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Abstract
Temozolomide (TMZ) resistance is a major clinical challenge for glioblastoma (GBM). O6-methylguanine-
DNA methyltransferase (MGMT) mediated DNA damage repair is a key mechanism for TMZ resistance.
However, MGMT-null GBM patients remain resistant to TMZ, and the process for resistance evolution is
largely unknown. Here, we developed an acquired TMZ resistant xenograft model using serial
implantation of MGMT-null U87 cells, allowing the extraction of stable, TMZ resistant (TMZ-R) tumors
and primary cells. The derived tumors and cells exhibited stable multidrug resistance both in vitro and in
vivo. Functional experiments, as well as single-cell RNA sequencing (scRNA-seq), indicated that TMZ
treatment induced cellular heterogeneity including quiescent cancer stem cells (CSCs) in TMZ-R tumors.
A subset of these were labeled by NES+/SOX2+/CADM1+ and demonstrated signi�cant advantages for
drug resistance. Further study revealed that Epidermal Growth Factor Receptor (EGFR) de�ciency and
diminished downstream signaling may confer this triple positive CSCs subgroup’s quiescent phenotypes
and chemoresistance. Continuous EGF treatment improved the chemosensitivity of TMZ-R cells both in
vitro and in vivo, mechanically reversing cell cycle arrest and reduced drug uptake. Further, EGF treatment
of TMZ-R tumors favorably normalized the response to TMZ in combination therapy. Here, we
characterize a unique subgroup of CSCs in MGMT-null experimental glioblastoma, identifying EGF + TMZ
therapy as a potential strategy to overcome cellular quiescence and TMZ resistance, likely endowed by
de�cient EGFR signaling.

Introduction
Glioblastoma (GBM), the most malignant human brain tumor, is characterized by resistance to anti-
cancer therapy [1]. Temozolomide (TMZ), an oral alkylating agent, is one of the �rst-line drugs commonly
used in chemotherapy of GBM [2, 3]. The cytotoxicity of TMZ is commonly attributed to O6-
methylguanine-induced DNA damage, which in turn induces DNA crosslinking, resulting in tumor cell
death [4]. The lack of response to TMZ treatment arises from the intrinsic or acquired resistance of
tumors to recurrent drug exposure. The DNA repair enzyme, O6-methylguanine methyltransferase
(MGMT)- mediated demethylation at the O6 site is a key pathway that has been implicated in intrinsic
TMZ resistance [5]. In gliomas, the methylation level of MGMT is also closely related to the e�cacy of
TMZ, where patients with hypomethylation of the MGMT promoter displaying an improved response to
TMZ and survival outcomes [6]. The expression of MGMT is negatively correlated with promoter
methylation status and nearly half of GBM patients experience MGMT silencing due to hypermethylation
of the promoter [7, 8]. While most of which eventually develop tumor progression and acquired resistance
to TMZ [9], the available evidence indicates that both MGMT promoter methylation status and MGMT
protein remain relatively stable during GBM progress and TMZ treatment [6, 10]. Given that the acquired
resistance to TMZ in GBM is not likely to be associated with re-expression of MGMT [11], MGMT-
independent mechanisms probably exist in the acquired resistance of MGMT-null GBM patients, which
remain largely unknown.
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Establishing a TMZ-resistance model is an important aim toward understanding the mechanisms
implicated in TMZ-resistant GBM. Most TMZ-resistance cells are induced gradually by increasing drug
concentration in vitro. Shortcomings exist in these in vitro models, including a long induction time, a
largely different resistance pro�le (compared to in vivo resistance), and di�culty in long-term
maintenance of drug resistance. A sunitinib-resistant subcutaneous model derived from renal cell
carcinoma cell partially compensates for the de�ciencies of the in vitro model [12]. Kitange developed an
in vivo GBM intracranial model of TMZ resistance using short-term cultured patient-derived glioma cells.
The TMZ-resistance was induced by continuous high-dose TMZ therapy through in vivo continuous
passage [13], highlighting a promising solution for exploring the underlying mechanisms of
chemoresistance. However, few in vivo models of GBM acquired chemoresistance have been developed
to-date.

Here, we produced an acquired TMZ-resistant (TMZ-R) model by performing three cycles of TMZ
treatment along with in vivo tumor passage using U87 cells, a MGMT-null GBM cell line. The derived
tumors and cells exhibited stable multidrug resistance both in vitro and in vivo. Functional experiments,
as well as single-cell RNA sequencing (scRNA-seq), further indicated that TMZ treatment resulted in
cellular heterogeneity which induced quiescent cancer stem cells (CSCs), labeled by
NES+/SOX2+/CADM1+ and acting as a major contributor of TMZ resistance. This study also suggests
that EGFR de�ciency confers this CSCs subgroup’s cell cycle arrest and chemoresistance. Moreover, we
provide evidence that EGF is a favorable solution to overcome TMZ chemoresistance, restoring the
therapeutic response.

Methods
Cells lines and culture conditions

The human GBM cell line U87 was purchased from the Chinese Academy of Science (Shanghai, China).
All cells were grown in DMEM (Hyclon, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS;
Biological Industries, Beit-Haemek, Israel), 1% penicillin and streptomycin (P/S; Hyclon). To initiate stem-
like induction, the cells derived from U87 xenografts were cultured in a de�ned serum-free neural stem cell
(NSC) medium containing 20 ng/ml of basic �broblast growth factor (bFGF, Peprotech, Rocky Hill, NJ,
USA), 20 ng/ml of epidermal growth factor (EGF, Peprotech), N2 and B27 (Invitrogen). TMZ, Doxorubicin
(DOX), Etoposide (Eto), Cis-platinum (CIS) and 5-Fluorouracil (5-Fu) were acquired from Selleck
Chemicals.

