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Abstract

Glioblastoma multiforme (GBM) is a highly malignant brain tumor with a poor prog-

nosis. The GBM microenvironment is highly heterogeneous and is composed of many

cell types including astrocytes and endothelial cells (ECs) along with tumor cells,

which are responsible for heightened resistance to standard chemotherapeutic drugs

such as Temozolomide (TMZ). Here, we investigated how drug treatments impact

stemness marker expression of GBM cells in multicellular tumor spheroid (MCTS)

models. Co- and tri-culture MCTS constructed using U87-MG GBM cells, astrocytes,

and/or ECs were cultured for 7 days. At Day 7, 5 μM lonafarnib (LNF), 100 μM TMZ,

or combination of 5 μM LNF + 100 μM TMZ was added and the MCTS were cul-

tured for an additional 48 h. We assessed the spheroid sizes and expression of stem-

ness markers- NESTIN, SOX2, CD133, NANOG, and OCT4- through qRT-PCR and

immunostaining. Following 48 h treatment with LNF, TMZ or their combination

(LNF + TMZ), the spheroid sizes decreased compared to the untreated control. We

also observed that the expression of most of the stemness markers significantly

increased in the LNF + TMZ treated condition as compared to the untreated condi-

tion. These results indicate that drug treatment can influence the stemness marker

expression of GBM cells in MCTS models and these aspects must be considered

while evaluating therapies. In future, by incorporating other relevant cell types, we

can further our understanding of their crosstalk, eventually leading to the develop-

ment of new therapeutic strategies.
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1 | INTRODUCTION

Glioblastoma multiforme (GBM), a grade IV brain tumor, is extremely

malignant and lethal with a median survival period of only 12–

14 months.1 The current therapy involving neurosurgical re-

section followed by radiation and chemotherapy regimens has not sig-

nificantly increased the poor prognosis of GBM.2 The standard

chemotherapeutic drug- temozolomide (TMZ) improves patient sur-

vival by only 2.5 months when combined with radiotherapy; whereas

multiple new targeted therapies have failed to improve patient out-

comes.3,4 This can be, in part, attributed to the lack of understanding

of the GBM tumor microenvironment, which is responsible for the

heightened resistance to chemo- and radio-therapy, thereby rendering

the treatment ineffective.2,3,5 Thus, studying GBM tumors in vitro

Received: 18 March 2022 Revised: 27 June 2022 Accepted: 28 June 2022

DOI: 10.1002/btpr.3284

Biotechnol. Prog. 2022;e3284. wileyonlinelibrary.com/journal/btpr © 2022 American Institute of Chemical Engineers. 1 of 12

https://doi.org/10.1002/btpr.3284

https://orcid.org/0000-0001-6344-1258
https://orcid.org/0000-0001-7649-0171
mailto:srao3@eng.ua.edu
http://wileyonlinelibrary.com/journal/btpr
https://doi.org/10.1002/btpr.3284
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fbtpr.3284&domain=pdf&date_stamp=2022-07-10


utilizing biomimetic culture systems that capture key aspects of the

microenvironment might eventually help devise therapeutic

approaches to improve disease outcomes.6

The GBM microenvironment is composed of not only tumor cells

but also diverse cell types such as astrocytes and endothelial cells

(ECs). These cells support GBM stem cell-like cells and/or induce de-

differentiation of tumor cells to a tumor-initiating (stem cell-like) phe-

notype and contribute to their heightened resistance to therapeutic

treatments.5,7–10 For example, astrocytes have been shown to

increase GBM survival and resistance against TMZ in coculture condi-

tion as compared to monoculture condition.11–14 ECs are an important

component of the perivascular niche and are responsible for increased

resistance of GBM cells against TMZ.15–17 GBM stem cell-like cells

are a subpopulation of GBM cells that express stemness-related

markers like NESTIN, SOX2, CD133, NANOG, and OCT4, have been

reported to have high self-renewal, multilineage differentiation, and

heightened resistance to therapeutic treatments.8,9 These cells can

also trans-differentiate into ECs and enhance the resistance to anti-

angiogenic therapy, thereby resulting in treatment failure in GBM.3,18

Most of the studies have utilized two-dimensional tissue culture

polystyrene (TCPS) as culture substrates to investigate the effects of

chemotherapeutic drugs on GBM-astrocytes or GBM-EC cocul-

tures.2,13,19While these studies have provided key insights into the role

of cellular cues in determining tumor cell response to therapy, they lack

the complexity of the microenvironment found in 3D structures. Multi-

cellular tumor spheroids (MCTS) are 3D structures that more accurately

reflect the complex tumormicroenvironment features such as cell orga-

nization in layers with different proliferation rates, presence of cell–cell

interactions and signaling, and formation of nutrient and oxygen gradi-

ents.20 However, only few studies have employed 3DMCTS models to

coculture GBM cells with astrocytes/ECs, and only one has utilized

GBM cells with astrocytes and ECs in a 3D triculture MCTS

model.6,11,12,21,22 Moreover, to the best of our knowledge, the effect of

drug treatment on the stemness marker expression of GBM cells in a

3D co- or tri-cultureMCTSmodel has not been reported.

