each
specific case. The data collected from the serial dilution of the cell populations for 2 h was
called “initial seeding” and was only performed on standalone GBMs and NSCs in
differentiating media. In lieu of commercial Transwell® inserts for 96-well plates, ReNcell
coculture conditions with GBM were achieved by taking 100 pL of spent media from the
GBM cultures every 24 h and adding it to the ReNcell culture. Similarly, 100 pL of spent
ReNcell media was added to GBM cultures. At this time, 100 pL of fresh media was
replaced in each respective culture condition, and a full media change (200 L) was
performed on stand-alone culture conditions for consistency. All cultures were seeded at an
initial density of 2 x 104 cells per well, which was measured using a Moxi-z mini-automated
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cell counter (Orflo, Ketchum, ID). The proliferation outcomes were tested at 3 different time
points — days 1, 5 and 10.

Migration assay and cell tracking

To understand migration of GBM and ReNcells, a scratch test assay was performed to
quantify cell migration in their respective microenvironments. Cells were seeded in 24-well
plates, allowed to expand to confluence, and a 500 pm wide channel was scratched in the
center of the confluent monolayer within each well. Time-lapse imaging in bright-field mode
was performed using a 10x objective to ensure that the scratch was in the field of view. The
scratch was performed on cell layers within the 24-well plate and not in the transwell. Thus,
to quantify GBM migration within cocultures, they were seeded in the lower well and
ReNcells were seeded in the Transwell® insert, and vice versa for quantifying ReNcell
migration within cocultures.

For migration analysis, cells were individually tracked by selecting images taken from the
similar field of view at various time points over 56 h. Images were analyzed in NIH ImageJ
software by identifying the location of cells at each time point with reference to the original
line of the scratch in each condition, thus allowing for all the images to be uniformly
compared. Migration distances were excluded if a cell could not be easily identified from the
previous time point or out of focus in the image. At least 30 cells were manually tracked per
time point/condition. In addition to quantifying the average cumulative distance of cell
migration at each time point under each culture condition, cell migration was also quantified
by categorizing cells into two zones: those within the first 200 um of the interface of scratch
(termed as frontline), and those directly behind the frontline cells (termed as midline) at the
start of the assay. Data was plotted as the individual migration distance vs. time with respect
to the cell’s starting position and fitted with a mean and standard deviation using Graphpad
prism software (San Diego, CA).

Statistical analysis

Results

Except the cytokine/chemokine analysis, all other tests were performed in triplicate, with at
least three wells per condition per replicate. Data acquired was expressed as mean *
standard error. Unless indicated otherwise. Statistical analysis was performed with Graphpad
Prism 6 (La Jolla, CA) and plotted in Sigmaplot (San Jose, CA). Statistical significance
between varying experimental conditions was tested using a student’s t-test (two-tailed,
unequal distribution) or a two-way ANOVA with multiple comparisons (Fishers least
significant difference). Statistically significant data was marked by p < 0.05.

Cytokine and chemokine production

The analytes released by ReNcells and GBMs within standalone and cocultures was
clustered based on their type (Fig. 1) or abundance levels (Fig SI-4: A: < 2.5 pg/mL; B: <15
pg/mL; C: < 1500 pg/mL). When cultured alone, analytes except IL-7 and IL-8 were
expressed by ReNcells in non-differentiating media (presence of bFGF). However, post-
removal of bFGF to induce differentiation, ReNcells released lower amounts of 1L-17a,
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PDGF-AA, MCP-1 and Fractalkine, and higher amounts of MCP-3, but no detectable levels
of other analytes. Compared to ReNcells within standalone cultures, GBMs released higher
amounts of 1L-2, IL-6, IL-18, and G-CSF, and lower amounts of IL-17a, MCP-3, Galectin-3,
PDGF-AA, and MCP-1. GBMs did not release any Eotaxin-1, IFN-, IP-10, and
Fractalkine. Eotaxin-1, TGF-a and IFN-y were not detectable in cocultures although they
were quantified in GBM standalone cultures. In general, the analyte amounts in cocultures
were within the ranges measured in standalone cultures of ReNcells or GBMs (except
IL-1B), suggesting that the levels of these analytes in cocultures were not simply a
combination of their individual levels in standalone cultures. The analyte amounts in GBM
cocultures was similar to that in ReNcell cocultures, mostly due to similarities in culture
conditions. Galectin-3 was the most abundantly released analyte in the pooled media for all
the cases tested, and the only cancer-specific marker found; MPO and FAP were
undetectable in all cases. Surprisingly, ReNcells released higher amounts of Galectin-3 than
GBM:s.