TMZ resistant GBM xenografts

Four weeks old male BALB/c nude mice were purchased from the Shanghai Animal Center, Chinese
Academy of Sciences and maintained under speci�c pathogen-free conditions at Wuxi People’s Hospital.
To initiate tumors, 5 × 106 of U87 cells in 100 μl of DMEM: Matrigel (8:1, v/v; BD Biosciences, Franklin
Lakes, NJ) were injected subcutaneously into the �ank of each nude mouse, and tumors were allowed to



Page 5/28

develop until they reached a volume of 100 to 150 mm3. Mice with lateral abdominal tumors were
randomly divided into two groups, which were given saline and Temozolomide (TMZ, 20mg/kg; Selleck,
Houston, TX) once every other day for 14 days (Figure 1A). The xenografts derived from the �rst
generation of mice were sheared into small pieces of 1 mm3, and the tissue lysates were re-injected into
the �ank of naïve nude mice, who received TMZ treatment in the same manner. The stable TMZ drug-
resistant strain was obtained after continuous passage for three cycles, as indicated. All animal care and
handling was performed in accordance with the National Institutes of Health’s Guide for the Care and Use
of Laboratory Animals and all experimental procedures were approved by the Institutional Review Board
of Nanjing Medical University. No mice were excluded from scoring.

Cell growth inhibition assay

Cytotoxicity studies were performed in 96-well plates and optimal seeding densities for each cell line were
determined to ensure exponential growth during the assay. Cells were cultured with medium containing
gradient concentration of drugs for 48 h. Cell viability was determined by Cell Counting Kit-8 (CCK-8;
Bimake, Houston, TX, USA). Optical density (OD) at 450 nM was measured using a microplate reader
(Thermo, Waltham, MA, USA). The percentage of cell survival at each concentration was calculated by the
formula: (ODtreated / ODuntreated) ×100. The IC50 value represented the drug concentration that reduced cell
growth to 50%.

Cell growth assay and colony formation assay

For cell growth assays, a total of 1,000 cells were seeded into 96-well plates and monitored by Cell
Counting Kit-8 according to the manufacture’s protocol at the indicated time points. For colony formation
assays, 1,000 cells were seeded into six-well plates and maintained in a complete medium for 14 days.
The colonies were �xed with 4% paraformaldehyde (PFA) (Sangon, Shanghai, China) and stained with
0.1% crystal violet (Sangon, China), the number of colonies was counted using an inverted microscope.

Cell cycle assay

Cells were cultured for 24 h followed by a synchronization with serum deprivation for 24 h. After culture in
normal medium for another 24 h, cells were harvested, and �xed with 70% ethanol at -20 °C for 24 h. The
derived cells were suspended in PBS containing 100 ng/ml of RNaseA (Boehringer Mannheim,
Indianapolis, IN) and 50 μg/ml of propidium iodide (PI, Sigma), incubated for 1 h at RT in dark. The cell
cycle fractions were measured by FACS Canto II (BD, Mountain View, CA). The percentages of cells in G1,
S and G2 phases were calculated using ModFit LT software (RRID:SCR_016106, BD).

EdU labeling assay

EdU labeling assay was performed to examine the rate of DNA replication. In brief, cells were cultured in
6-well plate for 24 h followed by an incubation of with 10 μM EdU (KeyGen Biotech, China) in normal
culture condition for 3 h. Cells were harvested and �xed with 4 % paraformaldehyde (PFA). The staining
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procedure was performed according to the manufacturer’s instructions of the Click-iTTM EdU Alexa
FluorTM 647 Flow cytometry Assay kit (Thermo). The EdU-positive cells were measured by �ow cytometer
(BD, FACS Canto II).

Migration assay

2 × 104 cells in 200 μL serum-free medium were placed onto the top transwell chamber (8-μm pore size,
BD Biosciences) of each insert. After 24 h of incubation at 37°C, cells adhering to the lower membrane
were stained with 0.1% crystal violet in 20% methanol, imaged, and counted using an EVOS FL
microscope (Life technology, Gaithersburg, MD, USA).

3D spheroids assay

Spheroid formation and growth was analyzed as described previously [14]. Brie�y, 400 cells were seeded
in spheroid microplate (Corning Inc., NY, USA) according to a 3D-spheroids formation and growth
protocol. The spheroids were cultured with GBO medium with a minor modi�cation (without insulin)
according to a previously published report [15], changing half of the medium every 2 days. The growth of
the 3D-Spheroid cultured cells was monitored by a microscope with a real-time camera (EVOS® FL Auto
Imaging System, Life Technologies, Carlsbad, CA, USA). For sphere growth assay, photographs of tumor
spheres were taken at the indicated time points and sphere diameter was measured to re�ect sphere
growth.

Reverse-transcription semi-quantitative PCR (RT-PCR) and quantitative PCR (RT-qPCR)

Total RNA was isolated using Trizol reagent (Thermo) according to the manufacturer’s instructions.
HiFiScript cDNA synthesis Kit (CoWin Bioscience, China) was used according to the manufacturer’s
protocol. Quantitative PCR (qPCR) analyses were conducted to quantify mRNA relative expression using
Real SYBR Mixture (CoWin Bioscience), with GAPDH as an internal control. For semi-quantitative PCR of
MGMT expression, total RNA was isolated and �rst-strand cDNA was generated according to the
manufacturer’s instructions. PCR was performed with PrimeSTAR Max DNA Polymerase (Takara). The
PCR products were separated by agarose gel electrophoresis, and scanned with a Gel imager (Tanon,
China). The primers are shown in Supplementary Table 1&2.

Single-Cell RNA-sequencing and data analysis

Single-cell RNA-sequencing was performed using 10X Chromium single cell platform (10X Genomics).
Brie�y, cells were washed with a phosphate buffer solution containing 0.04% weight/volume bovine
serum albumin (BSA, Sangon). Cells were counted using Countess®II Automated Cell Counter and the
concentration was adjusted to 1×106 /ml. The cDNA libraries were constructed using the 10 x Chromium
TM Single cell 3’ Library Kit according to the manufacturer’s original protocol available on the 10 x
Genomics website. CellRanger 1.3 (http://10xgenomics.com) was used to process Chromium single cell
3’ RNA-seq output. The R package ‘Seurat’ (Version 3.2.3) was used to the initial clustering and Loupe Cell
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Browser 3.1.0 was used to view the clustering. The R package “SingleR” (Version 1.0.1) was utilized to
identify the predominant cell types. Single-cell pseudotime trajectories were constructed with the R
package Monocle (Version 2.1.0) [16]. Gene set variation analysis (GSVA) was also performed by the R
package. GSVA (Version 1.32.0) was used to estimate the activity for diverse signatures and pathways
[17]. GSVA scores for indicated signatures were calculated using prede�ned gene sets obtained from the
MSigDB (Molecular Signatures Database) (http://www.gsea-msigdb.org/gsea/downloads.jsp).

