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Gliomas are solid tumors that originate from glial cells in the brain or spine and account for
74.6% of malignant primary central nervous system tumors worldwide. As patient-derived
primary cells are important tools for drug screening and new therapy development in
glioma, we aim to understand the genomic similarity of the primary cells to their parental
tumors by comparing their whole-genome copy number variations and expression profile
of glioma clinicopathologic factors. We found that the primary cells from grade II/III gliomas
lost most of the gene copy number alterations (CNAs), which were mainly located on
chromosome 1p and 19q in their parental tumors. The glioblastoma (GBM) primary cells
preserved 83.7% of the gene CNAs in the parental GBM tumors, including chromosome 7
gain and 10q loss. The CNA gains of LINC00226 and ADAM6 and the chromosome
16p11 loss were reconstituted in primary cells from both grade II/III gliomas and GBMs.
Interestingly, we found these CNAs were correlated to overall survival (OS) in glioma
patients using the Merged Cohort LGG and GBM dataset from cBioPortal. The gene
CNAs preserved in glioma primary cells often predicted poor survival, whereas the gene
CNAs lost in grade II/III primary cells were mainly associated to better prognosis in glioma
patients. Glioma prognostic factors that predict better survival, such as IDHmutations and
1p/19q codeletion in grade II/III gliomas, were lost in their primary cells, whereas
methylated MGMT promoters as well as TERT promoter mutations were preserved in
GBM primary cells while lost in grade II/III primary cells. Our results suggest that GBM
primary cells tend to preserve CNAs in their parental tumors, and these CNAs are
correlated to poor OS and predict worse prognosis in glioma patients.
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INTRODUCTION

Gliomas are brain tumors that result from abnormal growth of
glial cells in the central nervous system and are characterized by
their complex origin that give rise to multiple tumor subgroups
and various histology. The WHO 2016 classification of gliomas
emphasized the importance of tumor histology, IDH mutations
and 1p/19q codeletion for categorizing gliomas (1). The WHO
grade II and grade III gliomas are mainly astrocytomas (As) and
oligodendrogliomas (ODGs) derived from astrocytes and
oligodendrocytes, respectively, and ODG is characterized by
1p/19q codeletion. GBMs are highly malignant WHO grade IV
gliomas that usually recur within one year after resection, and the
five-year relative survival post diagnosis is 6.8% (2). Current
glioma therapies lack effectiveness despite intensive medical care
due to the heterogeneous origin of gliomas and blockage of the
blood-brain barrier. Recent studies have worked towards the
development of new therapeutic targets and drug delivery
methods as well as the establishment of personalized
precision medicine.

Several molecular markers have been known to associate with
patient survival and tumor grouping in gliomas. The IDH
mutations are strongly associated with patient survival as
patients with mutations have a higher survival rate (3).
Patients with WHO grade II/III gliomas are often positive for
the IDH mutation (>80%), whereas most GBM patients are IDH
wild-type (4). The 1p/19q codeletion, a classification marker of
ODGs, is positively associated with patient response to
chemotherapy as well as patient survival, in which WHO grade
II/III patients with the codeletion have better prognoses (5–7).
MGMT promoter methylation is also associated with resistance
to chemotherapy with alkylating agents as the methylated
promoter predicts better prognosis and longer survival (8, 9).
TERT promoter mutation is commonly present in ODGs (78%)
and IDH-wildtype GBMs (83%) and is considered as a potential
grouping marker in glioma (5, 10). Although many molecules
have been found to correlate with patient survival and treatment
outcome, the WHO 2016 glioma classification was still mainly
based on tumor histology, and the molecular mechanisms
regulating the formation and progression of gliomas remain
largely unknown.

