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Abstract

Glioblastoma multiform (GBM), a grade IV glioma, is the most common
and aggressive cancer in the central nervous system. Current treatment for
GBM includes surgical resection, radiation, and the frontline DNA alkylating
drug, temozolomide (TMZ). The current median survival for GBM patients is
about 14.5 months with 5% patients surviving up to 5 years. We propose that
discerning distinct subsets within heterogeneous GBM will provide avenues
for research to improve new therapies. We used different methods to isolate
GBM cell subsets. These include stable transfectants of GBM cell lines with a
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lentiviral system in which green fluorescence protein (GFP) is regulated with
tandem repeats of Oct4a and Sox2 response elements. Parallel studies with
a plasmid using the full-length regulatory region of Oct4a indicated reduced
efficiency in separating cell subsets, relative to SORE6-GFP lentivirus. Stem
cell-linked gene expressions and function studies such as ALDH1, tumor-
sphere and in vivo passaging of GFP hi subsets confirmed the presence of
cancer stem cells (CSCs). We also studied a more efficient method that could
be relevant for primary GBM cells. We selected tumorspheres by plating
heterogeneous GBM cells and then serially passaged the spheres. Studies
for stem cell genes indicated that this method could be used for primary
GBM cells. Overall, this study provided insights into methods to isolate GBM
subsets, including primary GBM cells. The advantages of the methods are
discussed.
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Introduction

Glioblastoma Multiform (GBM), a grade 4 astrocytoma, continues to be the
most aggressive and common form of primary malignant glioma in humans
[1–3]. Primary (de novo) GBM showed no evidence of pre-existing lower
grade glioma [4]. Secondary GBM develops from the progression of a lower
grade astrocytoma into metastatic tumor. Although there is no definite cause
for cancer driver mutations in GBM, ionizing radiation, environmental fac-
tors, random gene mutations or germline pre-dispositions could be involved
in tumor development [5]. Primary and secondary GBM differ with respect
to molecular pathways, rate of tumor progression, treatment strategies, and
clinical outcomes.

The World Health Organization classified gliomas into four malignant
grades, based on histology. Grades I and II are non-malignant while Grades
III and IV are malignant. GBM mostly occurs in individuals, age 45–70 years,
although more recent information reported on GBM at 35 years [6]. The area
of the brain affected by GBM could result in discernible symptoms such as
numbness, loss of vison, weakness, and seizures [7]. The sensitivity of Mag-
netic Resonance Imaging (MRI) can detect GBM by identifying enhanced
lesions with necrosis at the center. However, due to GBM heterogeneity, the
disease can be presented differently, which makes diagnosis difficult until the
cancer has advanced [8].
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Standard care for GBM includes surgical resection of the tumor, followed
by radiation and chemotherapy with the DNA alkylating agent, temozolomide
(TMZ) [9]. Despite treatment, the prognosis for GBM is poor with less than
14 months survival, and less than 5% surviving up to 5 years [10]. Therefore,
it is critical to identify new treatments for GBM, perhaps in combination
with TMZ. Success can be improved by research aimed to isolate GBM cell
subsets.

GBM cells can acquire mutations to resist TMZ [11, 12]. MGMT is the
most important contributor of TMZ resistance due to its ability to repair DNA
mismatch [13, 14]. MGMT removes the methyl group in O6-methylguanine
created by TMZ to prevent DNA damage, resulting in poor drug response.
Another impediment is the blood brain barrier (BBB), which prevents most
drugs from crossing into the brain.