Temozolomide (TMZ), a DNA alkylating agent, has been used as a

standard chemotherapeutic drug for GBM. It achieves its cytotoxic effect

mainly by methylating the O6 position of guanine.23 However, TMZ

treatment also results in drug resistance owing to the heterogeneity of

glioma cells, upregulation of O6-methylguanine DNA methyltransferase

(MGMT), DNA repair, and signal transducer and activator of transcription

3 (STAT3).23,24 Lonafarnib (LNF) is a potent farnesyltransferase inhibitor

(FTI) with less myelosuppressive side effects that is in clinical trials

against GBM.25 LNF has the potential to inhibit the farnesylation of a

variety of proteins such as RhoB, RAS, prelamin A, prelamin B, and CCAX

phosphatase, which are involved in cell proliferation and maintenance.26

Previous work by Chaponis et al., has shown that combining cytostatic

agent LNF with cytotoxic agent TMZ, increased the activity of TMZ and

radiation in vitro as well as in vivo.25 Building on this finding, we sought

to investigate how these treatments impact GBM stemness marker

expression in 3D co- and tri-cultureMCTSmodels.25

Here, we utilized a 1:4 GBM-astrocytes co-culture model, 1:9

GBM-EC co-culture model, and 1:4:9 GBM-astrocytes-EC triculture

model based on our previous findings.6 Specifically, at these culture

ratios, we observed an enhanced expression of stemness markers-

NESTIN, SOX2, CD133, NANOG, and OCT4 at the gene and protein

level, when GBM cells were cultured in the presence of astrocytes

and/or ECs as compared to when cultured individually.6 In this study,

we have utilized these 3D co- and tri-culture MCTS to study the

impact of LNF, TMZ, and their combination (LNF + TMZ) on the

growth profile and expression of stemness markers, particularly, NES,

SOX2, CD133, NANOG, and OCT4.

2 | MATERIALS AND METHODS

2.1 | Cell culture

Human U87-MG GBM cells were cultured in Eagle's Minimum Essen-

tial Medium (EMEM, ATCC) supplemented with 10% fetal bovine

serum (FBS) and 1% penicillin–streptomycin (VWR Life Science).

Mouse astrocytes (C8D1A; ATCC) and human umbilical vein endothe-

lial cells (HUVECs, Lonza) were cultured as previously described.6 All

cells were maintained in a humidified 5% CO2 environment at 37�C

and were harvested upon reaching 70%–80% confluency using Tryp-

sin (Gibco).

2.2 | Construction of 3D co- and tri-culture MCTS

3D MCTS were constructed according to the liquid overlay technique

using a 96-well round-bottom ultra-low attachment spheroid micro-

plate (Corning®) as previously described.6 Briefly, all cell suspensions

were prepared in their respective media - U87-MG in EMEM com-

plete medium, astrocytes in DMEM complete medium, and HUVECs

in EGM-2 complete medium. GBM-astrocytes and GBM-EC coculture

MCTS were prepared by adding 100 μl of respective cell suspensions

such that the resulting composition of cells was 1:4 GBM:astrocytes

and 1:9 GBM:EC where the number of U87-MG cells were fixed at

5000 cells/well. The coculture MCTS were maintained in 1:1 EMEM:

DMEM for GBM-astrocytes or 1:1 EMEM:EGM-2 media composition

for GBM-ECs. For the triculture MCTS, 67 μl of each cell suspension

was transferred into a well such that the resulting composition of

1:4:9 GBM:astrocytes:EC was achieved where the number of

U87-MG cells were fixed at 5000 cells/well. The triculture MCTS

were maintained in 1:1:1 EMEM:DMEM:EGM-2 media composition.

After cell seeding, plates were centrifuged at 1000�g for 10 min and

incubated at 37�C in a humidified 5% CO2 environment. All co- and

tri-culture MCTS were cultured up to Day 7 and half the medium was

replenished every 2 days.