Cell viability and proliferation

Representative images from the Live/Dead® assay were shown in Fig. SI-1A. Although cell
viability in both the standalone and cocultures was higher than 80% (Fig. SI-1B), viability in
cocultures appeared higher at both time points. However, no differences in cell survival
between day 5 and day 10 were evident. Cell proliferation, on the other hand, appears to be
significantly influenced both by the duration of culture as well as cocultures (Fig. 2). When
ReNcells were cultured alone in non-differentiation media (containing bFGF), the number of
actively dividing cells increased in an exponential fashion from days 1 to 10 (/2= 0.96).
Conversely, when ReNcells were cultured in differentiation media (absence of bFGF), no
active cell proliferation was noted over the ten day cultures. In both standalone and
cocultures, GBM cells aggressively multiplied as demonstrated by the almost 3-fold change
in optical density between day 1 and 5 in both culture conditions. The significant decrease in
O.D. within these GBM cultures by day 10 could be attributed to cell confluence within
culture dishes, as evident from microscopy images. Finally, the presence of GBM cells
(cocultures) appears to slightly stimulate ReNcell proliferation by day 10 compared to their
standalone culture in differentiation media (p < 0.05).

Cell phenotype and differentiation within standalone and cocultures

NPCs have been shown to differentiate and commit to distinct neural and glial lineages upon
removal of EGF and bFGF from the culture media. Immunofluorescence imaging (Fig. 3)
qualitatively revealed the lineage commitment of ReNcells and GBM cells within standalone
and coculture conditions after a 10-day culture. The native phenotype of undifferentiated
ReNcells (cultured with bFGF) at 24 h time point was also shown in select cases for
comparison. It could be seen that the as-received ReNcells stained positive for Nestin, GFAP
and B-actin, but negative for TUJ1, CD133, EGFR and MAP2, after 24 hours in culture.
Double-immunostaining was not performed for as-received ReNcell cultures as they didn’t
express TUJ1. ReNcells exhibited strong p-actin staining with well-spread cell morphology,
distinct from GBM cells. However, after differentiation was induced by bFGF removal,
significant morphological changes in ReNcells were noted by the end of ten day culture. A
strong TUJ1 and MAP2 staining was evident, with axonal outgrowth in both TUJ1 and
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Nestin positive images. Astrocyte phenotype (GFAP marker) was also remarkably different
in differentiated cultures compared to their undifferentiated counterparts. However, no
CD133 or EGFR staining was noted in undifferentiated ReNcell standalone cultures. Double
labeling revealed quite a few cells co-expressing GFAP and TUJ1 markers, but almost none
co-expressing TUJ1/Nestin or GFAP/Nestin. On the other hand, within ten-day standalone
cultures, GBM cells positively stained for CD133 and EGFR (cancer cell markers), GFAP
(mature astrocyte), and Nestin, TUJ1 and MAP2 (evolution of neuron maturation and
phenotype). GBM cells co-expressing TUJ1 and GFAP were also evident from double-
immunolabeling images.

Within cocultures, similar to their standalone counterparts, both ReNcells and GBMs stained
positive for Nestin, although the morphology in ReNcells was more spread. Remarkably,
compared to their standalone counterparts: (a) axonal outgrowth in ReNcell cocultures was
significantly suppressed although TUJ1 expression could still be seen, (b) ReNcell
cocultures exhibited strong and mature GFAP-staining indicative of astrocyte lineage
morphology, (c) GBM cocultures had a reduced GFAP staining, (d) significantly higher
ReNcells stained CD133-positive but not EGFR-positive in cocultures, (€) EGFR-staining
was enhanced in GBM cocultures, (f) CD133 expression in GBM cocultures was slightly
suppressed, (g) MAP2 and Nestin expressions remained largely unaffected in cocultures, and
(h) the number of ReNcells co-expressing TUJ1 and GFAP increased. These results are
important and relevant from numerous standpoints, as elaborated in the discussion section.

