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Abstract

Glioblastoma (GBM) is a highly aggressive brain cancer with limited treatments and poor patient
survival. GBM tumors are heterogeneous containing a complex mixture of dividing cells,
differentiated cells, and cancer stem cells. It is unclear, however, how these different cell
populations contribute to tumor growth or whether they exhibit differential responses to
chemotherapy. Here we set out to address these questions using a zebrafish xenograft transplant
model (Welker et al., 2016). We found that a small population of differentiated vimentin positive
tumor cells, but a majority of Sox2 positive putative cancer stem cells, were dividing during tumor
growth. We also observed co-expression of Sox2 and GFAP, another suggested marker of glioma
cancer stem cells, indicating that the putative cancer stem cells in GBM9 tumors expressed both of
these markers. To determine how these different tumor cell populations responded to
chemotherapy, we treated animals with temozolomide and assessed these cell populations
immediately after treatment and 5 and 10 days after treatment cessation. As expected we found a
significant decrease in dividing cells after treatment. We also found a significant decrease in
vimentin positive cells, but not in Sox2 or GFAP positive cells. However, the Sox2 positive cells
significantly increased 5 days after TMZ treatment. These data support that putative glioma cancer
stem cells are more resistant to TMZ treatment and may contribute to tumor regrowth after
chemotherapy.
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Introduction

Glioblastoma (GBM) is an aggressive form of brain cancer with a poor prognosis in patients.
Treatment options for GBM are limited, but include surgical resection followed by radiation
and chemotherapy with temozolomide (TMZ) (Ostrom et al., 2014). According to the
American Brain Tumor Association (ABTA), the median survival for patients with combined
chemotherapeutic and radiation therapy is 14-18 months with only 10% of patients
surviving beyond 5 years (Stupp et al., 2009). The poor prognosis of patients with GBM,
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combined with the lack of efficacious therapy options, clearly demonstrates a need for a
better understanding of this disease to produce better clinical outcomes.

A major area of interest in GBM research is defining the cell types that contribute both to
tumor growth and to tumor recurrence after chemotherapy. Understanding this would
elucidate pathways and lineages of interest, leading to better diagnostic and therapeutic
options. Cancer stem cells have been shown to be an important tumor cell type although
many aspects of how they function in tumors is debated (Vermeulen et al., 2008; Jordan,
2009; Lathia et al., 2015; Nassar and Blanpain, 2016). Chen and colleagues (Chen et al.,
2012) discovered, that a small population of neural stem cells propagates tumor growth in a
genetic mouse model of GBM. The authors went on to show that ablating these cells
decreased tumor growth after TMZ exposure, thus supporting that these cancer stem cells
are responsible for tumor recurrence (Chen et al., 2012). Another study focused on Sox2, a
transcription factor present in normal and cancer stem cells, that is prevalent in GBM tumors
(Hemmati et al., 2003; Schmitz et al., 2007; Gangemi et al., 2009). When Sox2 was
decreased in human GBM cells they stopped proliferating and were no longer tumorigenic
when transplanted into immunodeficient mice (Gangemi et al., 2009). These data stress the
importance of cancer stem cells for tumor recurrence and of Sox2 as a critical cancer stem
cell protein in GBM.

Although it has been shown that tumors are comprised of different cell populations, it is
unclear how different tumor cell populations contribute to tumor growth and response to
chemotherapy. We had generated and standardized a xenograft paradigm using human
GBM9 neurospheres transplanted into the embryonic zebrafish brain and showed that these
cells formed heterogeneous tumors leading to lethality (Welker et al., 2016). These tumors
were comprised of different cell populations including vimentin positive cells and Sox2
positive cells suggesting a mixture of differentiated cells and putative glioma cancer stem
cells (Gangemi et al., 2009; Chen et al., 2012; Song et al., 2016). In this study we set out to
define which GBM tumor cell populations were dividing and contributing to tumor growth
both before and after chemotherapy treatment. Our findings show differential cell division in
the different tumor populations and support a role for putative cancer stem cells in resistance
to and tumor regrowth after chemotherapy.