Patient-derived xenograft (PDX) in mouse and primary cells
from fresh tumor specimens are often used to evaluate new
treatment efficacy during therapeutic development and clinical
trials, and also plays an important role for drug screening and
pathogenesis-molecular mechanism investigating (11).
Therefore, the similarity of the mutational landscape and
expression profile between original tumors and their derived
primary cells is crucial to the patient-derived primary cell as a
screening model that represents a population of tumors from
different patients. As the tumor microenvironment is complex
and unique in each tumor, multiple culture conditions have been
used to preserve the maximum genetic identity between tumors
and primary cell population (12). Although studies have
confirmed that tumor-derived stem cells share more
similarities to original tumors in genotype and RNA profile
Frontiers in Oncology | www.frontiersin.org 2
than traditional tumor cell lines grown in fetal bovine serum
containing medium, tumor stem cell lines have low
establishment success rate and high maintenance costs (12,
13). In contrast, even though traditional cultured glioma cell
lines exhibit less similarity to patient tumors, they are easier to
obtain, cost less, and are adherent cells with the ability to
proliferate rapidly, which makes them suitable for cell
modification and functional tests (13). The patient-derived cell
lines cultured in traditional growth medium provide a
compromise among similarity to original tumor, cost of cell
culture, and facilitation of treatment, modification, and
functional test of cells.

Previous studies have mainly focused on patient-derived stem
cells or PDXs from GBMs, whereas little is known about the
characteristics of WHO grade II/III primary cells and its
similarities between tumors and their primary cells cultured in
traditional growth medium. Here, we aim to understand the
preservation status of tumor DNA aberrances in primary cells
from tumors of different WHO grades and histology by
comparing the whole-genome copy number changes between
tumors and its patient-derived cells. We freshly collected
primary cells from patient specimens, cultured in fetal bovine
serum-containing growth medium, and compare the retention of
copy number alterations (CNAs) from tumors to primary cells.
Our findings indicated that primary cells from GBMs preserved
most of the gene CNAs in tumors that are involved in cellular
growth, movement, development, and interaction. Furthermore,
the presence of these gene CNAs in tumors predicted poor
survival in glioma patients.
MATERIALS AND METHODS

Collection of Patient Specimens
Glioma patients who received brain tumor surgery at the Linkou
Chang Gung Memorial Hospital, Taiwan, between February
2014 and July 2015 were enrolled in this study. Patient sample
collection and usage were approved by the Chang Gung Medical
Foundation Institutional Review Board (102-4005B, 102-4023B,
and 99-0812B); written consents were obtained from patients
prior to sample collection. Tumor tissue were stored in liquid
nitrogen or preserved in culture medium for primary cell
isolation immediately after resection. Primary cells from 14
patients were successfully cultured from removed tumor tissue,
and the origins of the cultured primary cells to their
corresponding tumors were confirmed by short tandem repeat
(STR) tests. Eleven paired tissues and cells were selected for
OncoScan CNV microarray test based on tissue availability,
DNA quality, and cell condition. Tumor grading and
pathology was determined based on morphology, arrangement
of cells in tumors, IDH1/2 status, and 1p/19q codeletion. The
IDH1/2 mutations were determined by PCR and Sanger
sequencing. The 1p/19q status was determined by OncoScan
microarrays. Details of patient information are listed in the
Table 1.
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Isolation and Culture of Primary Cells
Glioma primary cell separation was performed according to
previous reports with some modifications (12, 14). Glioma cells
were dissociated from tumors by trypsinization, then the primary
cells were cultured in DMEM-F12 (12400-024, Gibco) with 10%
fetal bovine serum (10438-026, Gibco), 100 IU/ml penicillin, and
100 mg/ml streptomycin (15140-122, Gibco) in a humidified
tissue culture incubator at 37°C and 5% CO2 atmosphere.
Surviving primary cells after five passages were subject to STR
analysis to confirm the origin with their corresponding patient,
and primary cells no later than ten passages were used for
detection and analyses of DNA mutations, copy number
variations, and prognostic factor status.

Detection of IDH1/2 Mutations
Tumor DNA was extracted and subjected to PCR for
amplification of DNA fragments containing IDH1 codon 132
and IDH2 codon 140 and 172. PCR products were then
sequenced to determine their IDH1/2 status. Detailed PCR
protocols and primer sequences were described in
Supplementary Information.