Sonic hedgehog (SHH) pathway has been implicated in GBM biology
[15–17]. MicroRNA9 (miR9) suppresses PTCH1 translation resulting in Gli 1
activation [14]. Recurrence of GBM has been partly linked to resistant cancer
stem cells (CSCs) [18, 19]. CSCs are mostly in cellular quiescence where they
survive as dormant cancer cells with the ability to initiate metastatic cancer
[20, 21]. CD133 and aldehyde dehydrogenase (ALDH) activity have been
reported to identify CSCs with GBM [22]. However, other reports provide
doubts on the specificity of these two markers for GBM CSCs [23–25].
CD133 is not specific for cancer cells since it is also expressed on healthy
stem cells, and other cells [24, 25]. Similarly, ALDH is active in CSCs and
cancer progenitors, healthy stem cells, and other malignant cells [26, 27].

CSCs from breast cancer were selected with a plasmid containing the
full 5′ regulatory region of the stem cell gene, Oct4a linked to green flu-
orescence protein (GFP) [28]. In this study, we applied a similar principle
with a lentivirus containing tandem repeats of Sox2 and Oct4a linked to GFP
(SORE6-GFP) [29–31]. Regardless of the method, developing a hierarchy of
GBM would have great impact to advance the research on GBM since it will
be possible to evaluate how the cells react to microenvironmental factors.

Radiation and chemotherapy treatments could enrich for CSCs [32]. The
premise is that the treatments could upregulate the DNA repair mecha-
nisms [33]. CSCs can self-renew, express stem cell-linked genes, and initiate
tumors [34–36]. Unlike healthy stem cells, cancer progenitors can respond to
the tissue microenvironment to dedifferentiation into CSCs [37, 38]. CSCs
are mostly in cycling quiescence, can evade the immune response, and resis-
tant treatment [20, 37, 39]. CSCs mostly express high levels of the multidrug
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resistance (MDR) genes [28, 40, 41]. CSCs can adapt cellular quiescence for
long-term survival as dormant cells [21, 42].

In addition to the role of tissue microenvironment, CSCs, through
autonomous mechanisms, maintain the epigenetic program to retain stemness
[43–45]. Targeting of CSCs have proven to be a challenge due to tumor
plasticity that causes the cancer cells to transition back and forth between
progenitors and CSCs [46]. We report on distinct subsets of GBM cells using
a lentivirus in which tandem repeats of Sox2 and Oct4a response element is
linked to GFP [29]. We showed distinct GBM cell subsets. We also reported
on another method in which tumorspheres can be passaged to select CSCs.
The findings are discussed on the limitations of the method in the context of
published studies. We also discussed how the finding could be applied with
primary GBM cells.

Materials and Methods

Reagents, Antibodies, and Cytokines

Polybrene, recombinant epidermal growth factor (EGF), recombinant fibrob-
last growth factor basic (FGF) and B27 supplement were purchased from
Fisher Scientific (Waltham, MA); Dulbecco’s Minimal Essential Media
(DMEM), Eagle’s Minimum Essential Media (EMEM), fetal calf sera (FCS),
trypsin, AldeRed Assay Kit, L-Glutamine and Penicillin-Streptomycin from
Sigma-Aldrich (St Louis, MO); Mouse anti-human CD133-APC and mouse
IgG-APC isotype from BD Bioscience (San Jose, CA)),

Cell Lines

Hek293T, T98G, A172 and U118 cells were purchased from American Type
Culture Collection (ATCC, Manassas, Virginia). The cells were propagated as
per manufacturer’s instructions. Cells were cultured in DMEM (A172, U118
and Hek293T) or EMEM (T98G) containing 10% FBS, 2 mM L-glutamine,
100 IU/ml penicillin, and 100 µg/ml streptomycin. Cell culture media were
changed every 2-3 days. At 80% confluency, cells were trypsinized and
passaged.

Vectors

pOct4a-GFP was kindly provided by Dr. Wei Cui (Imperial College,
UK) and was previously described [28]. SORE6 lentivirus was kindly
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provided by Dr. Wakefield from the National Cancer Institute (Bethesda,
MD) [29]. The empty lentiviral vector (EV) was purchased from GeneCopeia
(Rockville, MD).