Cell culture was performed as in Welker et al., 2016 (Welker et al., 2016). Briefly, GFP
labeled GBM9 neurospheres (Giannini et al., 2005; Estrada-Bernal et al., 2011; Williams et
al., 2011) were obtained and kept in neurobasal media supplemented with B-27, GlutaMax,
EGF and FGF.

Zebrafish lines

Zebrafish were maintained at 28°C unless otherwise noted. ABxTupfel long fin (ABLF)
animals are referred to as wild type. casper mutants (roy; nacre; (White et al., 2008) were
obtained from Dr. Leonard Zon’s laboratory at Children’s Hospital Boston. All animals were
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kept in accordance with The Ohio State University Institutional Animal Care and Use
Committee protocols. For all experiments, animals were obtained from group crosses.

Transplants

Transplants were performed as in Welker et al., 2016 (Welker et al., 2016). Briefly, when
GBM9 neurospheres reached a size of ~1 mm they were dissociated using TrypLE (Gibco),
counted and resuspended in HBSS (Gibco) within 15 minutes of transplantation. Cells (50—
75 cells) were transplanted in the vicinity of the midbrain hindbrain boundary of 36 hours
post fertilization (hpf) embryos.

Cryostat Sections

Casper animals transplanted with GBM9 cells were fixed at 5 or 10 dpt with 4%
paraformaldehyde (PFA; Sigma-Aldrich) in PBS (Sigma-Aldrich) at 4°C. Animals were
fixed for a minimum of 24 hours. The animals were then transferred into 30% sucrose in
PBS (Thermo-Fisher Scientific, Waltham, MA, USA) at 4°C overnight. Next, animals were
placed in individual silicon molds filled with OCT compound (Sakura Finetek, Torrance,
CA, USA) and were frozen at —80°C for 15 minutes. Frozen animals were cut into 20 pum
sections using a cryostat machine. Sections were deposited onto Super Frost Plus slides
(Thermo-Fisher Scientific). Sections were cut in the transverse plane, comparable to the
coronal sections used in mouse and human brains. Slides were stored at 4°C overnight and
subsequently used for histological staining.

Histology and Immunohistochemistry

All staining was performed on 20 pm tissue sections. Primary antibodies were diluted in
either 3% or 5% bovine serum albumin in PBS and incubated at 4°C overnight. Secondary
antibodies were diluted in 1% Triton in 1XPBS and incubated at room temperature for 2
hours. n =5 animals per group.

Ki67—Following cryosection, slides were initially outlined with a Dako Pen (Dako,
Carpinteria, CA, USA). Slides were washed 3 times in PBS, 10 minutes per wash for a total
of 30 minutes and then permeabilized with 0.5% Triton (Thermo-Fisher Scientific) for 10
minutes. Slides were returned to a 10 minutes PBS wash before antigen retrieval. For antigen
retrieval, slides were placed in two, 7 minute rounds of boiling PBS for a total of 14
minutes. Following retrieval, slides were washed in fresh PBS. Slides were blocked for one
hour in 3% or 5% bovine serum albumin in PBS (Jackson ImmunoResearch, West Grove,
PA, USA) and were then stained with anti-Ki67 (D3B5) rabbit antibody at a 1/100
concentration (Cell Signaling, Danvers, MA, USA; 91295) overnight at 4°C. The following
day, slides were washed in three, 30 minute rounds of PBS for a total of 90 minutes. Slides
were permeabilized with 0.1% Triton for 10 minutes before being switched into secondary
antibody (Life Technologies, Carlshad, CA, USA) Alexa-Fluor 594 goat anti-rabbit I1gG at
1:300 concentration for 2 hours at room temperature. Finally, slides were washed with 3
rounds of PBS, 20 minutes each round, for a total of 60 minutes and then mounted in
Fluoromount with 4”, 6-diamidino-2-phenylindole dihydrochloride (DAPI; Sigma-Aldrich)
and coverslipped (Thermo-Fisher Scientific).
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Vimentin—Procedure was the same as Ki67 except without antigen retrieval. However, in
double labeling combinations with nuclear proteins, antigen retrieval was performed as an
inevitable part of the procedure. The primary antibody was monoclonal vimentin antibody at
a 1:200 concentration (mouse clone V9; Dako; M0725). The secondary antibodies used were
Alexa-Fluor 594 rabbit anti-mouse 1gG at a 1:200 concentration. (Life Technologies) or
Alexa-Fluor 405 goat anti-mouse 1gG (Life Technologies) at a 1:200 concentration. The
Fluor 594 secondary was used for the single labeling experiments. The secondary antibody
used for double labeling experiments was dependent on the wavelength of the other antibody
in the experiment.