2.3 | Drug treatment

Lonafarnib (LNF; Sigma Aldrich) and Temozolomide (TMZ; Sigma

Aldrich) were reconstituted in DMSO according to the manufacturer's
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protocol and were diluted in culture media for treatment. At Day

7, GBM:astrocytes, GBM:EC, and triculture MCTS were treated with

5 μM LNF, 100 μM TMZ or their combination (5 μM LNF + 100 μM

TMZ) for 48 h. These concentrations were chosen based on previous

studies that have demonstrated that TMZ (100 μM) targeted MGMT

and telomerase activity, and LNF (5 μM) inhibited the neurosphere

formation in GBM cells.25,27–34

2.4 | Optical microscopy and image analysis

3D MCTS were monitored using an Olympus IX83 microscope with a

spinning disc confocal attachment. The size and the cross-sectional

area of the spheroids were analyzed using ImageJ software (NIH) as

described previously.6 Area and perimeter of the spheroids were

obtained using ImageJ to get Circularity = 4 π Area/(Perimeter2).

2.5 | Cell viability within MCTS

Cell viability within the co- and tri-culture MCTS was monitored using

the Live/Dead Cell Assay kit (Thermo Fisher Scientific) using the man-

ufacturer's protocol. Briefly, 48 h after drug treatment, 8 μM Calcein

AM dilution and 8 μM Ethidium homodimer dilution was prepared in

the corresponding media depending on the culture condition. Later,

drug media was replaced with 100 μl of Calcein AM (for staining via-

ble cells) and 100 μl of Ethidium homodimer (for staining dead cells)

and incubated for 90 min at 37�C. Next, spheroids were washed with

PBS before imaging.

2.6 | Quantitative real-time polymerase chain
reaction (qRT-PCR)

qRT-PCR was performed on RNA samples obtained from co- and tri-

culture MCTS as described previously.6 Briefly, to assess the marker

expression at 48 h time point after drug treatment, 3–5 spheroids per

replicate were harvested using p200 pipette with tip cut halfway to

facilitate easy removal of spheroids while preserving their integrity and

pooled. RNA was extracted and transcribed into cDNA for quantifica-

tion. Gene expression was quantified by qRT-PCR (StepOnePlus Real-

Time PCR System, Applied Biosystems) using PowerUp SYBR Green

Master Mix (Applied Biosystems) and the appropriate gene-specific

primers (Table S1). Relative expression of the genes compared to the

housekeeping gene (GAPDH) were calculated using ΔΔCt method,

where ΔCt = ΔCt,gene of interest � ΔCt,GAPDH. Coculture and triculture

data was normalized to the respective untreated control MCTS.

2.7 | Immunofluorescence staining

Co- and tri-culture MCTS were dissociated into single cells and immu-

nofluorescence staining was performed as previously described.6 To

identify the different cell types in co- and tri-culture MCTS, U87-MG

cells were labeled with CellTracker™ Green CMFDA dye while con-

structing the spheroids. Briefly, the dissociated single cells were fixed

with 4% paraformaldehyde, permeabilized using 0.25% Triton-X and

blocked with 5% bovine serum albumin (BSA). The cells were incubated

with primary antibodies (Table S2) overnight at 4�C following which

cells were incubated with Alexa Fluor 594-conjugated goat anti-rabbit

secondary antibody (A-11012, Invitrogen) at 4�C for 1 h, and counter-

stained with DAPI nuclear stain for 5 min. Cells with a positive green,

red, and blue signal were identified as tumor cells positive for the corre-

sponding marker and the percentage positive tumor cells for the

corresponding marker was evaluated through manual counting using

multi-point tool in ImageJ software (NIH) as previously described.6

2.8 | Statistical analysis

The data is presented as mean ± standard error. Statistical analysis

was performed with JMP® software and the significance was calcu-

lated using Student's t-test or analysis of variance followed by Tukey's

HSD post-hoc analysis. All the experiments were repeated indepen-

dently at least twice. With all analyses, the significance level was set

at p ≤ 0.05.