In general, trends in quantitative data closely matched the observations from qualitative
imaging. Quantification of images indicated no time-dependent differences in CD133
expressing cells except for ReNcell alone cultures (Fig. 4A). GBM cultures, standalone or
cocultures, had the highest number of cells positively-staining for CD133. CD133
expression in ReNcells was higher within cocultures compared to standalone counterparts.
Of all the markers stained, Nestin was most abundantly found across all cases (Fig. 4B).
Significant differences were not observed when comparing standalone cases to coculture
cases on the same day, however a significant decrease in Nestin marker was observed from
day 5 to day 10 within GBM cultures (p < 0.05). ReNcells expressed significant Nestin
marker staining even after a 10-day differentiation induction. A significant reduction in
GFAP expression was seen from days 5 to 10 in GBM cultures (Fig. 4C, p < 0.05) but not in
ReNcell cultures. ReNcells had significant GFAP expression in both standalone and
cocultures. GFAP expression was significantly suppressed within GBM cocultures compared
to their standalone counterparts, on both day 5 and day 10 (o < 0.05). While TUJ1
expressing cells were the highest in standalone ReNcell cultures (Fig. 4D), coculturing with
GBM s significantly reduced TUJ1 expression in these cultures. In both cocultures and
standalone cultures, several cells appeared to be expressing “stemness” markers (CD-133 or
Nestin) in conjunction with specific lineage markers (neural or glial).

Cell morphology and axonal outgrowth

Significant time-dependent and culture condition dependent effects on cell shape index
(CSI) were noted (Fig. 5A). ReNcells in standalone cultures had a more elongated shape
highlighted by robust axonal extensions on both days 5 and 10. When ReNcells were
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cocultured with GBMs they became significantly more rounded at both the time points
tested (o < 0.05). Standalone GBMs were more rounded on day 5, but became significantly
more elongated by day 10, a pattern that was also noted in ReNcell cocultures (p < 0.05 for
both cases). Although no significant changes in CSI were observed in GBM cocultures for
day 5 vs. day 10, GBMs in cocultures on day 5 were significantly more elongated than their
standalone counterparts. GBM cells in cocultures were significantly more rounded than their
standalone counterparts by day 10.

From the immunostaining images, neurite outgrowth within TUJ1-stained ReNcell cultures
was quantified at days 5 and 10 (Fig. 5B). In general, at both the time points, neurites within
standalone cultures were 7-fold longer than in cocultures (p < 0.001).

Of the three proteins tested using western blot analysis, f-catenin and notch-1 expressions
were not detectable in both the cell types. However, GSK-3f expression was evident in both
ReNcells and GBM cells (Fig. 5C), and representative bands under respective culture
conditions were shown in inset. Undifferentiated ReNcells (i.e., cultured in bFGF presence)
served as controls, and they did not express GSK-3p. Within standalone cultures, GBM cells
expressed significantly higher levels (2.3-fold; p < 0.05) of GSK-3f compared to ReNcells.
Similarly, GSK-3p expression in cocultures was significantly higher compared to standalone
cultures (p < 0.05), with GBM cocultures having the highest expression (p < 0.05 vs. all
other cases). This suggests that GSK-3p pathway might be involved in mediating the
interactions between these two cell types, although further studies are required to validate
this hypothesis.

Cell migration, speed and persistence

From the scratch test assay, the number of migrating cells in standalone and cocultures were
assessed over a 80 h duration using time-lapse imaging, along with the cumulative distance
migrated and their average speed. Representative images of ReNcells and GBMs at selected
time points were shown in Fig. 6A. The dotted line in each image indicates the demarcation
of original scratch from cell monolayers. Compared to that in standalone cultures, ReNcells
migrated faster and in more numbers within cocultures, although such clear distinction could
not be made in GBM cell cultures.

The number of migrating cells in standalone and cocultures were quantified from these
images (Fig. 6B). Cell migration within standalone ReNcell and GBM cultures was low in
general, but increased with time over the duration of the study. However, among all the four
test cases, significantly higher number of ReNcells migrated within cocultures at any time
point, suggesting the influence of paracrine signaling from GBM cells. Cell speed was also
found to be time-dependent in each culture condition. For the first 8 hours of study, cells in
all conditions moved rapidly at an average speed of 8 um/h or higher (Fig. 6C). After that,
GBMs in standalone and cocultures, and ReNcells in cocultures, migrated at an average
speed of 4 um/h.