Sox2—Procedure was the same as Ki67 with antigen retrieval. The primary antibody used
was polyclonal rabbit anti-Sox2 antibody at a 1:50 concentration (Abcam, Cambridge, MA,
USA,; ab97959). The secondary antibody used for the single labeling with DAPI was Alexa-
Fluor 594 goat anti-rabbit IgG at a 1:200 concentration, as above. The secondary antibody
used for the double labeling was Alexa-Fluor 405 goat anti-rabbit 1gG (Life Technologies) at
a 1:200 concentration.

Glial Fibrillary Acidic Protein (GFAP)—Procedure was the same as Ki67 except
without antigen retrieval. However, in double labeling combinations with nuclear proteins,
antigen retrieval was performed as an inevitable part of the procedure. The primary
antibodies used were polyclonal rabbit anti-glial fibrillary acidic protein at a 1:200
concentration (GFAP, Dako; Z0334) or monoclonal mouse anti-glial fibrillary acidic protein
at a 1:100 concentration (GFAP, DAKO; M0761). The primary antibody used was dependent
on the animal origin of the other antibody in the double label. The secondary antibodies used
were Alexa-Fluor 594 goat anti-rabbit 1gG at a 1:200 concentration, as above, and Alexa-
Fluor 405 goat anti-mouse IgG at a 1:200 concentration. The secondary antibody used was
dependent on the animal origin of the primary antibody.

Proliferating Cell Nuclear Antigen (PCNA)—Procedure was the same as Ki67 with
antigen retrieval. The primary antibody used was proliferating cell nuclear antigen at a 1:100
concentration. (PCNA, DAKO; M0879) and the secondary antibody used was Alexa-Fluor
594 goat anti-mouse 1gG at a 1:200 concentration.

Imaging of immunohistochemistry and staining analysis was performed on the Andor
spinning disk confocal microscope (Andor, Oxford, UK;). 0.4 um Z-stacks were created
from individual 20 pm sections and were observed through three filter channels: 405 (blue;
immunohistochemistry), 488 (green; tumor cells), and 594 (red; immunohistochemistry).
Cell count and staining analysis was performed on imaged Z-stacks. The total number of
GBMO cells was counted in each of the 5 animals per group, identifiable by green
fluorescent expression, followed by the number of cells expressing each individual
histological label. Finally, the number of cells expressing both histological labels was
evaluated (in either the red or blue channel). To create the triple labeled images, the Z-stacks
were compressed in all three filter channels.
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Numbers are given as mean * standard deviation. Significance was determined by two-
tailed, independent T-test with 8 degrees of freedom. T-test for unequal variances was used
when variance were deemed unequal (degrees of freedom <8). Bars in figures report the
average cell counts and error bars represent standard deviation for each
immunohistochemical group. n = 5 independent animals per group.

Identification of a subpopulation of dividing, vimentin-positive GBM9 tumor cells

To determine which tumor cells were contributing to tumor growth, we first examined the
relationship between differentiated and dividing cells using the markers vimentin
(differentiation) and Ki67 (proliferation). Although the “go or grow” hypothesis predicts a
separation between proliferative cells and those expressing the mesenchymal, differentiation
marker vimentin our previous single labeling data indicated that there may be cells that were
expressing markers of both proliferation and differentiation (Welker et al., 2016). In the
single labeling experiments, we found that 40% of tumor cells were expressing Ki67 at 5
dpt. At the same time point, 75% of tumor cells were positive for vimentin (Welker et al.,
2016) suggesting an overlap in these populations. To test this directly, we performed double-
labeling with Ki67 and vimentin to further characterize overlapping cell populations within
tumors.