3 | RESULTS

3.1 | Coculture MCTS after drug treatment
for 48 h

GBM-astrocytes and GBM-EC coculture MCTS were cultured accord-

ing to the liquid overlay technique. We constructed coculture MCTS

with tumor cells at a fixed initial seeding density of 5000 cells/well

and only increasing the initial seeding density of astrocytes to 20,000

cells/well and ECs to 45,000 cells/well resulting in coculture ratios of

1:4 and 1:9, respectively.6 At these coculture ratios, we observed an

enhanced expression of stemness markers- NESTIN, SOX2, CD133,

NANOG, and OCT4 at the gene and protein levels, when GBM cells

were cultured in the presence of astrocytes or ECs as compared to

when cultured individually.6

3.1.1 | GBM-astrocytes coculture MCTS

Majority of the tumor cells and astrocytes self-assembled to form a

loosely aggregated spheroid at Day 1 and the spheroid became more

compact over a period of 7 days similar to our previous observation.6

Following 48 h treatment with LNF, the spheroid size decreased signifi-

cantly (p ≤ 0.05) by 1.1-fold as compared to the untreated control

(Figure 1). Similarly, following 48 h treatment with combination of

LNF + TMZ, the spheroid size decreased significantly (p ≤ 0.05) by

1.1-fold as compared to the untreated control. Similar sizes of spheroids

were observed when GBM-astrocyte coculture MCTS were treated
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with LNF or LNF + TMZ. After 48 h treatment with TMZ, no significant

change (p > 0.05) in the spheroid size was observed as compared to the

untreated control. Circularity measurements obtained from spheroids

indicated mostly circular morphology for all conditions. The circularity

decreased with LNF and TMZ treatment compared to untreated con-

trols, however, no changes were noted in LNF + TMZ treated spheroids

versus untreated controls (Figure S1a). Cell viability staining qualitatively

indicated more dead cells in LNF and LNF + TMZ treated spheroids

compared to untreated control and TMZ treated spheroids (Figure S2).

3.1.2 | GBM-EC coculture MCTS

Similar to GBM-astrocytes coculture MCTS, majority of the tumor

cells and EC self-assembled to form a loosely aggregated spheroid at

Day 1 and the GBM-EC coculture MCTS became more compact over

a period of 7 days. Following 48 h treatment with LNF, the spheroid

size decreased significantly (p ≤ 0.05) by 1.1-fold as compared to the

untreated control (Figure 2). Similarly, following 48 h treatment with

TMZ, the spheroid size decreased significantly (p ≤ 0.05) by 1.1-fold

as compared to the untreated control. Similar sizes of spheroids were

observed when GBM-EC coculture MCTS were treated with only LNF

or TMZ. After 48 h treatment with LNF + TMZ, the spheroid size

decreased significantly (p ≤ 0.05) by 1.15-fold as compared to the

untreated control. Circularity measurements obtained from spheroids

indicated mostly circular morphology for all conditions where circular-

ity was similar for the untreated and drug treated spheroids

(Figure S1b). Cell viability staining qualitatively indicated more dead

cells in LNF, TMZ and LNF + TMZ treated spheroids compared to

untreated control spheroids (Figure S3).

3.2 | GBM-astrocytes-EC triculture MCTS after
drug treatment for 48 h

For the triculture model, tumor cells were cultured with astro-

cytes and ECs in the ratio of 1:4:9 where the initial number of

tumor cells was fixed at 5000 cells/well. We have utilized a 1:4:9

GBM-astrocytes-EC triculture model based on our previous

results in which we observed an enhanced expression of stem-

ness markers- NESTIN, SOX2, CD133, NANOG, and OCT4 at the

gene and protein levels, when GBM cells were cultured in the

presence of astrocytes and ECs as compared to when cultured

individually.6 Majority of the tumor cells, astrocytes, and EC self-

assembled to form a loosely aggregated spheroid at Day 1 and

the triculture MCTS became more compact over a period of

7 days similar to our previous observation.6 Following 48 h treat-

ment with LNF, the spheroid size decreased significantly

(p ≤ 0.05) by 1.1-fold as compared to the untreated control

(Figure 3). Similarly, following 48 h treatment with TMZ, the

spheroid size decreased significantly (p ≤ 0.05) by 1.1-fold as

compared to the untreated control. Similar sizes of spheroids

were observed when the triculture MCTS were treated with only

LNF or TMZ. After 48 h treatment with LNF + TMZ, the spheroid

size decreased significantly (p ≤ 0.05) by 1.2-fold as compared to

the untreated control. Circularity measurements obtained from

spheroids indicated mostly circular morphology for all conditions,

where untreated control spheroids had significantly higher circu-

larity than all the drug treated spheroids (Figure S1c). Cell viabil-

ity staining qualitatively indicated more dead cells in LNF, TMZ

and LNF + TMZ treated spheroids compared to untreated control

spheroids (Figure S4).