Preparation of Lentiviral Particles

Lentiviral plasmids for SORE6-GFP was placed into One Shot Mach1T1
Phage- Resistant chemically competent E. Coli. DNA from the transformed
bacteria was isolated with the Plasmid Miniprep Kit. The insert was verified
by restriction digest with BamH1 and EcoRV followed by gel electrophoresis.
The transformed bacteria were cultured and amplified in LB broth supple-
mented with ampicillin (50 µg/ml). The plasmid DNA was collected from
the transformed bacteria and then used to transduce HEK-293T cells. The
DNA (5 µg/ml) and lentiviral packaging plasmids (5 µg/ml) were gently
combined and then added to HEK-293T at 80-90% confluence. The plasmid
mix was transferred to a tube containing 1 ml of Opti-MEM and gently mixed.
TransIT-Lenti (Mirus Bio) reagent (30 µl) was added and homogenized with
the mixture. The sample was incubated at room temperature for 10 mins to
allow the formation of transfection complexes. This was followed by drop
wise addition to the HEK-293T cells. The cells were incubated at 37◦C. At
48 h, media were collected and centrifuged at 300 g for 10 mins to remove
cellular debris. The supernatant containing the virus was filtered through a
0.45 µm PVDF membrane and concentrated using the Lenti-X Concentrator.
The viral solution was aliquoted in low-protein binding tubes at 107–108

IFU/ml and then stored at −80◦C.

Generation of SORE6 Stable Cell Lines

U118 and T98G cells were transduced with SORE6-GFP or Empty vector
(EV)-GFP lentivirus at MOI of 5:1. The cells were cultured with complete
media supplemented with 0.8 µg/µl of polybrene to facilitate transduction.
After 48h, the cells were imaged under the EVOS Fl Auto 2 (ThermoFisher)
for cellular fluorescence. Stable transduced cells were selected with 1–3
µg/µl of puromycin. The stable cell lines were maintained with 1 µg/µl
puromycin for SORE6-GFP, and 2 µg/µl puromycin for cells with EV.

Generation of Stable T98G with pOct4a-GFP

T98G cells were transfected with pOct4a-GFP DNA using the lipofectamine
3000 transfection system. T98G cells were seeded at 70% confluency on
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6-well plates. Confluence was achieved by overnight incubation. Opti-MEM
medium (125 µl) was mixed with 5 µl of Lipofectamine 3000 reagent into
a tube followed by vortexing. Into a second tube, 5 µl of P3000 reagent
and 2.5 µg of the plasmid DNA was added followed by thorough mixing.
The tubes were incubated for 10 min at room temperature. The components
were added dropwise to the cells and transfection was allowed by incubation
for 2–3 days. The transfected cells were selected with 200–300 µg/ml of
G418. Clones were selected and expanded to generate a stable cell line with
pOct4a-GFP.

Real Time PCR

Total RNA was isolated with TRIzol reagent according to the manufacturer’s
instructions. The RNA was reverse transcribed into cDNA with the High-
Capacity cDNA Reverse Transcription kit and then amplified using the
GeneAmp PCR System 9700. The cDNA was diluted to 200 ng/µl and then
mixed with SYBR Green PCR Master Mix, primers of interest, and deionized
water. Real time PCR was conducted on a 7300 Real-time PCR system
(ThermoFisher Scientific) with cycle conditions of 50◦C for 2 mins, 95◦C
for 10 mins, followed by 40 cycles of 95◦C for 15 secs and 60◦C for 1 min.
The following primers were used on the PCR mix: Oct4a: Forward 5′ act atg
cac aac gag agg at 3′, Reverse 5′ tac agt gca gtg aag tga gg 3′; Sox2: Forward
5′ agg ata agt aca cgc tgc cc 3′; Reverse 5′ taa ctg tcc atg cgc tgg tt 3′; Nanog:
Forward 5′ acc caa tcc tgg aac aat 3′, Reverse 5′ cac tgg cag gag aat ttg 3′;
KLF4: Forward 5′ aac ctt acc act gtg act gg 3′, Reverse 5′ cat atc cac tgt ctg
gga tt 3′; Notch1: Forward 5′ cca agt ata gcc tat ggc aga a 3′, Reverse 5′ aag
tct gac gtc cct cac tg 3′; GAPDH: Forward 5′ cag aag act gtg gat ggc c 3′,
Reverse: 5′ cca cct tct tga tgt cat c 3′.