The cell population movement was also quantified from these images (Fig. 6D). The
cumulative distance migrated by GBM cells in cocultures was the highest among the four
cases over the first 52 hours (symbols in Fig. 6D). Cell migration was aggressive over the
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first 20 h covering almost 50 — 250 um, after which it significantly slowed down.
Expectedly, ReNcells remained dormant in standalone cultures for the remainder of the
culture period, which is strikingly different from the additional 170 pm they traveled in
cocultures. Although there were no significant differences in the total distance traveled by
GBMs in standalone vs. cocultures (except at the 36 h time point), ReNcells in cocultures
traveled significantly more distance than their standalone counterparts (244 pm vs. 69 pm,
respectively, p <0.05).

The cumulative distance migrated by cell populations in these cultures were fitted to a model
based on Furth’s formula [25], which was more formally derived in the Ornstein-Uhlenbeck
process [26], and describes the expected value of the mean squared displacement of the cell,

((9), as

(A7 () =4p t—P+7
e P

Here, uis the random motility coefficient that describes the rate at which cell population
randomly migrates (analogous to diffusion coefficient), and Pis the persistence time of the
motion (i.e., average time between significant changes in direction). Att » P, {?(d) ~ 4ut.
Although this equation is typically used to model cell population motility in the absence of
signaling molecules, this model could also be used when the biomolecular presence is
global, as is the case in our experimental setup. This enables direct comparison of the
parameters 4 and P. The fitting of the data to the model to obtain the parameters g and Pwas
done using fminsearch— a method for finding the minimum of unconstrained multivariable
functions using a derivative-free approach [27] in MATLAB (version 8.6). The fitting of the
model is shown in Fig. 6D (lines), and the model parameters obtained are shown in Table 1.
The data for only the first 13 hours of ReNcell movement in the absence of GBM cells was
used in this model fit, as these cells are no longer motile after this time.

The model offered an excellent fit with the data, and the parameter values obtained are
comparable in magnitude to other mammalian cell movements [28]. For example, the
persistence time is 4 min for rabbit neutrophils, 30 min for rat alveolar macrophages, 1 h for
mouse fibroblasts, 4-5 h for human microvessel endothelial cells, and 250 min for smooth
muscle cells [29]. The random motility coefficient is >10,000 um?2/h for neutrophils, 3600
for um2/h macrophages, 400-900 um?/h for fibroblasts, 1250-2250 um?/h for human
microvessel endothelial cells, and 2200 um?2/h for smooth muscle cells [29].

The individual cell migration over this period was analyzed by grouping the cells within
these cultures into two separate but adjacent zones: those within the first 100 pm of the
scratch interface (frontline), and those directly behind the frontline cells (midline) at the start
of the assay. Individual cells in each of these zones were tracked (at least n = 20 per
condition) over the first 56 hours, and their migration patterns were shown in Fig. 7. Each
symbol represents the migration of a single cell under those respective culture conditions
over 56 hours. The average distance migrated by the frontline and midline cells over 56 h, in
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each case, were shown in Fig. SI-2. The key findings from this individual cell migration
analysis were that (i) frontline cells in each condition migrated more distance compared to
their midline counterparts (A-1 vs. A2, etc.); (ii) distance migrated by both frontline and
midline GBM cells were higher than their ReNcell counterparts (A-1 vs. C-1, B-1 vs. D-1,
etc.), in standalone and coculture conditions; (iii) both frontline and midline ReNcells in
standalone and cocultures exhibited a dormant phenotype with little migration after the first
20 hours, in contrast to their GBM counterparts, and (iv) the migration patterns of frontline
cells but not midline cells broadly mimics that of overall cell population dynamics shown in
Fig. 6D.

ReNcells cultured alone, in undifferentiated medium in a similar experimental setup, were
tracked for their frontline and midline cell movement patterns and the results were shown in
Fig. SI-3. It was noted that most of the cell migration ceased beyond 13 h of culture in both
the cases, and a majority of the frontline cells traveled 110-190 um on average, while the
midline cells migrated 45-110 um on average. These migration distances were comparable
to those by ReNcells cultured alone in the presence of differentiating medium (Fig. 7, C-1
and C-2).