F IGURE 1 Characterization
of 3D GBM-Astrocyte coculture
MCTS 48 h after drug addition.
(a) Representative images of GBM
cells cocultured with astrocytes at
a ratio of 1:4. Scale bar = 200 μm.
(b) Quantification of spheroid
areas 48 h after drug addition.
Values represent mean ± standard

error. N ≥ 15 replicates per
condition. *p ≤ 0.05 compared to
control and TMZ conditions
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3.3 | Stemness marker expression of coculture
MCTS after drug treatment for 48 h

We investigated the impact of drug treatment on the expression of

NES, SOX2, CD133, NANOG, and OCT4 as these markers have been

commonly used for the identification of stemness phenotype in GBM

cells.35–37

3.3.1 | GBM-astrocytes coculture MCTS

After 48 h treatment with LNF + TMZ, the expression of NES

increased significantly (p ≤ 0.05) by 1.5-, 2.3-, and 1.6-fold as com-

pared to untreated control, LNF, and TMZ treated conditions, respec-

tively (Figure 4a). The expression of NES was unaltered in LNF and

TMZ treated conditions as compared to control (p > 0.05). The

F IGURE 3 Characterization
of 3D triculture MCTS 48 h after
drug addition. (a) Representative
images of GBM cells cocultured
with astrocytes and endothelial
cells at a ratio of 1:4:9. Scale
bar = 200 μm. (b) Quantification
of spheroid areas 48 h after drug
addition. Values represent mean
± standard error. N ≥ 15
replicates per condition. *p ≤ 0.05
compared to control

F IGURE 2 Characterization
of 3D GBM-EC coculture MCTS
48 h after drug addition.
(a) Representative images of
GBM cells cocultured with
endothelial cells at a ratio of 1:9.
Scale bar = 200 μm.
(b) Quantification of spheroid
areas 48 h after drug addition.

Values represent mean
± standard error. N ≥ 15
replicates per condition. *p ≤ 0.05
compared to control
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expression of SOX2 remained unaltered after treatment with LNF,

TMZ, or LNF + TMZ (Figure 4b). The expression of CD133 increased

significantly (p ≤ 0.05) in LNF + TMZ treated condition by 2.5-, 3.8-,

and 2-fold as compared to untreated control, LNF, and TMZ treated

conditions, respectively (Figure 4c). The expression of CD133 was

unaltered in LNF and TMZ treated conditions as compared to control

(p > 0.05). The expression of NANOG increased significantly (p ≤ 0.05)

in LNF + TMZ treated condition by 2.4- and 2.5-fold as compared to

untreated control and LNF treated conditions, respectively

(Figure 4d). The expression of NANOG increased by 1.7-fold in TMZ

treated condition as compared to the untreated control, however this

was not statistically significant (p > 0.05). The expression of OCT4

increased significantly (p ≤ 0.05) in LNF + TMZ treated condition by

2.2-, 2.4-, and 2.2-fold as compared to untreated control, LNF, and

TMZ treated conditions, respectively (Figure 4e). The expression of

OCT4 was unaltered in LNF and TMZ treated conditions as compared

to control (p > 0.05). We then evaluated the expression of these

markers at the protein level for all GBM-astrocyte coculture MCTS

conditions through immunofluorescence staining. We observed a sig-

nificant increase (p ≤ 0.05) in the percentages of NESTIN-positive and

SOX2-positive tumor cells in LNF + TMZ treated condition as com-

pared to LNF treated condition (Figures S5 and S6). Percentage of

NESTIN-positive tumor cells decreased significantly (p ≤ 0.05) in LNF

treated condition as compared to the untreated control. The percent-

age of CD133-positive tumor cells increased significantly (p ≤ 0.05) in

LNF + TMZ treated condition as compared to untreated control, LNF

and TMZ treated conditions (Figure S7). The percentage of NANOG-

positive tumor cells was not impacted after treatment with LNF

and/or TMZ (Figure S8). The percentage of OCT4-positive tumor cells

increased significantly (p ≤ 0.05) in LNF + TMZ treated condition as

compared to untreated control, LNF and TMZ treated conditions

(Figure S9).

3.3.2 | GBM-EC coculture MCTS

The expression of NES remained unaltered after 48 h treatment

with LNF, TMZ, or LNF + TMZ (Figure 5a). The expression of NES

increased by 1.3-fold in TMZ treated condition as compared to the

untreated condition, however, this was not statistically significant

(p > 0.05). Similarly, the expression of SOX2 remained unaltered

after 48 h treatment with LNF, TMZ, or LNF + TMZ (Figure 5b).