We found that 40 + 5% of GBM9 tumor cells were positive for Ki67 at 5 dpt indicating that
these were dividing cells (Fig. 1). Simultaneously, 75 + 16% of tumor cells were expressing
vimentin, indicating that these were differentiated populations. These numbers were similar
to the values we obtained previously in single labels (Welker et al., 2016). Analysis of the
double labels revealed that ~17% of tumor cells expressed both vimentin and Ki67 at 5 (17
+ 7%; Fig. 1B, dark red bars) and 10 dpt (17 = 5%; Fig. 1B, light red bars). Between 5 and
10 dpt there was an increase in vimentin positive cells (but this did not reach significance),
but not an increase in double-labeled cells. This indicates that at 10 dpt fewer vimentin
positive cells were dividing consistent with differentiated cells. These data confirm that
GBM9 tumors contain a significant number of cells that do not exclusively display
characteristics of dividing or differentiated cells, but instead concurrently expressed markers
of each. Thus, although proliferation or differentiation states may dictate cell behavior, they
are not entirely exclusive in these tumors and GBM cancer cells may display a mixed
phenotype expressing characteristics of both cell states.

The population of dividing GFAP-positive GBM9 tumor cells decreases during tumor

growth

We next addressed the relationship between proliferation and differentiation as measured by
Ki67 and GFAP. GFAP is known to be a protein expressed in mature glia, such as astrocytes
or ependymal cells, making it a marker for differentiation. However, evidence also supports
that progenitor cells, like radial glia, and cancer stem cells can express GFAP as well
(Doetsch et al., 1999; Kriegstein and Alvarez-Buylla, 2009; Chen et al., 2012). To better
understand the cells expressing GFAP in GBM, we performed concurrent
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immunohistochemistry for Ki67 and GFAP. At 5 dpt, 36 + 9 % of tumors expressed Ki67.
This number was not statistically different at 10 dpt (41 + 3%). At 5 dpt, 47 + 5% of cells
were positive for GFAP expression and this number increased significantly to 84 + 3% at 10
dpt (p<0.0001). These values were consistent with those previously observed (Welker et al.,
2016). At 5 dpt, 28 + 8% of tumor cells were positive for both Ki67 and GFAP (Fig. 2B,
dark blue bars). This population decreased significantly to 12 + 4% by 10 dpt (p<0.01; Fig.
2B, light blue bars). If we just looked at the GFAP positive cells, 63% were Ki67 positive at
5 dpt and only 15% were Ki67 positive at 10 dpt. These data show that earlier in tumor
formation more GFAP positive cells are dividing than later during tumor formation.
Although the number of cells expressing GFAP increased significantly between 5 and 10
dpt, the population of those cells undergoing cell division decreased during this time. These
data support that GFAP positive cells contribute more to tumor growth at early phases of
tumor development and this contribution decreases over time.

The population of dividing Sox2-positive GBM9 tumor cells increases during tumor growth

We had previously shown that GBM9 tumors in zebrafish contained Sox2 positive cells
consistent with a cancer stem cell population (Welker et al., 2016). Due to their perceived
role in tumor initiation and propagation, we hypothesized that these putative cancer stem
cells would be dividing in vivo. For this analysis we switched from Ki67 to PCNA due to
anti-Ki67 antibody incompatibility with the anti-Sox2 antibody. At 5 dpt, we found that 25
+ 6% of GBM9 tumor cells were positive for Sox2 expression (Fig. 3B, dark green bars). At
the same time point, we observed that 37 + 5% of tumor cells were PCNA positive; a value
similar to what was found using Ki67. At 10 dpt, the number of tumor cells expressing
PCNA and the number of tumor cells expressing Sox2 increased to 45 + 2% and 28 + 4%,
respectively (Fig. 3B, light green bars). 19 + 3% of tumor cells were simultaneously
expressing both Sox2 and PCNA at 5 pt. At 10 dpt, this number increased significantly to 26
+ 4% (p<0.05). If we looked only at Sox2 positive cells, 51% were expressing PCNA at 5
dpt and 58% at 10 dpt. We conclude from this analysis that the Sox2 positive cells within the
tumor were making a significant contribution to tumor cell growth consistent with their
designation as putative cancer stem cells.

Putative GBM9 cancer stem cells express both Sox2 and GFAP

Studies have also shown that GFAP can be a marker of both stem cells and differentiated
cells, therefore we investigated the correlation between Sox2 and GFAP expression in
GBMO9 tumors.