Discussion

Brain tumors are the second most common malignancy in younger populations and treated
routinely by surgery in conjunction with chemo-radiation therapies. Such removal of
malignant brain tissue could result in loss of cognitive function as well as the unintentional
death of surrounding healthy neurons [30]. In lieu of pharmacological options, surgical or
radiological intervention is necessary for a majority of these patients, therefore researchers
have begun exploring the utility of stem cells to restore the lost neurons and their
functionality and improve the patient quality of life [31]. On the other hand, NPCs have been
shown to be capable of tracking tumors which has led to the notion that these cells could
also be engineered as delivery vehicles for targeting therapeutic agents to tumor sites [32].
Therefore, towards developing an expedient /n vitro model that mimics tumor
microenvironment, the current study describes a coculture model of human NPCs and
pediatric GBM cells to ascertain the effects of paracrine signaling on their phenotype and
functionality.

Previous studies have reported on the tumor development of SJ-GBM2 cells in mice models
[33]. When tumor pieces of SJI-GBM-2, derived at autopsy from a 5-year old female patient,
were engrafted in the dorsal lateral flanks of CBA/CaJ mice (4 weeks of age) to initiate
tumor growth, each tumor grew in over 90% of the recipient mice and exhibited human-
origin characteristics as validated by karyotype and isoenzyme patterns [34].

Cytokines and chemokines influence the development of primary tumors in malignant
diseases, which has prompted further research in identifying the types, amounts and effects
of such markers in a tumor microenvironment [35, 36]. Unfortunately, limited information
exists in literature on the cytokine and chemokine production levels by NPCs, as it is
assumed that microglial cells are the primary contributors of these analytes in the CNS. The
concentrations of several cytokines and chemokines produced by GBMs in this study (e.g.,
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MCP-1, interleukins, Galactin-3) and the absence of some markers (e.g., IFN-y) is in broad
agreement with prior studies in this regard [37-40]. We also noted that ReNcells expressed
high levels of several analytes (e.g., MCP-1, PDGF-AA) and the cancer marker Galectin-3,
even when cultured in non-differentiating media. In agreement with our results, Sheng et al.
reported that NPCs exposed to inflammatory stimuli such as TNF-a or IL-1p produced
significant concentrations of MCP-1 and IP-10 [41]. Altering the types and amounts of these
analytes in a microenvironment could regulate tumor cell phenotype (invasion, proliferation,
migration, neoangiogenesis, immune cell infiltration) as well as influence NPC development
and behavior, presumably via activation of similar biochemical pathways (i.e. JAK/STAT or
NF-xB) [42, 43]. Our results indicate that coculturing with GBMs and the presence of
various cytokines and chemokines significantly influenced the patterns of NPC
differentiation, morphology, and migration.

Previous reports have suggested that the release of cytokines (e.g., TNF-a) and interleukins
by activated microglial cells after injury (both /in vivo and in vitro) could be detrimental to
NPC survival [44]. In agreement with the results from our study, other studies involving /n
vitro cocultures or /n vivo glioblastoma injection have reported high NSC survival rates in a
cancerous microenvironment [19, 45]. On the contrary, Glass et a/. observed a significant
suppression of adult GBM cell proliferation and apoptosis induction by NPCs within
cocultures on coverslips [20]. Our data suggests that the panel of cytokines and chemokines
produced by the GBM/NPC cocultures did not suppress their viability; in fact, cocultures
marginally promoted cell survival. SJ-GBM2 cells in this study might have released a panel
of analytes unique to the cancer milieu, which helped maintain ReNcell viability. In
agreement with literature [46], we noted significant viable and rapidly proliferating GBM
cells in standalone and cocultures during the initial five days of culture. A probable
contributing factor for the decrease in OD readings from day 5 to day 10 in GBM cultures
might be the lack of available space for cells to expand in the culture wells, which was
confirmed by examination under the light microscope. NPCs continued to proliferate in non-
differentiation media although the number of actively-dividing cells (BrdU-incorporated)
was significantly reduced in cultures with differentiation media, as reported in literature [47,
48]. A few ReNcells in cocultures were actively dividing even on day 10, possibly due to
dysregulation of the STAT3 or Wnt pathway from signals elicited from the surrounding
GBMs, suggesting these NPCs could be exhibiting a cancerous phenotype [1, 49].