The expression of SOX2 increased by 2.2-fold in TMZ treated condi-

tion as compared to the untreated condition, however, this was not

statistically significant (p > 0.05). The expression of CD133 increased

significantly (p ≤ 0.05) in LNF + TMZ treated condition by 2.6-, 2.2-,

and 2.3-fold as compared to untreated control, LNF, and TMZ trea-

ted conditions, respectively (Figure 5c). The expression of CD133

was unaltered in LNF and TMZ treated conditions as compared to

control (p > 0.05). The expression of NANOG increased significantly

(p ≤ 0.05) in LNF + TMZ treated condition by 2- and 1.9-fold as

compared to untreated control and LNF treated conditions,

F IGURE 4 Expression of stemness markers in a 3D GBM-astrocyte coculture MCTS model post-treatment with LNF, TMZ or their
combination. Relative expression of (a) NES, (b) SOX2, (c) CD133, (d) NANOG, and (e) OCT4. Relative expression normalized to the respective
untreated control condition. Values represent mean ± standard error. N = 3 biological replicates per condition which were independently setup.
*p ≤ 0.05 compared to the respective control, LNF, and TMZ conditions. #p ≤ 0.05 compared to the respective control and LNF conditions
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respectively (Figure 5d). The expression of NANOG increased signifi-

cantly (p ≤ 0.05) in TMZ treated condition by 1.6-fold as compared

to untreated control. The expression of OCT4 increased significantly

(p ≤ 0.05) in LNF + TMZ treated condition by 2- and 1.9-fold as

compared to untreated control and LNF treated conditions, respec-

tively (Figure 5e). The expression of OCT4 increased significantly

(p ≤ 0.05) in TMZ treated condition by 1.7-fold as compared to

untreated control. We then evaluated the expression these markers

at the protein level for all GBM-EC coculture MCTS conditions

through immunofluorescence staining. Similar percentages of

NESTIN-positive and SOX2-positive tumor cells were observed for

the treated or untreated conditions (Figures S10 and S11). We

observed a significant increase (p ≤ 0.05) in the percentage of

CD133-positive tumor cells in LNF + TMZ treated condition as

compared to untreated control condition (Figure S12). Percentage of

NANOG-positive tumor cells increased significantly in TMZ treated

condition compared to LNF treated condition (Figure S13). We

observed a significant increase (p ≤ 0.05) in the percentage of

NANOG-positive tumor cells in LNF + TMZ treated condition as

compared to untreated control and LNF treated conditions. Simi-

larly, we observed a significant increase (p ≤ 0.05) in the percentage

of OCT4-positive tumor cells in LNF + TMZ treated condition as

compared to untreated control and LNF treated conditions

(Figure S14).

3.4 | Stemness marker expression of triculture
MCTS after drug treatment for 48 h

After 48 h treatment with LNF + TMZ, the expression of NES

increased significantly (p ≤ 0.05) by 1.9-, 1.9-, and 1.6-fold as com-

pared to untreated control, LNF, and TMZ treated conditions, respec-

tively (Figure 6a). The expression of NES was unaltered in LNF and

TMZ treated conditions as compared to control (p > 0.05). The

expression of SOX2 increased significantly (p ≤ 0.05) in TMZ treated

condition by twofold and 1.6-fold as compared to untreated control

and LNF treated conditions, respectively (Figure 6b). The expression

of SOX2 increased significantly (p ≤ 0.05) in LNF + TMZ treated con-

dition by 1.6-fold as compared to untreated control. The expression

of CD133 increased significantly (p ≤ 0.05) in LNF + TMZ treated

condition by 2.5-, 2.1-, and 1.8-fold as compared to untreated control,

LNF, and TMZ treated conditions, respectively (Figure 6c). The

expression of CD133 was unaltered in LNF and TMZ treated condi-

tions as compared to control (p > 0.05). The expression of NANOG

increased significantly (p ≤ 0.05) in LNF + TMZ treated condition by

2.5- and 2.1-fold as compared to untreated control and LNF treated

conditions, respectively (Figure 6d). The expression of NANOG

increased significantly (p ≤ 0.05) in TMZ treated condition by 2.2- and

1.9-fold as compared to untreated control and LNF treated condi-

tions, respectively. The expression of OCT4 increased significantly

F IGURE 5 Expression of stemness markers in a 3D GBM-EC coculture MCTS model post-treatment with LNF, TMZ or their combination.
Relative expression of (a) NES, (b) SOX2, (c) CD133, (d) NANOG, and (e) OCT4. Relative expression normalized to the respective untreated control
condition. Values represent mean ± standard error. N = 3 biological replicates per condition which were independently setup. *p ≤ 0.05 compared
to the respective control, LNF, and TMZ conditions. #p ≤ 0.05 compared to the respective control and LNF conditions. †p ≤ 0.05 compared to the
respective control condition
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(p ≤ 0.05) in LNF + TMZ treated condition by 2.3-, 2.1-, and 1.6-fold

as compared to untreated control, LNF, and TMZ treated conditions,

respectively (Figure 6e). The expression of OCT4 was unaltered in

LNF and TMZ treated conditions as compared to control (p > 0.05).