Immuno�uorescence staining

Immuno�uorescence (IF) staining was performed as previously described [14]. Cells on coverslips were
�xed, permeabilized and followed with an overnight incubation of primary antibodies (Supplementary
Table 3) at 4℃. On the following day, cells were incubated with Alexa Flour 488 or Alexa Flour 594-
conjugated donkey anti-mouse/rabbit secondary antibodies (Thermo) at room temperature (RT) for 30
min. Cell nuclei were counterstained with Hoechst 33342 (Thermo). The staining was visualized using an
EVOS FL microscope (Life technology, Gaithersburg, MD, USA) or a laser scanning confocal microscope
(Leica Microsystems GmbH, Mannheim, Germany).

Flow cytometric assay

CD133 positive cells were measured by �ow cytometer. Brie�y, cells (1×106) were washed and incubated
with �uorescence labeling antibodies (PE mouse anti-CD133, clone AC133, Miltenyi Biotec; FITC mouse
anti-CD44, clone C26, BD) at RT for 30 min. Samples were washed, assayed via FACS Canto II (BD)
immediately, and analyzed secondarily using Diva software (BD).

Western blot analysis

Protein was extracted using RIPA lysis buffer (Cell Signaling Technology, Danvers, MA, USA). The
concentration was quanti�ed by the BCA Protein Assay Kit (CWBIO, China). Equal amounts of proteins
were loaded onto 10% polyacrylamide gel and separated by SDS-PAGE. Samples were then transferred to
PVDF membranes. After blocking with 5% non-fat milk, the membranes were incubated with primary
antibodies and secondary antibodies. Target bands were visualized using chemiluminescence (Millipore,
Billerica, MA, USA). Antibodies used to determine the indicated proteins are speci�ed in Supplementary
Table 2.

Cellular uptake assay

Cellular uptake pro�les were measured by �ow cytometry. Brie�y, cells were seeded into 6-well plates for
24 h. After incubation with or without Dox (10 μM) for 3 h, cells were harvested and washed with cold
PBS. Cells without Dox incubation were used as background controls. Dox uptake was detected by �ow
cytometer and analyzed with FlowJo VX software (RRID:SCR_008520, FlowJo, LCC, OR USA). The mean
�uorescence intensity (MFI) ratio of Dox (+) to their blank control was used as relative MFI.

Tumor sphere formation and growth assay
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Tumor sphere formation was analyzed as described previously [18]. Brie�y, cells were seeded in 6-well
plate (5000 cells/well) and maintained in NSC culture medium (DMEM/F-12 + 20 ng/ml of bFGF
(PeproTech, Rocky Hill, NJ) + 20 ng/ml of EGF (PeproTech) + N2 (Thermo) + B27 (Thermo) and allowed
to form spheres. Photographs of tumor spheres were taken at the indicated time points and sphere
diameter was measured. At least 10 random �elds were analyzed per experiment.

Statistical analysis

All experiments were independently repeated at least three times, and the data were expressed as mean ±
standard deviation (sd). A t-test was used to compare the signi�cant difference between two groups. One-
way ANOVA was used for the mean comparison between multiple sample groups, and the Tukey ad hoc
test was used for intra-group multiple comparisons. P < 0.05 was considered statistically signi�cant.
SPSS 20.0 and Graphpad Prism 6.0 software were used for image and data analysis.

Results
Construction and con�rmation of an acquired TMZ-resistant GBM xenograft model

To obtain in vivo acquired TMZ-resistant GBM cells, we implanted U87 cells into nude mice and
performed three cycles of TMZ treatment along with tumor passage in vivo (Fig. 1A). Temozolomide-
resistant tumor tissues (TMZ-R) or cells were isolated from xenografts of serially treated mice. The
parental tissues and cells isolated from saline treated xenografts were named TMZ-S. These cells and
tissues were frozen for subsequent in vitro and in vivo studies. Secondary xenograft models generated
from the isolated frozen cells showed that tumors derived from TMZ-R cells grew more rapidly than that
those derived from TMZ-S cells (Fig. 1B). While in the presence of TMZ, TMZ-R tumors exhibited a loss
response to chemotherapy, relative to the rate of DNA ampli�cation of TMZ-S tumors (Fig. 1C). Moreover,
chemotherapy-treated TMZ-R tumors showed comparable growth ability with saline treated TMZ-S
tumors (Fig. 1D). Compared with parental cells, TMZ-R generated cells showed impaired response to
various anticancer drugs, as con�rmed by an increased IC50 (Fig. 1E), indicating the acquisition of
multidrug resistance. Two typical multidrug resistance-associated protein coding genes, ABCB1 (MDR1)
and ABCC3 [19, 20] were markedly upregulated in TMZ-R tumors and derived primary cells (Fig. 1F),
revealing that drug e�ux pumps may play an important role in mediating TMZ-resistance. DOX, a red
�uorescent molecule, was used to determine whether drug e�ux pump downregulation resulted in
reduced drug accumulation in TMZ-R cells. The �ow cytometry assay showed that the uptake of DOX by
TMZ-R cells decreased signi�cantly (Fig. 1G), con�rming chemotherapy resistance is associated with
impaired drug uptake [20, 21]. Consistent with the previous �nding in U87 resistant cells [10, 22],
continuous TMZ treatment failed to induce MGMT re-expression in U87 cells (Fig. 1H), demonstrating
that MGMT expression/methylation were not contributors to TMZ-resistance of U87 in vivo. Therefore,
the established U87 TMZ-resistant xenograft provides a stable acquired TMZ-resistance in vivo model,
subsequently yielding stable, multi-drug resistant derived primary cells.