At 5 dpt, we found that 40 + 5% of tumor cells were positive for GFAP expression (Fig. 4B,
dark purple bars). At the same time point, we observed 33 + 12% of tumor cells were Sox2
positive. At 10 dpt, the number of tumor cells expressing GFAP increased significantly to 87
+ 7% (p<0.0001) (Fig. 4B, light purple bar) while Sox2 levels stayed about the same.
Approximately 29 + 6% of tumor cells were found to be simultaneously expressing both
Sox2 and GFAP at 5 dpt and 33 + 5% at 10 dpt. Importantly, 87% of the Sox2 positive cells
at 5 dpt and 100% of the Sox2 positive cells at 10 dpt were GFAP positive. It was also
observed in tissue from human gliomas that there was a substantial overlap between Sox2
and GFAP (Bradshaw et al., 2016). These data support that the putative cancer stem cells in
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these tumors express both Sox2 and GFAP and that GFAP is expressed by both stem cells
and presumably differentiated cells.

Tumors reoccur post-TMZ treatment in GBM9 transplanted zebrafish

Our data show that tumor cells change over time during tumor growth. Therefore, we next
set out to address how the different tumor cell types responded to TMZ. We were interested
in two issues. What cells remained after exposure to this chemotherapeutic treatment and if
tumors reoccurred, what cells constituted that recurrence. TMZ is the most commonly used
chemotherapeutic agent for treating GBM and it has previously been shown that GBM
tumors in zebrafish are decreased by TMZ treatment (Geiger et al., 2008; Stupp et al., 2009;
Welker et al., 2016). We had shown using GBM9 transplants, that TMZ treatment from 5-10
dpt resulted in a significant decrease in tumor size and a dramatic increase in animal survival
(Welker et al., 2016). We next asked whether tumors recurred after treatment. Control un-
treated animals transplanted with GBM?9 cells exhibited significant tumor growth causing
lethality at ~8 dpt (Fig. 5A; (Welker et al., 2016)). Consistent with the previous study, 5 days
of TMZ treatment resulted in a decrease in tumor burden as compared to controls (Fig. 5, A-
A’ and B-B”). We then removed TMZ and analyzed animals at 15 and 20 dpt and found that
tumors did indeed reoccur (Fig. 5, B”-B”). These data support that GBM9 tumors are
decreased by 5-day TMZ treatment, but regrow after cessation of treatment.

Proliferation is ablated post-TMZ treatment, but Sox2 positive cells rebound as tumors

regrow

Using Ki67, vimentin, GFAP, and Sox2 expression we asked what cells constituted post-
treatment recurring tumors. Since TMZ is a DNA alkylating agent that targets dividing cells,
we hypothesized that Ki67 would be significantly decreased in post-treatment tumors. We
fixed and performed immunohistochemistry on animals transplanted with GBM9 cells and
treated with 50 uM TMZ from 5-10 dpt. At 10 dpt we saw an almost complete ablation of
Ki67 positive cells from 36 + 9% at 10 dpt without treatment to 6 + 6% at 10 dpt after 5
days of TMZ treatment (p<0.001; Fig. 6, light red bar). At 15 and 20 dpt (5 and 10 days post
treatment, respectively), however, we saw a statistically significant increase in Ki67 positive
cellsto 19 + 3 % and 22 + 7% (p< 0.01; Fig. 6). However, the percentage of Ki67 positive
cells on 15 dpt was not statistically different from the percentage on 20 dpt indicating that
while there is an increase in Ki67 positive cells, it reached a plateau. Indeed, the percentage
of Ki67 positive cells before treatment (~ 37%) and 10 days after treatment (~22%) were
statistically different (p=0.02) revealing that the percentage of Ki67 positive cells did not
return to pre-treatment levels even 10 days after cessation of TMZ.

To determine what cell populations remained after treatment, we performed
immunohistochemistry for Sox2, GFAP, and vimentin after 5 days of TMZ treatment. All
three proteins examined were present, thus we did not see ablation of any single population.
However, only the vimentin positive cells were statistically decreased after treatment from
95 + 3% to 78 + 6% (p=0.001; Fig. 7, light red bars) as compared to control un-treated
GBM9 tumors (Fig. 7, green bars). This is an 18% decrease, which is comparable to the
percentage of vimentin+/Ki67+ cells found in tumors at 5 and 10 dpt. Thus, it is possible
that this decrease in vimentin positive cells after TMZ treatment is due to loss of those
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vimentin positive cells that were dividing. In contrast, cells expressing the stem cell marker
Sox2 did not show a statistically significant decrease after TMZ treatment suggesting that
these cells may be less susceptible to TMZ treatment compared to differentiated cells even
though both populations contain dividing cells. GFAP positive tumor cells also did not show
a significant decrease after TMZ treatment.