We then evaluated the expression these markers at the protein level

for all triculture MCTS conditions through immunofluorescence stain-

ing. Similar percentage of NESTIN-positive tumor cells were observed

for the treated or untreated conditions (Figure S15). We observed a

significant increase in the percentages of SOX2-positive,

CD133-positive, and NANOG-positive tumor cells in TMZ and

LNF + TMZ treated conditions as compared to the untreated control

and LNF treated conditions (Figures S16, S17, and S18). Similar per-

centage of OCT4-positive tumor cells were observed for the treated

or untreated conditions (Figure S19).

4 | DISCUSSION

In this study, we have utilized 3D co- and tri-culture MCTS composed

of GBM tumor cells with astrocytes and/or ECs to study the impact of

therapeutics such as TMZ and/or LNF on the stemness marker

expression of GBM cells. So far, very few studies have employed

MCTS models comprising of GBM cells with astrocytes or ECs to

investigate the impact of chemotherapeutic drugs.11,12,22 Also, to the

best of our knowledge, the impact of chemotherapeutic drugs on the

stemness marker expression of GBM cells has not been previously

evaluated in a relevant 3D co- or tri-culture MCTS model. Our current

study bridges this gap by demonstrating the impact of LNF, TMZ, or

their combination on the stemness marker expression of GBM cells in

3D co- and tri-culture MCTS for the first time.

The tumor microenvironment provides biophysical, biochemical,

and cellular cues to the tumor cells, and has a crucial role in their

maintenance as well as response to therapy.5 Chemotherapeutic test-

ing in vitro has typically been performed using only GBM tumor cells

in model systems that typically involve tumor cells cultured as adher-

ent monolayers or liquid suspension on 2D TCPS. However, these

conventional models do not reflect the multicellular microenviron-

ment comprised of native cells such as astrocytes and ECs, which are

typically associated with GBM and are responsible for the survival and

heightened chemotherapeutic resistance of tumor cells.5,7 Here, we

have utilized a 3D MCTS model that provides essential cell–cell and

cell-extracellular matrix interactions. Such interactions are crucial in

dictating in the tumor cell phenotype.38,39

For our study, we have utilized a well-established GBM cell line-

U87-MG cultured in the presence of serum. When grown adherently,

U87 cells typically have lower expression of stemness markers; com-

pared to cells grown in serum-free conditions, which exhibit higher

expression of stemness markers.40 In addition, other studies have

found an increased expression of stemness markers (NESTIN, SOX2,

CD133, NANOG, OCT 3/4, and CD44) in serum grown U87 cells

F IGURE 6 Expression of stemness markers in a 3D triculture MCTS model post-treatment with LNF, TMZ or their combination. Relative
expression of (a) NES, (b) SOX2, (c) CD133, (d) NANOG, and (e) OCT4. Relative expression normalized to the respective untreated control
condition. Values represent mean ± standard error. N = 3 biological replicates per condition which were independently setup. *p ≤ 0.05 compared
to the respective control, LNF, and TMZ conditions. #p ≤ 0.05 compared to the respective control and LNF conditions. †p ≤ 0.05 compared to the
respective control condition
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when cultured as MCTS compared to when cultured as an adherent