The acquired TMZ-resistant tumor contains more quiescent cancer stem cells
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Cell cycle arrest or muted cell cycle progression allows extensive DNA repair mechanisms which
contribute to chemoresistance in cancers [23-25]. Consistent with the previous �nding that in vitro U87
TMZ-resistant cells display cell cycle arrest [10], the assays in this study showed that primary cells
derived from in vivo TMZ-R tumors exhibited lower proliferation compared to the primary cells derived
from TMZ-S tumors (Fig. 2A,B). EdU incorporation further indicated that DNA replication in TMZ-R tumor
derived cells was decreased signi�cantly (Fig. 2C). Additionally, cell growth inhibition of TMZ-R cells was
associated with cell cycle arrest (Fig. 2D), and the ratio of G0/G1 cells in TMZ-resistant cells increased
signi�cantly (Fig. 2E). The presence and increase of quiescent stem cells (CSCs) are considered as a
major contributor of tumor recurrence after treatment resistance [26, 27]. These quiescent CSCs exhibit
lower self-renewal and proliferation capacity, leading to the escape from conventional chemotherapy [28].
The current study also demonstrated that the number of CD133 positive (CD133+) cells was markedly
increased in TMZ-R tumors (Fig. 2F), indicating TMZ-continuous chemotherapy drives an expansion of
stem cell properties. This observation was further veri�ed in the TMZ-R tumors by molecular pro�ling
which identi�ed higher expression of Nestin and SOX2, two classical neural stem cell markers (Fig. 2G).
Interestingly, CSCs spheres derived from TMZ-R in 3D spheroid culture were much smaller than those
derived from TMZ-S cells (Fig. 2H). Upon closer inspection, the derived TMZ-R CSCs spheres exhibited
markedly lower ampli�cation ability (Fig. 2I), and sparse distribution of Ki67 (Fig. 2J), which widely
serves as a proliferation marker for human tumor cells [29]. The signi�cant decrease of Ki67 expression
in TMZ-R CSCs was further con�rmed in the overall analysis. Collectively, these results support that TMZ-
R derived CSCs exhibit quiescent properties.

scRNA-seq identi�es a subgroup of cancer stem cell in TMZ-resistant tumors

Next, a micro�uidic-based approach of the 10x Genomics® platform was executed to obtain the
transcriptome of cells isolated from TMZ-S and TMZ-R tissues according to the established method [30].
A total of 18,894 cells and 35,884 reads per cell were estimated in TMZ-S cell library, and the mean genes
per cell were 2,776. In TMZ-R cells, 8,627 cells and 73,198 reads were obtained, which resulted in a mean
gene per cells at 3,669 (Supplementary Fig. 1), suggesting a robust alteration of gene transcription in
TMZ-R tumors. Using the Graph-Based clustering analysis, we identi�ed a genomic heterogeneity
between TMZ-S and TMZ-R-derived cells (Supplementary Fig. 2A). Overall, 11 distinct clusters in TMZ-R
cells and 12 in TMZ-S cells were identi�ed via t-distributed stochastic neighbor embedding (t-SNE). The
SingleR annotation indicated an alteration of cytological diversity between TMZ-S and TMZ-R, and
disclosed a marked increase of tissue stem cell populations in TMZ-R derived cells as compared with
TMZ-S derived cells (20.93% vs 3.90%; Supplementary Fig. 2B). To further explore the heterogeneity and
evolution of drug resistant cells, a pseudotime analysis was performed based on the single-cell RNA-seq
data (Fig. 3A). The derived cell clusters were placed on the trajectory according to sequential
transcriptional changes (left), and re-grouped into different states (middle) and time course (right) by
Monocle. Compared to TMZ-S, the reconstructed trajectory of TMZ-R derived cells exhibited more
branches (denoted ‘B1’, ‘B2’, ‘B3’, and ‘B4’). Notably, in TMZ-R cells, the root of trajectory (B1) was
populated by the majority of cluster 4,5,9 and 10, and the branches (B3, B4) was populated by the
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majority of cluster 0, 2 and 7. Next, we identi�ed the top 50 genes in TMZ-R with branch-dependent
expression (qval < 1e-4) for branch point 2 and 1, respectively (Supplementary Fig. 3), which may play an
important role in determining the diverse evolution of cell fate induced by TMZ. Next, gene set variation
analysis (GSVA) was applied to explore the cellular behavior of cell clusters in TMZ-R with differential
transcriptional pro�les. According to the GO-BP gene sets, 6 of 11 clusters in TMZ-R enriched in glioma
stem cells were upregulated, among which cluster 0, 2, 7 exhibited a lowered drug response and ABC
transporter upregulation (Fig. 3B). Although TMZ-S also showed enrichment of glioma stem cell clusters,
only C8 exhibited diminished drug reactivity, and only C5 displayed upregulated drug transport
(Supplementary Fig. 4). These results provide insight into the functional diversity of CSCs induced by
recurrent TMZ treatment, especially their diminished drug reactivity. Therefore, the subsequent cellular
assays were focused on the clusters 0, 2, and 7 in TMZ-R cells. To label these cells, human brain cancer
stem cell markers were identi�ed from the Human Cell Atlas Database and the existing literature
(Supplementary Table 4). These reference genes were subsequently applied for screening. qRT-PCR
analysis was used to screen 8 markers, noting their increase in TMZ-R tumors, including PROM1 (CD133),
SOX2, NES (Nestin), and CD44 (Supplementary Fig. 5). Moreover, we found that three stem cell markers,
NES (Nestin), SOX2 and CADM1 were particularly enriched in CSC clusters 0, 2, and 7 (Fig. 3C). Among
these three markers, SOX2 and CADM1 were signi�cantly enriched in clusters 0, 2, and 7. Further analysis
using Graph-based clustering identi�ed 20 additional subgroups based on cluster-speci�c genes and
biological processes derived from a total 27,521 cells spanning TMZ-R and TMZ-S libraries
(Supplementary Fig. 6). Results indicated that cells from TMZ-R and TMZ-S tumors were differentially
distributed. LOUPE browser analysis con�rmed that NES was widely expressed in all clusters overall, but
especially overexpressed in clusters of TMZ-R derived CSCs. Moreover, we found that SOX2 and CADM1
were enriched in a particular subgroup of TMZ-R cells, distinguishing a triple positive
(SOX2+/CADM1+/NES+) CSC subgroup derived from TMZ-R tumors (Fig. 3D). This molecular pro�le was
additionally observed upregulated at the protein level in TMZ-R tumors (Fig. 3E). Highly expressed in U87
cells [31] and widely expressed in clusters of TMZ-R cells, NES is used as a broad-spectrum marker of
U87 cancer stem cells. Combined with SOX2 and CADM1, SOX2+/CADM1+/NES+ served as a genomic
signature for a subtype of CSCs derived from TMZ-R tumors. The triple positive gene signature was
traced using pseudotime analysis for evaluation of cellular evolution. As shown in Figure 3F, the
expression of SOX2, CADM1 and NES in individual cells was distributed along the pseudotime axis. These
cells were enriched in clusters (upper) and stats (lower) according to the cellular evolution in pseudotime.
SOX2, CADM1 and NES triple positive cells accumulated at the terminal, suggesting that recurrent TMZ
treatment induces a de-differentiation process to induce the triple positive CSCs. Based on this evidence,
the cells derived from TMZ-R were divided into two sub-groups according to the median expression of
each of the individual genes (SOX2, CADM1 and NES) to distinguish between triple positive cells
(SOX2+/CADM1+/NES+) and non-triple positive cells. Next, the CSCs with the upregulated genes were
collected and GSVA was applied to comparatively evaluate the drug response and cellular phenotypes of
the two sub-groups. We demonstrate that triple positive cells exhibited more advantages in drug
resistance, which is possibly associated with the enhancement of ABC transporter activity (Fig. 3G).
Overall, our �ndings suggest that recurrent TMZ treatment induces a diverse cellular evolution which
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induces a unique subgroup of c CSCs de�ned by a lowered drug response, a major contributor for TMZ
resistance.