Fluorescence Assisted Cell Sorting (FACS) of SORE6-GFP GBM
Cells

T98G and U118 SORE-6-GFP cells were sorted into GFP-Hi, med, lo
and negative cells using Fluorescence assisted cell sorting (FACS). Cells
(106) were washed with 1X PBS and then filtered to eliminate cell clumps.
The latter was accomplished by adding the cells to Falcon Round-Bottom
Polystyrene test tubes (Fisher Scientific). Sorting used flow tubes containing
HEPES buffer and 2% FBS. Sorting gated cells with relative GFP fluores-
cence. The cells were collected into tubes coated with 4% FBS. The sorted
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cells were collected by centrifugation at 300 g for 10 min followed by
resuspension in test media.

Tumorsphere Assay

Tumorsphere assay for U118 and T98G -SORE6 cells was performed as
described [28]. Briefly, cells were sorted and then added at 1–4 cells/well
into 96-well low attachment plates (Costar, Corning, NY). The culture media
contained Neurobasal media, 2% B27, 20 ng/nl FGF and 20 ng/ml EGF.
Spheres were dissociated using mechanical disruption and serially diluted
into a new low attachment 96-well plates. The process was repeated for
3 passages.

In other studies, heterogenous T98G and U118 cells were seeded at
density of 103 cells into low attachment 6-well plates, and cultured using
Neurobasal media supplemented with B27, FGF and EGF, until spheres were
observed. Half the population was collected and stored in trizol for real time
PCR, and the rest were mechanically dissociated and serially diluted and
replated into fresh plates. The process was repeated up to passage 5.

ALDH Assay

The ALDH assay was performed with 106 U118 and T98G cells in 1 mL of
AldeRed Assay Buffer. 5 µL of AldeRed Reagent was added to the cells. Half
of the cell solution was added to a new tube with 5 µL of DEAB, a Aldehyde
Dehydrogenase 1 inhibitor, serving as a control. Both tubes were incubated
for 30 minutes at 37◦C. This was followed by washing, and resuspension in
PBS. The cells were imaged on a Becton Dickinson FACS Caliber, capturing
on Filter2 (585/42nm).

In vivo Passage of Tumor

Female athymic nude mice, 6 wks, were purchased from Charles River
(Fairfield, NJ). The use of mice was approved by Rutgers Institutional Animal
Care and Use Committee, Newark, NJ. Mice were housed at an AAALAC
accredited facility.

Mice were injected subcutaneously with 105 T98G or U118-GFP -Hi
cells in 200 µl of PBS, mixed with equal amount of Matrigel. The cells were
injected subcutaneously on the mice flanks and at the back. The tumors were
excised and then digested with collagenase. The clumps were filtered with
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sterile cell straining with 100 µM Nylon Mesh. the suspension tells collected
and the process repeated as before for secondary tumor formation.

Statistical Analysis

Data was analyzed using student’s t-test and ANOVA to compare between
groups. A p-value of < 0.05 was considered significant.

Results

Establishing GBM-SORE6-GFP Cells

Six tandem repeats of SOX2-Oct4a-response elements (SORE6), inserted in a
lentiviral reporter system controlled the expression of GFP [29] (Figure 1A).
Cells expressing the lentivirus will respond to stem cells with increased levels
of Sox2 and Oct4a proteins, which will be reflected by GFP intensity [29].
To this end, we used the lentiviral vector to demarcate GBM cell subsets into
a working hierarchy. We adapted the methods with breast cancer cells that
selected subsets with a plasmid in which GFP was under the regulation of the
full length Oct4a promoter [28, 47].