To determine the composition of regrowing tumors, we examined protein expression 5 days
after cessation of treatment. Analysis of vimentin positive cells revealed that the percentage
of these cells did not increase after cessation of treatment. However, the population of Sox2
expressing cells showed a significant increase over time after treatment from 33 + 5% of
tumor cells before treatment to 46 + 8% of cells 5 days after cessation of treatment (p<0.05;
Fig. 7). The GFAP positive cells showed this similar trend, but it did not reach statistical
significance. These data suggest that these putative cancer stem cells are more refractory
after chemotherapeutic treatment and contribute to a greater extent to the regrowing tumor.

Discussion

We had previously standardized human GBM transplants in embryonic zebrafish and
showed that GBM9 neurospheres transplanted into the embryonic zebrafish brain formed
tumors containing a dynamic population of both differentiated cells and Sox2 expressing
putative cancer stem cells (Welker et al., 2016). In this work we set out to define the dividing
cell populations in a GBM neurospheres xenograft model over time in vivo, to determine
how these populations responded to the main chemotherapeutic agent used in glioblastoma,
TMZ, and to establish which of these populations reoccurred and were dividing after TMZ
treatment. Importantly, we followed these markers over multiple time points analyzing
trends during tumor growth in vivo. Our data support that more differentiated cell
populations expressing the intermediate filament protein Vimentin contained a small
population of dividing cells, which were affected by TMZ treatment and did not reoccur
after treatment in the time frame examined. In contrast, we found that the putative cancer
stem cells expressing Sox2 and GFAP were not diminished after TMZ treatment and showed
an increase in cell division post treatment. These data support that Sox2 expressing GBM
cells are acting consistent with a stem cell population conferring resistance to TMZ and
contributing to tumor regrowth after treatment. Importantly, this experimental paradigm can
be used to test agents that inhibit these cells and thus could slow tumor growth after TMZ
treatment.

Analysis of Ki67 and vimentin revealed that expression of these markers is not entirely
exclusive as originally hypothesized. The go or grow theory of cancer suggests that tumor
cells exhibit either a motile, mesenchymal “go” phenotype or a stationary, proliferative
“grow” phenotype. However, our results demonstrate that there is a population of cells
simultaneously expressing markers indicative of both growth (Ki67) and mesenchymal
motility (vimentin). Indeed 23 and 18% of vimentin positive cells were dividing at 5 and 10
dpt respectively. These findings attest to non-conformity of cancer cells. As expected, we
found that TMZ had a dramatic effect on cell proliferation, as revealed by Ki67 labeling.
After cessation of TMZ treatment, the percentage of Ki67 cells increased, but even after 10
days post treatment had not returned to levels seen before treatment. This suggests that
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certain cell populations may not recover to divide again or reach the same level after TMZ
treatment. In support of this hypothesis, we found that the percentage of tumor cells
expressing vimentin was statistically decreased after TMZ treatment by a percentage that
was consistent with the population of vimentin cells that were dividing. This suggests that
tumor cells expressing characteristics of differentiated cells that are also dividing are
perhaps more susceptible to chemotherapeutic agents. We also found that over time after
cessation of TMZ, vimentin positive cells did not increase over the time frame examined. An
interpretation of these data is that this is a more vulnerable tumor cell population and that
TMZ treatment has a longer term affect on these cells.