NPCs respond to a variety of biochemical and spatiotemporal cues to induce differentiation
into specific neural and glial lineages [48]. /n vivo studies demonstrated the feasibility of
NPC transplantation to repair diseased tissues in the brain, and coupled with the evidence
that NPCs could survive in a cancerous microenvironment, it could be inferred that similar
strategies could be used for regenerative purposes during or after cancer treatment [50, 51].
However, research within the cancer milieu is limited to studies focusing on the potential
integration and delivery of anti-cancer drugs to the lesion site [19, 52]. Glass et a/. observed
in NSC-GBM explant cocultures that approximately 30% of NSCs stained positive for
Nestin (“stemness” marker), and within that Nestin-positive subpopulation, 60% co-
expressed GFAP and another 30% co-expressed the pre-neural markers (PSA-NCAM and
DCx) [20]. Here we see similar patterns in co-expression of specific neuronal or glial
lineages in conjunction with stemness marker. It has also been documented that pediatric
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GBMs express GFAP marker as well as the stemness markers Nestin and CD133 [2]. CD133
is a cell surface glycoprotein and has been utilized as a surface marker to identify cancer
cells from various solid tumors including breast, pancreas, liver and colorectal cancers [53—
56]. Studies have shown that glioma-initiating cells and NPCs isolated from GBMs express
CD133, and both CD133* and CD133" cells represent various differentiation stages for
tumor cells [57]. In fact, glioblastoma cells positive for both EGFR (variant I11) and CD133
were shown to exhibit cancer stemness, i.e., tumor-initiating ability and self-renewal [58].

The co-expression of CD133 and Nestin markers by rhabdomyosarcoma tissue and derived
cell lines point to the existence of cancer stem cells within these tumors [59]. The expression
of CD133, Nestin, EGFR and GFAP by standalone pediatric GBM cells (in the absence of
cocultures) in our study suggest to the potential presence of such cancer stem cells. While
coculturing with ReNcells appeared to still retain the co-expression of CD133 and Nestin in
these cells, GFAP expression was almost suppressed. Hemmati et a/. isolated cells from
pediatric GBMs which displayed qualities more commonly observed in healthy NSC
cultures, including the ability to form neurospheres and express neural markers [3]. Given
that CD133-expression is not normally present in the adult brain, rather only in GBMs and
NSCs, cells expressing these markers may indicate a potential transformation of NSCs to a
cancer phenotype [16]. Furthermore, the cytokine/chemokine production in coculture
conditions appears to influence cell fate [60, 61], i.e., downregulation of TUJ1 commitment
in NPCs, reduced expression of GFAP in GBMs, as well as increased expression of CD133.
However, more studies are required to understand the precise mechanisms driving these
changes, so that it could lead to integration of NSCs into this microenvironment without
transformation to undesired lineages.

In standalone cultures, NPCs displayed an elongated shape highlighted by axonal and
dendrite extensions [62], whereas confluent GBMs were generally small and rounded with
star like filopodia [63]. However, in cocultures, their morphologies switched, as GBMs
appeared elongated and NSCs more rounded. This suggests that NPCs were forced to
differentiate into glial lineage, initiated by the presence of cytokines viaa notch signaling
pathway [64]. Given the similarities in the GBM proliferation within standalone and
cocultures, and the lack of elevated staining for specific neuronal markers, the
morphological data gathered from GBM cocultures is not enough evidence to suggest these
cells are losing their cancer phenotype.

Alterations in axonal outgrowth have been attributed to the Rho signaling pathway [65], and
could be differentially regulated by the presence of several cytokines and chemokines [66].
Since ReNcells were found to have a more rounded morphology in cocultures, axons from
TUJ1-positive cells were measured and compared, which revealed reduced neurite
outgrowth in coculture conditions. This suggests the role of cancer cell microenvironment in
inhibiting the axonal elongation, which is a crucial obstacle that must be overcome to
regenerate any lost neuronal network /in vivo. We hypothesize that a strategic combination of
growth factors [67] and biological scaffolds [68] might help in shielding and promoting
robust axonal outgrowth to overcome this obstacle.
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Numerous studies attest to the complex and controversial role of GSK-3p in regulating
cellular functions (e.g., apoptosis, migration), specifically in tumor environments [69]. Only
recently, the role of GSK-3p in regulating NPCs [70] and adult glioma cells [71] has been
reported. To our knowledge, GSK-3p expression in pediatric GBM cells and NPCs in a
coculture environment has not been reported earlier. Although we noted that GSK-3p was
expressed in both NPCs and GBM cells, with significantly higher expressions in cocultures,
the mechanistic role underlying GSK-3 signaling in their survival, proliferation and
migration yet remains to be elucidated.