The SORE6-GFP lentivirus was generated with transduced HEK293 T
cells and the viral particles released into the media were quantified by ELISA.
We obtained particles, 107–108 Infection units/ml (IFU/ml). U118, T98G
and A172 GBM cells were transduced with the lentivirus using an MOI of
5:1. After 48 h, the cells were analyzed for fluorescence by flow cytometry
and imaging with the EVOS Fl2. Stable transfectants were selected and
maintained with puromycin. Three stable cell lines, shown in Figure 1B, were
used in the studies described in this report.

Working GBM Cell Hierarchy

We used flow cytometry to analyze the scatter plots of U118 and T98G
cells for relative fluorescence (GFP). The cell populations were assigned
into a hierarchy, based on relative fluorescence intensities. The subsets
were assigned as GFP-High (Hi), -medium (Med), -Low or -Negative (Neg)
(Figures 2A and 2B). Similar pattern of fluorescence intensities were noted
for both cell lines. Since fluorescence intensities have been shown to be
proportional to the levels of stem cell expressed genes, we established a
hierarchy based on relative fluorescence intensities (Figure 2C).

We next analyzed T98G cells to determine if we can achieve similar
hierarchy with the full Oct4a promoter linked to GFP (pOct4a-GFP). Similar
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Figure 1 Establishing stable GBM cell lines with SORE6-GFP. A) Shown is the basic
structure of the stem cell repeats that regulate the expression of GFP. B-D) SORE6 vector
in the propagating HEK293 cell line. E-M) Stable transduction of A172, T98G and U118
cells with SORE6-GFP lentivirus.

to the studies with breast cancer, we stably transfected T98G with pOct4a-
GFP [28] (Figure 2D). Although we noted distinct population based on
relative fluorescence intensities, the demarcation was not as widespread as
the scatter plot obtained with the lentivirus (Figure 2C versus, Figures 2A and
2B). Together, these findings indicated that the SORE6 lentivirus could serve
as a key experimental method to advance studies with GBM cell subsets.
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Figure 2 Scatter plot of GBM cells with stable SORE6-GFP. A & B) Shown are repre-
sentative scatter plots for U118 (A) and T98G (B) to delineate fluorescence as High (Hi),
medium (med), low (lo) and negative (neg). C) The assigned boxed sections in A and B were
demarcated in a working hierarchy. D) Shown is representative transfection of T98G cells with
pOct4a-GFP. E) Representative scatter plot of the transfectants from ‘D’ showing cell subsets,
based on relative fluorescence intensities.
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CD133 on SORE6 Cells

Since CD133 has been reported on GBM CSCs [48], we analyzed the
SORE6 GBM subsets from T98G for CD133 by flow cytometry. The his-
togram labeled as isotype represents the SORE6-GFP subsets (Figure 3). The
mean fluorescence intensity for CD133 with each GBM subset was similar
(Figure 3). The intensities were consistently lower than the baseline GFP,
which is label as isotype. These results indicated that SORE6-GFP cells
expressed CD133 on each of the three GBM subsets. This indicated that
CD133, as a marker of CSCs, would be better if combined with other methods
to define GBM cell subsets.