The identi�ed cancer stem cell subgroup displays low expression of EGFR

Low yield of stem cell spheres and the quiescent state of TMZ-R-derived CSCs hinted at a low response to
nutritional factors in stem cell culture medium. Given that EGFR is responsible for the maintenance and
self-renewal of CSCs [32], we speculated that TMZ-R derived CSCs may express lowered EGFR. LOUPE
browser analysis indicated that EGFR was scattered in TMZ-R tumor cells (Fig. 4A), determining that the
number of cells above the cutoff of EGFR expression in TMZ-R were signi�cantly less than in TMZ-S (Fig.
4B). Accordingly, immuno�uorescence staining con�rmed the scattered expression of EGFR in TMZ-R
tumors (Fig. 4C) and CSC spheres (Fig. 4D). Western blot assay further con�rmed an overall EGFR
downregulation in TMZ-R tumors, and the decrease of downstream AKT and STAT3 phosphorylation (Fig.
4E). Next, we examined the expression of EGFR in triple positive cells derived from TMZ-R tumors. The
bioinformatics analysis indicated the expression pattern of EGFR between non-triple positive cells and
triple positive cell in TMZ-R (Fig. 4F). It disclosed that triple positive cells have lower EGFR level as
compared to non-triple positive cells (Fig. 4G), suggesting that EGFR de�ciency underlies the quiescent
state of TMZ-R cells, especially in the triple positive subgroup.

EGFR de�ciency confers CSCs cell cycle arrest and acts as an anti-chemoresistance target

Although containing lower EGFR expression, CSCs derived from TMZ-R tumors possessed the ability to
respond to EGF stimulation, which was re�ected in the phosphorylation of EGFR and downstream
activation of Akt/STAT3 induced by EGF stimulation (Fig. 5A). Accordingly, the ampli�cation ability of
CSCs sphere derived from TMZ-R tumors was restored under the continuous stimulation of EGF (Fig. 5B),
as further evidenced by the recovery of self-renewal capacity indicated in an increased of EdU positive
rate and normalized 3D sphere diameter on the �nal culture day (Fig. 5C). Moreover, continuous EGF
treatment led to a signi�cant decrease in the proportion of cells in G0/G1 phase (Fig. 5D), revealing that
EGF treatment induces a release of quiescent cells from cell cycle arrest. These results suggest that EGFR
is vital for cellular quiescence regulation, leading us to explore whether the EGF-stimulated cell cycle
rescue was conducive to improving the chemosensitivity of TMZ-R. The IC50 assay (Fig. 5E) provided
evidence that EGF treatment improved the in vitro chemosensitivity of TMZ-R cells. Flow cytometry assay
further indicated the effect of EGF treatment resulted in an enhancement of drug uptake in TMZ-R cells
(Fig. 5F). Based on these in vitro �ndings, we next determined whether EGF is a viable means to
overcome chemoresistance in vivo. The xenograft model using frozen TMZ-R cells was treated with a
combination therapy of TMZ and EGF for 9-days post implantation. The mice were injected i.p. once
every 2 days with TMZ (20 mg/kg) combined with an intratumoral multipoint injection of EGF (25 μg/kg)
in the span of 12 days. As shown in the tumor growth curve (Fig. 5G) and the weight assay of collected
tumors at the �nal day (Fig. 5H), EGF alone did not alter the tumor growth ability, but combination therapy
resulted in a signi�cant inhibition of tumor growth in vivo. These results suggested that EGF improves the
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sensitivity of TMZ-R tumors to TMZ, implicitly pointing to the de�ciency of EGFR signaling in the
endowment of CSC chemoresistance in glioblastomas in an MGMT-independent context.