Research quantifying NPC migration in a cancerous microenvironment has recently gained
momentum as NPCs could act as a delivery vehicle for chemotherapeutics [11, 19, 32].
NPCs have been shown to chemotaxis towards the tumor site and envelop the tumors both /in
vivo and in vitro, depending on the severity of tumor pathology [20]. Aboody et a/. observed
the ability of NPCs to surround, track and target glioblastoma cells, both /n vivoand in vitro,
likely due to a complex mixture of biochemical signals acting as attractants, adhesion and
substrate molecules, and chemokines [11]. Although they did not perform further analysis,
our cytokine and chemokine data supports their notion that a complex cocktail of signaling
molecules were released in this coculture microenvironment. Using a scratch test, Natarajan
et al. observed comparable number of migrating GBM cells, which they attributed to
changes in focal adhesion kinases (FAK) modulated by several key analytes in the
microenvironment [72]. Using Boyden chambers, Heese ef a/. observed an increase in NSC
migration when exposed to several GBM cell lines, or under exposure to analytes such as
TGF-a and PDGF-AA [73]. Debray et al. noted that GBM cell motility on laminin-coated
surfaces was directly affected by the presence of Galectin-3, which has the ability to
modulate ag and By integrin expression and cause cellular locomotion [74]. Our results on
GBM speed were strikingly similar to that of Chicoine ef a/. [75]. In summary, the data
presented here demonstrated an increased NPC migration in the presence of GBMs, in terms
of cell speed and number of cells migrating, which could have practical applications in
targeted cell therapy and enhanced regeneration of lost tissue.

Conclusions

Alternate strategies to disrupt the progression of pediatric glioblastomas could lead to
increased patient survival rates. Given the similarities in the molecular pathways driving
NPC and GBM differentiation, survival, and proliferation, studies like this provide insight
into the ideal microenvironment needed for NPCs to perform their intended functions. Our
results suggest that within cocultures, a unique cocktail of analytes is produced which was
regulating NPC migration, lineage commitment (less neuronal and more astrocyte), and
axonal outgrowth. Given that NPC survival and migration was not compromised in this
coculture microenvironment, they still offer a suitable platform to deliver anti-tumor drugs.
Importantly, GBM cocultures appeared to promote CD133 expression in ReNcells,
suggesting their potential transformation to cancer phenotype. Given the unpredictability of
NPC differentiation in this microenvironment, coupled with the lack of axonal outgrowth,
further analysis of the biochemical markers produced by both cell types in cocultures, as
well as an increased understanding of the molecular pathways involved, could provide the

Exp Cell Res. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Farrell et al.

Page 16

requisite details needed to fully utilize NPCs for regenerative medicine applications in brain

ca

ncer.
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Highlights

. Interactions between human NPCs and human pediatric GBM-derived cells
investigated using a coculture setup.

. NPC morphology, phenotype, differentiation patterns, neurite outgrowth, and
migration patterns significantly influenced by GBMs.

. Cumulative migration distance fit to Furth’s formula derived formally from
Ornstein-Uhlenbeck process.

. Significant applications in NPC transplantation efforts to replace lesions of
excised tumor sites.

. Such cocultures could help elucidate the underlying molecular pathways
involved in GBM-NPC interactions in a tumor microenvironment.
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Figure 1.
Heat map representing cytokine and chemokine amounts released by ReNcells alone

(presence or absence of bFGF), SJ-GBM2 cells alone, ReNcell cocultures, and SJ-GBM2
cocultures, as measured v7a laser bead immunoassay. Each row corresponds to one culture
condition, and each column corresponds to one analyte. Analytes were clustered based on
their type — cytokines, chemokines and cancer markers. Cocultures were performed using a
Transwell® setup. The actual analyte concentration levels were shown in Supplementary
Figure 4. No detectable levels of IL-10, IL-3, MIP1a, Myeloperoxidase, and Fibroblast
Activation Protein were found.
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Figure 2.
Cellular proliferation was measured via BrdU uptake and expressed as optical density (O.D)

in various culture conditions. Measurements were taken immediately after seeding (4 h), and
at days 1, 5 and 10. Error bars represent mean = SEM for all cases.
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Figure 3.
Representative immunofluorescence images of ReNcells and GBMs, in standalone and

cocultures, on day 10. For comparison, in select cases, ReNcells cultures in the presence of
bFGF were also stained and imaged after 24 h in culture. Cultures were counterstained with
DAPI for cell identification. Primary antibodies for TUJ1, GFAP, Nestin, CD133, EGFR,
MAP2, and B-actin were used, with appropriate secondary antibodies. Double-
immunolabeling was performed under select conditions. Scale bar: 50 um.
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Figure 4.
Quantification of ReNcell and GBM phenotype in standalone and cocultures on days 5 and