Figure 3 Assessing CD133+ on SORE6 GBM subsets. Flow cytometry for CD133+ was
evaluated within SORE6-GFP expressing GBM subsets. Isotype control represent SORE-
6-GFP hi (A), med (B) and lo (C). The results are a mean of three different independent
experiments.
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Real Time PCR for Stem Cell-linked Genes in SORE6-GFP GBM
Subsets

In this set of studies, we asked if the working hierarchy shown in Figure 2C
correlated with the expression of three stem cell genes, Sox2, Nanog and
Oct4a. We sorted subsets of GBM cells from SORE6-GFP U118 and T98G
cells – hi, med and low (Figures 4A–4D). The method of sorting was previ-
ously described for breast cancer cells and was adapted for this study [47].
The relative GFP intensities of the sorted cell subsets are shown as micro-
scopic fluorescence images (Figures 4B–D). Real time PCR for Sox2, Nanog

Figure 4 Real time PCR for stem cell-linked genes in GBM subsets. A) Representative
scatter plot of SORE6-GFP U118 and T98G cells to depict how each subset was selected
for sorting. B-D) Representative images of sorted SORE6-GFP Hi, med, Lo cells. E and F)
Real time PCR for Sox2, Nanog and Oct4a with RNA from GFP-Hi, -med and -lo sorted from
U118 (E) or T98G SORE6 cells. The results are presented as the mean±SD of three biological
replicates.
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and Oct4a showed similar results for both U118 and T98G (Figures 4E and
4F). Each transcript was significantly (p < 0.05) increased in the hi subsets
as compared to med and lo subsets. These findings supported the working
hierarchy shown in Figure 2C with respect to relative cell maturity.

Tumorsphere Formation by Subsets of GBM SORE6-GFP

We compared sorted U118-SORE6-GFP subsets during serial cell passaging
for tumorsphere formation. Cells were added at 4 cells/well in low attachment
96-well plates with weekly replacement of media (Figure 5A). At each pas-
sage, the number of spheres were counted and then mechanically dissociated
for passaging up to three times (Figure 5A). Parallel studies were performed
with CD133+ cells, sorted from the SORE6-GFP GBM cells. Representative
spheres during passages are shown for each cell subset (Figure S1). Only
SORE6-GFP hi subset showed spheres up to passage 3 (Figure 5B). The hi
subset showed increased number of tumorspheres at passaging (Figure 5B).
We surmised that at each passage, there were multiple stem cells within the
sphere that accounted for the increase in total spheres. In contrast to the hi
subset, the number of spheres for the medium and low subsets were low
until passage 3 (Figure 5B). We conducted similar studies with spheres from
CD133+ cells that were sorted from U118 SORE6-GFM cells. We noted
significant (p < 0.05) increases in the number of spheres with each passage
(Figure 5C). Although increased, passage 3 spheres were significantly less
than the number of tumorspheres at passage 2 (Figure 5C).

Studies with SORE6-GFP-T98G indicated similar findings as shown for
U118 with respect to sphere formation. However, unlike the studies with
U118, we used two subsets – hi and lo in two biological replicates (Figure
S2). Passaging increased the number of spheres with T98G GFP-hi cells
whereas the low number of spheres for the lo subsets remained constant
(Figure 5D). Parallel studies with SORE6-GFP T98G CD133+ cells showed
an increase in tumorsphere (Figure 5E). Similar to the drop in spheres at
passage 3 for U118 (Figure 5C), we also noted a similar decrease for T98G
at passage 3 (Figure 5E). Thus, SORE6-GFP cells could be a model to be
incorporated in isolating tumor cells with the incorporation of CD133 marker.

ALDH 1 Activity in GBM Cell Subsets and In vivo Passaging

The formation of tumorspheres were insufficient to assign the SORE6-GFP
hi cells as CSCs (Figure 5). CSCs have been reported to express the highest
level of ALDH 1 [26, 28]. We therefore asked if SORE6-GFP hi GBM cells
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Figure 5 Tumorspheres from serially passaged SORE6-GFP subsets. A)Diagram depicts the
approach using SORE6-GFP GBM cells (U118 and T98G). B) Quantification of tumorspheres
from U118-SORE6-GFP Hi, Med, Low were taken from the passaged spheres (Figure S1); C)
Tumorspheres obtained with sorted CD133+ cells at each passage. The results are presented as
the mean±SD of three biological replicates. D) Quantification of tumorspheres from T98G-
SORE6-GFP Hi and lo in two biological replicates. E) The studies in ‘C’ was repeated with
two biological replicates.