We were also interested in examining the role of putative cancer stem cells in these tumors.
The gold standard for proving that a tumor cell is a cancer stem cell is to perform transplants
of putative stem cells and show that they can form tumors of the original complexity (Lathia
et al., 2015). There is no firm definition of the cancer stem cell population in GBM, however
studies support that these cells express Sox2 (deCarvalho et al., 2010; Guo et al., 2011; Chen
etal., 2012; Lathia et al., 2015). Sox2 is a transcription factor in embryonic stem cells and is
expressed at high levels in GBM tumors and strongly correlates with other GBM cancer
stem cell markers such as, Nanog, Oct4, and CD-133 (Hemmati et al., 2003; Guo et al.,
2011; Song et al., 2016). A study examining patient glioma tissue found that 40% of Sox2
expressing cells also expressed GFAP (Guo et al., 2011). We found an even higher overlap
between these two proteins in these GBM9 tumors transplanted into zebrafish with 100% of
Sox2 cells also positive for GFAP by 10 dpt (Fig. 4). This supports that in these tumors it is
likely that the population of cancer stem cells expresses both Sox2 and GFAP. We cannot
rule out that these cells also express vimentin. By 10 dpt, 95% of cells in the tumor express
vimentin and ~30% express Sox2 implying that there must be an overlap between these
populations. However, because we cannnot select for Sox2, GFAP or vimentin in live cells,
we cannot at present perform single cell transplants and thus cannot definitively conclude
that these are cancer stem cells. Future analysis will be required to dissect out the
subpopulations of Sox2 cancer stem cells and to define the cancer stem cell population in
other glioblastoma cell lines. However, our data support that the Sox2 expressing cells in
GBM9 tumors are consistent with cancer stem cells.

One piece of evidence supporting this conclusion is that the Sox2 expressing tumor cells
were not statistically decreased by TMZ treatment even though they contained a higher
percentage of dividing cells. This raises the possibility that these cells are more refractory to
TMZ treatment, which is a feature of cancer stem cells including those in GBM (Chen et al.,
2012). Interestingly, we found that the percentage of tumor cells expressing Sox2 increased
after TMZ treatment beyond the percentage present before TMZ treatment or at the latest
time examined in GBMO transplanted untreated fish (10 dpt), which die around this time
precluding analysis at later time points. These data support that the Sox2 population
increases after chemotherapeutic treatment and thus is able to contribute to tumor regrowth.
This is consistent with reciprocal studies showing that decreasing Sox2 expression in cells
from freshly derived GBM patient tumors caused the tumor cells to stop dividing and
rendered them non-tumorigenic when transplanted into mice (Gangemi et al., 2009). In sum
these data support that cancer stem cells are major contributors to tumor growth and
importantly tumor growth after chemotherapeutics and that this zebrafish xenograft model is
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an excellent system for elucidating tumor cell composition and the role of cancer stem cells
in tumor behavior.

The concurrent labeling of PCNA and Sox2 revealed that a majority of these putative cancer
stem cells were dividing. Dividing stem cells are thought to be responsible for tumor
propagation (Lathia et al., 2015). From 5 to 10 dpt, the percentage of tumor cells that were
dividing Sox2 cells increased significantly from 19 to 26%. However, the total number of
Sox2 cells did not increase during this same time frame, suggesting that more Sox2 cells
were dividing as time went on. Indeed the percentage of dividing cells that were Sox2
positive increased from 51 to 58% from 5-10 dpt. This increase suggests that even at a later
time point, tumors contain active populations of putative stem cells that contribute to tumor
growth. However, whereas the majority of the Sox2 expressing putative cancer stem cells
were dividing, not all were. It is believed that non-dividing or quiescent stem cells may be
responsible for tumor recurrence following treatment with therapeutics like TMZ, which
specifically target dividing cells (Lathia et al., 2015). After TMZ treatment we found that
Sox2 expressing tumor cells were not significantly decreased and their numbers increased
after treatment more than any other cell type examined. It may be that the non-dividing Sox2
cells contribute to this rebound and to tumor growth after treatment.
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Highlights

Glioblastoma cells transplanted into the zebrafish brain contain a
heterogeneous population of dividing cells.

Tumors contain putative cancer stem cells that express both Sox2 and GFAP.

Tumors decrease in size and show reduced cell division upon treatment with
temozolomide TMZ, but reoccur post treatment.

Sox2 positive cells are refractory to TMZ and play a role in tumor
reoccurrence post treatment.
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Figure 1. Identification of a subpopulation of dividing, vimentin-positive GBM9 tumor cells
(A) 20 pm sections of zebrafish with GBM9 tumors (green) were analyzed at 5 and 10 dpt.