Discussion
The acquisition of TMZ resistance is a major clinical challenge for GBM treatment, and related
therapeutic strategies to overcome such acquired TMZ-resistance are far from optimal. This makes it
particularly important to understand the mechanisms leading to acquired resistance. Cancer stem cells
account for much of the chemo and radiotherapy resistance associated with GBM. The characteristics of
these cells have been extensively studied. Among several gene targets, the DNA repair enzyme O-6-
methylguanine DNA methyltransferase (MGMT) has been widely implicated in conferring drug resistance
of CSCs [33], so that many clinical studies have lauded MGMT expression/promoter methylation as a
prognostic indicator of TMZ-treatment [34]. However, many MGMT-de�cient patients remain impacted by
TMZ resistance, indicating a more complex mechanism of acquired resistance in these cells. The focus
of this study was to clarify the cellular evolution of MGMT-null, primary CSCs obtained from a stable,
acquired TMZ resistant GBM xenograft model. Additionally, we sought to identify a therapeutic target for
improving chemosensitivity of TMZ-R cells.

The current study provides direct evidence that cancer stem cells are closely linked to chemoresistance
and reveals that TMZ chemotherapy induces cellular evolution resulting in complex heterogeneity and
enrichment of glioma stem cells. Using scRNA-seq and pseudotime analysis, we and other investigators
have demonstrated the evolution of cancer stem cells as an important product of this adaptive response
to TMZ [35]. While the aberrant events that trigger CSC transformation in TMZ-treated glioblastomas are
not entirely worked out, studies in which patient-derived GBM cell lines have been successfully
reprogrammed into CSCs through forced expression of neural stem cell transcription factors (Oct4, Sox2,
Nanog) lend credence to the notion of aberrant de-differentiation [36]. An abundance of evidence points
to the role of extra-cellular factors, cell adhesion molecules, Notch, Wnt/β-catenein, BMP, and TGFβ
signaling in the development of chemotherapy-resistant, quiescent CSCs to name a few [36–39]. Despite
this, it is increasingly clear that the transformation of CSC complicated by the existence of divergent CSC
subtypes with unique genetic signatures and non-uniform pro�les of chemo and radiotherapy resistance
[40]. On the other hand, some investigators have provided evidence for the notion that quiescent cancer
stem cell populations are not created, but lay dormant and become “reawakened” in response to cytotoxic
chemotherapy [41].

The �nding of a low proliferation phenotype and the activation of drug-e�ux like ATP binding cassette
family transporters represent typical features of CSCs which support their survival under chemotherapy
pressure [42]. However, the inconsistencies among the observed proliferative potential of TMZ-R CSCs in
vivo and in vitro remain a problem, and may be rooted in the differences of an in vitro versus in vivo
environment [43, 44]. While the single in vitro environment is convenient for TMZ-R cells to maintain a
lasting quiescent state, the complexity of the in vivo microenvironment almost certainly implicates
additional pressures which shape the adaptive cell response, and therefore, the maintenance of the
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quiescent state of chemo resistant cells. Toward the aim or reconciling the two models, one research
team developed a 3D GBM organoid from primary GBM patient cells, leveraging gene editing tools to
insert an inducible proliferation reporter which more closely recapitulates drug resistance in a
heterogenous tumor model. Similar to our �ndings, quiescent GBM cells lacking proliferation markers
were tracked to just 0.2-1% of organoid cells after just 4 weeks of recurrent drug treatment [37].
Additionally, these investigators observed a reduced sphere diameter in the quiescent GBM cells
compared to spheres formed by non-quiescent primary cells.

Undifferentiated (or de-differentiated) glioma stem cells are a unique subset of therapy resistant cells that
express markers of stemness, including CD133+ and neural stem cell markers like nanog, sox-2, and
nestin [45]. The drug resistance of these cancer stem cells underlies a majority of the recurrence of
tumors and is thus an essential property to characterize. In this study, a subset of CSCs expressing the
triple positive signature NES+/Sox2+/CADM1 + demonstrated the greatest features of drug resistance.
The expression of the neural stem cell markers Nestin and Sox-2 are consistent with the features of most
drug-resistant glioma stem cell populations and support the neural stem cell lineage of GBM. However,
the role of CADM1 in quiescent CSCs displaying TMZ resistance has been less studied. One study found
that high serum levels of exosomal miR-148a (a target of CADM1) existed in GBM patients compared to
healthy controls [46]. They further found that inhibiting the miRNA not only increased the expression of
CADM1 but inhibited activation of the STAT3 pathway, a determinant of GBM proliferation and
tumorgenicity. A similar study in ovarian cancer cells described the downregulation of the CADM1-
targeting miR-486, which saw reduced cell viability, proliferation, and an increased proportion of cells in
G0/G1 arrest [47]. Moreover, CADM1 was inversely proportional to the expression of cyclin D1, cyclin E,
CDK6, and p21. The authors of that study further demonstrated that reductions in cell viability, invasion,
proliferation, increased apoptosis rate, and G0/G1 arrest were speci�c to the miR’s action on CADM1 as
the combined application of an inhibitor of miR-486 and an si-CADM1 normalized all anti-tumorigenic
features of CADM1-expressing cells. The �ndings of the referenced studies are similar to the
characteristics observed in the triple positive quiescent stem cells derived from TMZ-R tumors in the
present study and align with a CADM1 + phenotype. Together, our studies corroborate a role for CADM1
as a tumor suppressor, regulating proliferation and keeping tumorgenicity at bay. Evidence from other
cancer types has further implicated CADM1 in the repression of tumorgenicity through the negative
regulation of G1/S transition [48], which is consistent with the proportion of triple positive CSCs observed
in G0/G1 arrest herein.