express ALDH activity. We assessed U118 and T98G SORE6-GFP cells for
ALDH 1 in the Hi, med and lo subsets. The highest percentage of ALDH
positive cells was observed in the GFP-Hi subset with the least in the lo subset
(Figure 6A).
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Figure 6 ALDH assay with subsets of T98G-SORE6-GFP. A) The values from Figure S3
are plotted as the mean±SD of three biological replicates. B) Shown is the protocol used to
inject 5x104 cells injected subcutaneously into each flank and back of nude mice. C) Shown
are representative images of tumor growth from primary injections from Day 7 up to Day
25, and secondary injections from cells isolated from excision of primary tumor at Days 10
and 25.

Thus far, the in vitro studies suggested that SORE6-GFP hi cells could
be CSCs. We next determined if these cells could be passaged in vivo using
athymic female nude mice. U118 and T98G SORE6-GFP-hi cells (5 × 104)
cells were injected subcutaneously into each flank and at the back of nude
mice (Figure 6A). The mice were observed for tumor growth up to day 30.
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The primary tumors were excised, digested and filtered into cell suspension.
The hi subsets were successful with respect to serial passaging in another
group of mice (Figure 6C). The in vivo studies supported SORE6-GFP-hi
cells as CSCs.

CSC Selection by Sphere Passaging from Heterogeneous GBM
Cells

The process of isolating CSCs continues to prove that even cells that are
functionally CSCs are heterogeneous [47]. CSCs have been reported from
passaging of ovarian cancer cells [49]. We applied a similar method with
unsorted/heterogeneous GBM cells (Figure 7A). Thus, SORE6-GFP U118

Figure 7 Tumorsphere formation in low attachment plates and heterogenous GBM cells. A)
Diagram showing the protocol used to passage spheres formed by heterogeneous GBM cells.
The diagram was created with BioRender.com. B) Representative spheres from U118-SORE6-
GFP and T98G-SORE6-GFP cells at 10X magnification. C-H) Real time PCR using RNA
from the spheres at passages (P) 1-5. Stem cell genes – Oct4a and SOX2 (C and D), nanog
and Klf4, and (E and F), and Notch1(G and H). The results are presented as the mean±SD of
three biological replicates.
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and T98G cells were cultured in low attachment 6-well plates supplemented
with Neurobasal media until sphere-like structures developed (Figure 7B).
Half the spheres were collected after each passage for PCR and the other half,
dissociated, diluted and plated into fresh plates. This process was repeated up
to 5 passages.

Real time PCR for stem cell markers, Oct4a, Sox2, Nanog, Klf-4 and
Notch1, showed increases in the levels of these genes at passaging (Figures
7C–7G). The values peaked at passage (P) 2 or P3 followed by decrease at
P4 and P5.

Discussion

This study describes several methods to develop a hierarchy of GBM cells.
Studies comparing a plasmid and lentiviral system determined that the latter
was more efficient with respect to distinct separation of the various subsets
(Figure 2). Both methods used cells with stable transfectants of vectors
linked to the GFP reporter gene. The plasmid consisted of the full-length
Oct4a promoter, and the lentivirus with tandem repeats of Sox2 and Oct4a
interacting sites (SORE6-GFP) [28, 29]. The lentiviral system could enhance
detecting two stem cell genes whereas use of the plasmid will activate
GFP with high levels of Oct4a. Theoretically, there is an advantage to the
Oct4a full regulatory region since other stem cell-linked transcription factors
within CSCs could activate the 5′ regulatory region. However, in this study,
SORE6-GFP was more efficient to demarcate distinct GBM subsets.