monolayer.41–43 Here, we have utilized 1:4 GBM-astrocytes co-

culture model, 1:9 GBM-EC co-culture model, and 1:4:9 GBM-astro-

cytes-EC triculture model as we had previously observed an enhanced

expression of stemness markers- NESTIN, SOX2, CD133, NANOG,

and OCT4 in these models.6 Increased efficacy of LNF and TMZ com-

bination treatment against GBM cells (monoculture) in conventional

2D in vitro models as well as in vivo has been observed previously.25

Specifically, Chaponis and colleagues demonstrated that the combina-

tion of LNF and TMZ inhibited neurosphere formation in GBM cells,

however, the impact of LNF and/or TMZ on the expression of stem-

ness markers was not evaluated.25 Here, we observed that the treat-

ment with LNF, TMZ, or their combination significantly decreased the

spheroid sizes of GBM-astrocytes, GBM-EC, and triculture MCTS as

compared to the untreated control showing that the MCTS were sen-

sitive to the treatments. Such a decrease in spheroid size has been

observed in GBM monoculture and GBM-astrocytes coculture spher-

oids after treatment with TMZ.11,12,44–46 Also, we observed that co-

and tri-culture spheroids assumed a more irregular shape after treat-

ment with LNF, TMZ, or their combination as compared to the

untreated control spheroids. This might be attributed to the disaggre-

gation of outer layers of spheroids in response to the drugs, which has

been observed previously with MCTS models.46–50

We previously demonstrated that the stemness marker expres-

sion of GBM cells increased when cultured with astrocytes and/or

ECs in 3D MCTS models.6 Here, we have observed that the expres-

sion of stemness markers- NESTIN, SOX2, CD133, NANOG, and

OCT4- significantly increased in response to LNF + TMZ treatment in

GBM-astrocytes, GBM-EC as well as triculture MCTS. In addition, the

expression of some of the stemness markers significantly increased in

response to TMZ treatment in GBM-EC (NANOG and OCT4) and tri-

culture MCTS (SOX2 and NANOG). Other studies have also found an

increased stemness marker expression of GBM cells in response to

TMZ in conventional 2D TCPS models as well as in vivo.24,51–53 This

has been attributed to the de-differentiation of tumor cells to stem-

cell like phenotype, enrichment of stem-cell like population, and

increase in the expression of stemness markers-SOX2, CD133, OCT4-

in presence of hypoxia-inducible factors that are stabilized during che-

motherapeutic stress.51 TMZ has also been found to increase the

expression of stemness markers (SOX2 and CD133) in GBM-EC 2D

in vitro models as well as in vivo.52 No changes in the expression of

stemness markers in LNF-treated MCTS could be attributed to FTI

selectively targeting GBM cells over stem-like tumor cells.54 Further

investigation is needed to identify the compensatory mechanisms that

might be upregulated in the tumor cells to overcome the effects of

LNF, TMZ, or their combinatory treatment. We also confirmed the

expression of stemness markers at the protein level through immu-

nostaining and these results were largely consistent with qRT-PCR for

most of the markers except for NESTIN and NANOG in the case of

GBM-astrocytes MCTS, and NESTIN and OCT4 in the case of tricul-

ture MCTS for LNF + TMZ treated conditions. For glioma cells, such

discrepancies in the mRNA level and protein expression of stemness

markers have been observed previously.6,55 Decreased patient

survival has been attributed to the upregulation of these stemness

markers in vivo. Here, we have successfully demonstrated that the

stromal cell type as well as the drug type can influence the stemness

marker expression of GBM cells and these aspects must be consid-

ered while evaluating therapies for GBM.

Overall, such a heterogenous MCTS model can be utilized to

investigate the impact of cellular cues on the drug response of GBM

cells. However, we note the following limitations of our study: (a) An

established GBM cell line U87-MG was used in this study which has

been commonly used in MCTS models.56–60 However, the histopatho-

logical and biologic profile of these cells have been reported to be dif-

ferent from the original tumor due to prolonged passaging,

immortalization, and culture conditions.61,62 Future studies should

consider the implementation of patient-derived GBM cells. (b) Murine

astrocytes were used in this study allowing us to determine that the

changes in expression of stemness markers were solely through GBM

cells cultured in presence of astrocytes as a response to the drug

treatments. However, future studies should consider the incorpora-

tion of human astrocytes. (c) HUVECs were utilized in this study and

future studies should consider the incorporation of primary brain ECs.

Incorporating such physiological relevant cell types in combination

with patient-derived GBM cells would help develop platforms for

therapeutic testing in the future. (d) Based on prior work,25 we have

tested only one concentration of LNF or TMZ, but future studies

might consider testing different concentrations as well as different

combinations of drugs using 3D MCTS models. (e) As the diameter of

our co- and tri-culture MCTS is >500 μm, hypoxia might be involved

in influencing the stemness marker expression and further examina-

tion is needed.

5 | CONCLUSIONS

We have evaluated the impact of LNF and TMZ on the stemness

marker expression of GBM cells in 3D co- and tri-culture MCTS

models, for the first time. In future, this model may be utilized to

incorporate additional cell types in the tumor microenvironment and

study the effect of stromal cell-induced stemness marker expression

changes as a response to chemotherapeutic drugs. Also, such a model

can be adapted to incorporate patient-derived tumor cells and stromal

cells for patient-specific drug testing and as a platform for personal-

ized medicine. In addition, this model can further our understanding

of crosstalk between different cell types, eventually leading to the

development of new therapeutic strategies.
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