The present study found a lowered expression of EGFR in drug resistant, quiescent CSCs derived from
TMZ-R tumors. Our �ndings corroborate EGFR expression and activity patterns observed in several TMZ-
resistant cell lines and GBM patient tumor tissues [49]. For example, Areeb et al report that in addition to
de�cient EGFR expression in treatment-resistant cells, there is signi�cant upregulation of the EGFR-
targeting miR-221, which likely serves as a mechanism of reduced EGFR expression. The present �ndings
also compliment a previous study wherein pharmacological inhibition of EGFR induced a population of
quiescent GSCs expressing similar neural stem cell markers [50]. In contrast, one study found that the
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human EGFR inhibitor LRIG1 can regulate quiescent neural stem cells’ responsiveness to EGFR signaling
(prompting NSC exit from quiescence) [51], while another reported that LRIG1 can reverse the course of
multi-drug resistance by suppressing ABCB1 and ABCG2 [52] in glioblastoma cell lines. The latter studies
support a role for EGFR/Akt/STAT3 signaling in conferring tumorgenicity [53] and sensitivity to
temozolomide, which is at odds with our current �ndings. The discordance is likely rooted in the MGMT-
context of the different experimental models. For example, while TMZ resistance was associated with
upregulation of STAT3 in the GBM cell line U87 [54, 55], this was dependent on concurrent upregulation of
the DNA repair enzyme MGMT. In contrast, activation of AKT/STAT3 and upregulation of the EGFRvIII
variant (present in 1/3 of GBMs) were associated with TMZ sensitivity but only in patients with highly
methylated MGMT promoters (associated with loss of MGMT expression) [56]. Presented in the context
of an MGMT-null GBM model, our �ndings of reduced EGFR expression and downstream AKT and STAT3
activation in quiescent and TMZ-resistant GSCs complement the �ndings of Struve et al and point to an
important consideration across all GBM research.

Finally, we report that the decreased proliferation, cell cycle arrest, and sphere growth characteristic of the
TMZ-R derived CSC subpopulation were all reversible by EGF treatment. Moreover, the reduced drug
response of these cells was reversed by EGF. In vivo, EGF-treated TMZ-R animals displayed a more
normalized tumor volume/weight only when EGF was paired with TMZ treatment, but not by EGF alone,
suggesting that while EGF can help quiescent CSCs revert to their differentiated state and the associated
tumorigenic phenotypes, it cannot act alone as an effective glioblastoma therapeutic. The �nding that
de�cient EGFR expression in TMZ-R derived CSCs can be overridden by exogenous EGF supports the
notion that the cellular phenotypes may be driven by a reduced activation of EGFR signaling due to
diminished expression of available receptors. In such a case, overwhelming the cells with EGFR ligand
can increase the likelihood of binding/activation. Alternatively, one study has reported that exogenous
EGF can stimulate the expression of NTN4, a regulator of GBM tumor progression/proliferation via
ITGB4-Akt signal activation [57]. This is consistent with our observations that EGF treatment restored
phosphorylated Akt in tandem with restored tumorigenic phenotypes. The Li et al study also lends
support to the concept of redundancy along the EGFR/Akt/STAT3 pathways, which may incidentally
explain the clinical ineffectiveness of various EGFR-targeting therapies to-date [53]. Combinatorial, EGFR-
targeted treatment has previously been shown to increase the e�cacy of TMZ in GBM cell lines and
animal-derived tumors [58]. While the aberrant EGFR expression in that study was not a downregulation
of wild type EGFR, rather expression of a common glioblastoma mutation (EGFRvIII), it supports the idea
that speci�c cohorts of GBM patients may bene�t from combined EGFR-targeting and TMZ therapy. It is
worth noting that EGFR-targeted therapy is not the only treatment that aids in the re-sensitization of TMZ-
R cells. Another study treated TMZ-R GBMs with the cytotoxic agent withaferin A to inhibit MGMT
expression [59]. Combined withaferin A and TMZ treatment overcame the GBM’s chemoresistance and
potentiated the e�cacy of TMZ, similar to our �ndings. Collectively, our study and the existing literature
support the idea that TMZ resistance of GBM tumors is multi-dimensional, likely rooted in a variety of
signaling cascades and molecular events resulting in diverse cellular phenotypes which shape the drug
response.



Page 15/28

One of the limitations of this study was the subcutaneous tumor model, which may not accurately
recapitulate the CNS microenvironment that shapes the course of glioblastomas clinically [60]. On the
other hand, the drug-resistant cells obtained after acclimation continue to demonstrate drug-resistant
properties in situ. Taken together, our model lends itself to repeated generation of stable, drug-resistant
cells. Indeed, serial propagation in vivo is the de�ning characteristic of CSCs, as opposed to any
particular molecular signature observed in vitro [61]. Toward that aim, another advantage of this model
was the in vivo serial transplantation which resulted in a validated phenotype/genotype of CSCs. The
nature of the model also circumvented many of the challenges observed in preclinical models which do
not allow for the repopulation of tumors by surviving cancer stem cells nor the enrichment of
repopulating clones due to long-term continuous chemotherapy or single dose treatment [41]. In future
studies, it will be important to thoughtfully investigate whether recurrent chemo and radio-therapy truly
confer the genotypes and phenotypes observed in drug-resistant quiescent CSCs or whether these
subsets constitutively exist and drive the responsiveness of the tumor to treatment. Additionally, it will be
pertinent to evaluate the patterns of these CC subsets across diverse glioblastoma patient types and
characterize their plasticity throughout the course of therapeutic manipulation [61]. Finally, future efforts
should continue to explore cross talk between quiescent CSCs and adjacent non-CSCs, which have
demonstrated negative feedback loops which favor the survival of oncogenic NSCs to promote
tumorigenesis [38].

Despite the availability of GBM treatments, patient survival remains between 12–15 months due to tumor
recurrence largely driven by treatment resistant cells [62]. This study aimed to characterize a unique
subset of quiescent, TMZ-R derived CSCs using bioinformatics, genomics, and cellular assays. We
describe the stable derivation of primary tumor cells which display the classical features of multi-drug
resistant, quiescent CSCs, including reduced proliferation capacity, cell cycle arrest, diminished drug
uptake, and lower ampli�cation ability in 3D culture. Further, we identi�ed a niche of CSCs which was
particularly advantageous for evading responsivity to TMZ. The molecular signature of this subset
included elevated expression of the canonical neural stem cell markers Nestin and Sox2, along with the
elevated expression of CADM1. This triple positive CSC subgroup additionally observed diminished
expression of EGFR and downstream signaling which was overcome by exogenous EGF. We conclude
that diminished EFGR activity in the context of MGMT-null organisms, may underlie the acquisition of
TMZ resistance and quiescence of CSCs in recurrently-treated glioblastoma. In turn, restoration of EGFR
signaling in patients with low MGMT expression or hypermethylated MGMT promoters may reprogram
the chemotherapeutic sensitivity of TMZ-R tumors.
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Figure 1

Construction and con�rmation of an acquired TMZ-resistant GBM xenograft model.