10, staining for (A) CD-133, (B) Nestin, (C) GFAP and (D) TUJ1. Values are expressed as a
percentage of the number of cells stained positively for the respective marker (normalized to
total number cells staining positive for DAPI). * indicates significant differences (p < 0.05)
between day 5 vs. day 10, while # indicates significance in differences (p < 0.05) between
standalone and cocultures of ReNcells or GBMs, at a given time point. Error bars represent
mean + SEM for all cases (n = 3/case).
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Figure 5.
(A) Cell shape index (CSI) was measured using a particle analyzer plugin in ImageJ

software, from images captured on days 5 and 10. CSI equal to one indicates infinitely
elongated cell shape and a value of zero indicates perfectly rounded shape. (B) Average
neurite outgrowth (um) on days 5 and 10 was measured from TUJ1-stained cells within
ReNcell cultures, in both standalone and coculture conditions. A NeuronJ plugin in ImageJ
software was used to measure average outgrowth. * indicates significant differences (p <
0.05) between day 5 vs. day 10, while # indicates significant differences (o < 0.05) between
coculture vs. standalone cultures at a given time point. Error bars represent mean + SEM for
all cases (n = 3/case). (C) Semi-quantitative western blot analysis of GSK-3p protein
expression in ReNcells and GBM cells, cultured alone or in cocultures, at the end of 10 day
culture period. Undifferentiated ReNcells (i.e., the presence of bFGF) were used as controls.
Multi-fold increases in GSK-3p expression were noted in all the cases, with significantly
higher levels in cocultures, specifically within GBM cells. Inset shows representative protein
bands under respective culture conditions. ** indicates p < 0.05 vs. controls.
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Figure 6.
(A) Representative bright-field images at selected time points, obtained from a scratch test

assay. ReNcells or GBMs were cultured in 24-well plates, either standalone or in coculture
(Transwell® setup) with the other cell type. Images were taken at regular intervals over an
80 h period to visualize cell migration. Yellow dotted lines in each image represent the
starting position of the cells (at t = 0) when the scratch was initially made. Scale bar is 100
um. (B) The number of ReNcells or GBMs, in standalone or cocultures, which migrated
from their initial starting point into the cell-free zone created by scratch were quantified at
various time points. * indicates significant differences in coculture vs. standalone cultures.
Error bars represent mean + SEM for all cases (n = 3/case). (C) The average cell speed
(um/h) was quantified in these cultures at various time points (n = 3 wells/time point). (D)
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The average cumulative distance (um) covered by the cells was quantified at various time
points (n = 3 wells/time point). Lines indicate the Ornstein-Uhlenbeck process model fit to
the data shown in symbols. Error bars represent mean + SEM for all cases.
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From scratch test assay, cell migration within standalone and cocultures of ReNcells and

GBMs was divided into two zones — frontline (first 100 um from scratch interface) and
midline (next 100 um behind frontline). Cumulative distance migrated by individual

frontline cells over 56 h was tracked in GBMs cultured alone (A-1), GBM cocultures (B-1),
ReNcells cultured alone (C-1), and ReNcell cocultures (D-1). Similarly, distance migrated

by individual midline cells was tracked within GBMs cultured alone (A-2), GBM cocultures
(B-2), ReNcells cultured alone (C-2), and ReNcell cocultures (D-2). Each symbol
corresponds to a cell tracked over the test duration, and at least 15 individual cells were

randomly selected and plotted for each culture condition.
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Model parameters derived for ReNcells and GBM cell population migration within standalone and cocultures.

Random motility coefficient (um2/h)  Persistence time (h)

ReNcells alone (first 13 h) 122.1 0.76
ReNcell coculture 280.5 3.94
GBM cells alone 360.3 1.02

GBM coculture 509.9 141
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