Sections were labeled with anti-Ki67 (red) and anti-vimentin (blue). Triple labeled cells are
white (white arrow heads). The inset to the left of the image shows each of the channels
separated. (B) Antibody labeled sections were counted for the number of cells expressing
Ki67, vimentin or both Ki67 and vimentin. Light red bars represent 5 dpt and dark red bars
represent 10 dpt (mean = SD). n =5 animals per group. *p=0.05.
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Figure 2. Identification of a subpopulation of dividing, GFAP-positive GBM9 tumor cells
(A) 20 um sections of zebrafish with GBM9 tumors (green) were analyzed at 5 and 10 dpt.

Sections were labeled with anti-Ki67 (red) and anti-GFAP (blue). Triple labeled cells are
white (white arrow heads). The inset to the left of the image shows each of the channels
separated. (B) Antibody labeled sections were counted for the number of cells expressing
Ki67, GFAP or both Ki67 and GFAP. Light blue bars represent 5 dpt and dark blue bars
represent 10 dpt (mean = SD). n = 5 animals per group. **p<0.0001; *p<0.01.
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Figure 3. Sox2 expressing GBMO cells show increased cell division during tumor growth
(A) 20 um sections of zebrafish with GBM9 tumors (green) were analyzed at 5 and 10 dpt.

Sections were stained with anti-PCNA (red) and anti-Sox2 (blue). Triple labeled cells are
white (white arrow heads). The inset to the left of the image shows each of the channels
separated. (B) Antibody labeled sections were counted for the number of cells expressing
PCNA, Sox2 or both PCNA and Sox2. Light green bars represent 5 dpt and dark green bars
represent 10 dpt (mean = SD). n =5 animals per group. *p<0.05.
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Figure 4. Putative GBMO9 cancer stem cells express both Sox2 and GFAP
(A) 20 pm sections of zebrafish with GBM9 tumors (green) were analyzed at 5 and 10 dpt.

Sections were stained with anti-Sox2 (red) and anti-GFAP (blue). Triple labeled cells are
white (white arrow heads). The inset to the left of the image shows each of the channels
separated. (B) Antibody labeled sections were counted for the number of cells expressing
GFAP, Sox2 or both GFAP and Sox2. Light purple bars represent 5 dpt and dark purple bars
represent 10 dpt (mean = SD). n = 5 animals per group. ***p<0.0001.
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Figure 5. GBM tumors reoccur after TMZ treatment

Animals were transplanted with GBM9 cells and treated with TMZ for 5 days from 5 to 10
dpt. Control transplanted animals not treated with TMZ at (A) 5 dpt and (A”) 10 dpt. (B)
Zebrafish treated continuously from 5 to 10 dpt with 50 ym TMZ. (B) Zebrafish before TMZ
treatment at 5 dpt. (B”) Zebrafish at 10 dpt immediately after 5 days of TMZ treatment. (B”)

Zebrafish at 15 dpt, 5 days after the end of treatment. (B™) Zebrafish at 20 dpt, 10 days after
the end of treatment. n = 5 animals per group.
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Figure 6. Quantification of Ki67 immunohistochemistry pre and post-TMZ treatment
(A) Percentage of Ki67 positive cells in untreated GBMO transplanted zebrafish 10 dpt

(green bar), GBMO transplanted zebrafish treated with TMZ from 5 to 10 dpt at 10 dpt (light
red bars), GBMO transplanted zebrafish treated with TMZ at 15 dpt (medium red bars), and
GBMO transplanted zebrafish treated with TMZ at 20 dpt (dark red bars)(mean + SD). n=5
animals per group.**p<0.001, *p<0.01
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Figure 7. Quantification of Sox2, GFAP and vimentin immunohistochemistry pre and post-TMZ
treatment

(A) Percentage positive cells for Sox2, GFAP and vimentin in GBM9 transplanted zebrafish
untreated with TMZ at 10 dpt (green bars), GBM9 transplanted zebrafish treated with TMZ
from 5 to 10 dpt at 10 dpt (light red bars) and GBM9 transplanted zebrafish treated with
TMZ at 15 dpt (dark red bars) (mean + SD). n = 5 animals per group. *p<0.05, **p<0.001
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