This study clarified that isolation of GBM cell subsets requires multiple
methods that include phenotype and function. The working hierarchy that we
developed is mostly based on relative GFP, but was supported by stem cell
gene expressions and other functional studies (Figures 2C–7). The relative
cell maturity was investigated by real time PCR for stem cell genes, which
showed direct relationship to GFP intensity (Figure 4).

The literature on CD133 established that this membrane protein could
be a marker of CSCs, including those within GBM. However, the literature
suggested inconsistency of CD133 as a solid marker of CSCs [25, 48].
In our studies, we showed its expression on each of the three GBM subsets
(Figure 3). Despite its presence on each subset, sorting of all CD133+ cells
within GBM cells indicated higher number of tumorspheres with passaging
(Figure 5). These findings suggested that CD133+ cells could be a key marker
to define GBM CSCs but demonstrated that a single marker would not be
adequate to identify CSCs. In this case, CD133 selection should be used
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in conjunction with other methods. There is however caution for selection
of cells from primary GBM tumor because CD133 is expressed on neural
cells [48]. A supported method is described in Figure 7 in which the GBM
cells could eliminate the use of reporter gene system and to select CSCs by
serial passaging of spheres.

The issue with using a reporter gene system is the difficulty of demarcat-
ing primary GBM cells since selection would change the primary tumor and
the cell types. Serial passing of spheres with heterogeneous tumor cells in
low attachment plates leads to the selection of cells that are more likely CSCs
(Figure 7). This method is exciting since it could be applied to primary tumor
cells. Further studies are needed to determine if the spheres were similar to
those isolated with SORE6-GFP hi GBM cells. We propose that omics studies
with these spheres, including single cell sequencing, could be insightful for
additional markers to isolate primary CSCs.

The tumorsphere assay with GBM subsets added 1–4 cells/well isolated
from U118 and T98G cells (Figure 5). The results indicated the highest num-
ber of tumorspheres within SORE6-GFP-hi cells. However, the total numbers
increased with passaging. Perhaps, this is due to some wells containing 4
cells, when passaged, will lead to increased numbers of SORE6-GFP-Hi
spheres. Regardless, it is clear that only the GFP-hi subsets were able to show
timeline increases in tumorspheres. These findings correlated with increased
levels of ALDH 1, which adds to the support of the CSC identity. However,
similar to the discussion above, ALDH 1 could be expressed in stem and
progenitor cells, further supporting the use of multiple methods [50]. This
study examined each subset of GBM cells for ALDH 1. High ALDH 1 was
noted to be high in the SORE6-GFH hi cells and this gradually decreased with
reduced GFP (Figures S3 and 6A). However, the efficiency was quite low
perhaps due to the high expression of ALDH1A1 in GBM cells, particularly
recurrent GBM cells [50, 51] and might not completely delineate the hetero-
geneity of CSCs. Thus, the SORE6-GFP method might be more efficient and
can be used either individually or in tandem with ALDH 1 assay. Finally,
athymic nude mice were injected subcutaneously with SORE6-GFP-Hi cells
and observed for tumor growth for about 30 days. The tumor was excised,
and the tissue digested and serially diluted and reinjected into secondary
mice and again observed for tumor growth. I again confirmed tumor growth
at the injection site (Figure 6B), confirming the tumor initiating ability of
SORE6-GFP-Hi GBM cells.

Overall, the SORE6-GFP reporter system could be an effective method to
efficiently identify and isolate CSCs from U118 and T98G GBM cells, with
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the GFP-Hi subset as the long-term CSCs with tumor initiating properties.
The SORE6-GFP reporter system also recapitulates the CSC heterogeneity
and can be used to further study different CSC subtypes. However, this study
clearly indicates that the identification of CSCs requires multiple types of
assays to identify CSC [28]. This study will allow for indepth study to treat
GBM, which is the most aggressive brain tumors with poor prognosis [52].
The method used to select CSCs from heterogeneous GBM cells could be
relevant to primary tissues and needs further pursuit (Figure 7).
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