A. Schematic process of the acquired TMZ-resistant GBM tumors and cells.
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B. Tumor growth assay of cells derived from indicated xenografts. The lower panel showing the tumors
collected at the �nal day.

C. Tumor growth assay of indicated xenografts after the �rst TMZ injection. Mice were intracranially
injected with indicated cells and subsequently received 6 intraperitoneal injections of TMZ (20 mg/kg)
every two days after the tumors reached 100 mm3. Tumor volume was monitored as indicated day from
the 1st TMZ injection. Xenografts were collected at the 12nd day post TMZ-treatment.

D. Tumor growth assay of xenografts received the indicated treatment. Mice were intracranially injected
with indicated cells and subsequently received 6 intraperitoneal injections of normal saline (NS) or TMZ
(20 mg/kg) every two days after the tumors reached 100 mm3. Tumor volume was monitored at the
indicated day from the 1st treatment. Tumors were collected at the 12nd day post TMZ-treatment.

E. IC50 assay indicating different drug response between TMZ-S and TMZ-R cells (n=3, **p < 0.01). 

F. qRT–PCR assay measuring the expression of ABCB1 and ABCC3 mRNA in the indicated cells and
tumors (n=3, **p < 0.01).

G. Flow cytometry (FC) assay (left) and the statistical analysis of mean �uorescence intensity (MFI; right)
showing the uptake of DOX by the indicated cells, the shift in �uorescence intensity of a population of
cells (n=3, **p < 0.01).

H. RT-PCR measurement showing the expression of MGMT in indicated cells. PC-3 cells served as a
MGMT positive control. 
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Figure 2

The acquired TMZ-resistant tumor has more quiescent cancer stem cells.

A. Cell growth assay of indicated cells (n=6, **p < 0.01).

B. Colony assay of indicated cells (n=3, **p < 0.01).
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C. EdU incorporation assay detecting the DNA replication in indicated cell. The EdU labeling cells were
analyzed by �ow cytometry (left) and the statistical result were indicated in the right panel (n=3, **p <
0.01).

D. Cell cycle was detected by �ow cytometry (upper) and the statistical results were shown in the lower
panel.

E. Relative population of cells in G0/G1 stage were quanti�ed (n=3, **p < 0.01).

F. Flow cytometry assay indicating the percentage of CD133 positive cells in the indicated cells (n=3, **p
< 0.01). CD44 severed as a common marker for U87.

G. Western blot analysis showing the expression of Nestin and SOX2 in the indicated cells (n=3, **p <
0.01). β-actin served as a loading control.

H. Sphere formation assay of the indicated cells. The number and area of the spheres were analyzed (**p
< 0.01). Bars, 500 μm.

I. 3D-tumor spheroid growth was continuously recorded at the indicated time (upper) and quantitatively
analyzed (lower; n=8, **p < 0.01). Bars, 200 μm.

J. Immuno�uorescence (IF) staining of tumor spheres using the indicated antibodies. DAPI labeling of the
nuclei was performed. Bars, 100 μm.

K. Western blot assay showing the expression of Ki67 and Nestin in spheres derived from the indicated
cells (**p < 0.01). β-actin served as a loading control. 
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Figure 3

scRNA-seq analysis identi�ed a subgroup of cancer stem cell in TMZ-resistant tumors.

A. Pseudotime analysis based on the single-cell RNA-seq. The indicated cell clusters were placed on the
trajectory according to sequential transcriptional changes (left), and re-grouped into different states
(middle) and time course (right).
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B. GSVA analysis displaying cellular behavior difference among cell clusters in TMZ-R. Bar charts
visualizing GSVA scores of indicated gene sets in GO-BP terms.

C. Enrichment analysis of NES, SOX2 and CADM1 in cell clusters derived form TMZ-S and TMZ-R.

D. LOUPE browser analysis displaying the distribution of NES, SOX2 and CADM1 in 20 subgroups
identi�ed by Graph-based clustering.

E. Western blot assay showing the expression of indicated proteins in the indicated tumors (**p < 0.01).
GAPDH served as a loading control.

F. Pseudotime analysis showing the cellular distribution according the expression of SOX2, CADM1 and
NES along the pseudotime axis.

G. GSVA analysis displaying the enrichment of upregulated genes in the indicated gene sets. 



Page 27/28

Figure 4

The identi�ed cancer stem cell subgroup contains low expression of EGFR.

A. The LOUPE browser analysis showing the EGFR expression in the indicated cells.
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B. The pie plots showing the number of cells according to EGFR expression between TMZ-S and TMZ-R
(Fisher's exact test).

C. IF staining showing the EGFR expression in indicated xenografts. DAPI labeling of the nuclei was
performed. Bars, 100 μm.

D. IF staining showing the EGFR expression in GSC spheres derived from indicated cells. DAPI labeling of
the nuclei was performed. Bars, 100 μm.

E. Western blot assay comparing the expression of the indicated protein in TMZ-S and TMZ-R tumors
(n=3, **p < 0.01). GAPDH served as a loading control.

F. The bioinformatics analysis showing the expression pattern of EGFR between non-triple positive cells
and triple positive cells in TMZ-R.

G. The pie plots showing the number of cells according to EGFR expression between non-triple positive
cells and triple positive cells in TMZ-R (Fisher's exact test).

 

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

SupplementaryInformationincludingFiguresandtables.docx

https://assets.researchsquare.com/files/rs-1700654/v1/1d96bb822e9e80054b20ba41.docx