Detection of TERT Promoter Mutations
TERT promoter mutation assay was performed according to
previous studies (5). Briefly, tumor DNA was subjected to PCR
for amplification of TERT promoter fragments containing two
mutation hot spots C250T and C228T. PCR products were then
sequenced to determine their mutation status. Detailed
protocols and primer sequences were described in
Supplementary Information.

Measuring the MGMT Methylation Status
To analyze the methylation of MGMT promoter, bisulfite
conversion of denatured genomic DNA was performed using
EZ DNA Methylation-Gold Kit (cat. D5006; Zymo Research),
followed by PCR amplification. Methylation ratio of theMGMT
promoter was determined according to the methylation
status of five CpG sites in region +17 to +39 in exon 1 of the
MGMT gene by pyrosequencing using PyroMark Q24 CpG
MGMT (cat#970032; Qiagen). Average methylation percentage
above 10% was considered methylated and below 10%
as unmethylated.
Frontiers in Oncology | www.frontiersin.org 3
OncoScan CNV FFPE Assay
Genomic DNA was extracted from tumors and primary cells.
Tissues or cells were lysed and homogenized in Cell lysis Solution
(Qiagen, #158908) followed by addition of proteinase K, RNase A,
and Protein Precipitation Solution (Qiagen, #158912) for removing
protein and RNA. Genomic DNA was precipitated by isopropanol,
washed with ethanol, air dried, and rehydrated in TE buffer. The
concentration and quality of DNA was determined using Qubit
dsDNA quantification assays (Thermo Fisher Scientific), and the
DNA was prepared at 12 ng/mL for 6.6 mL/well per sample. Copy
number variations were then determined using OncoScan CNV
Plus Reagent Kit (Thermo Fisher Scientific, Cat. No. 902294)
according to the manufacturers’ instructions. The arrays were
washed, stained, and scanned with the GeneChip Scanner 3000
7G and GeneChip Fluidics Station 450. Array fluorescence intensity
data (CEL files) were generated by Affymetrix® GeneChip®

Command Console® (AGCC) Software version 4.0 and processed
to OSCHP files and QC metrics by OncoScan Console software
version 1.1.034. Copy number variation, loss of heterozygosity, and
the percentage of aberrant cell were calculated using Nexus Express
for OncoScan 3 with the TuScan algorithm.

Analyses of the Relationship
Between Samples
The unrooted phylogenetic tree of gene CNV total events was
generated with R package “ape” with maximum parsimony
method and default parameters. The Principal Component
Analysis (PCA) graph was determined based on the total
events of gene CNV using the built-in R function prcomp()
with default setting and was visualized using R package
“factoextra” to build a ggplot2-based graph.

Data Analyses
Total gene CNV profile of tumor and paired primary cells were
analyzed to identify CNA preservation and lost in primary cells.
The gene CNAs that occurred in more than two tumor samples
were included in the analyses. A tumor gene CNA was defined as
fully or partially preserved if it was passed and preserved in its
corresponding primary cells for all or at least 60% of the analyzed
tumor samples, respectively. Similarly, a tumor gene CNA was
defined as fully or partially lost if it was lost in its corresponding
primary cells for all or at least 60% of the analyzed tumor samples,
TABLE 1 | The information of patients who received brain tumor resection in Linkou Chang Gung Memorial Hospital from Feb. 2014 to Jul. 2015.

Patient No. WHO grade Age at diagnosed Sex Pathology Status

W919 II 29 female oligodendroglioma newly diagnosed
W933 II 58 male diffuse astrocytoma recurrent
W937 II 40 female oligodendroglioma newly diagnosed
W946 II 28 male diffuse astrocytoma newly diagnosed
W928 III 36 female anaplastic oligodendroglioma recurrent
W950 III 45 female anaplastic oligodendroglioma newly diagnosed
W952 III 31 male anaplastic astrocytoma newly diagnosed
W802 IV 62 male glioblastoma newly diagnosed
W909 IV 58 male glioblastoma recurrent
W935 IV 73 female glioblastoma newly diagnosed
W958 IV 84 male glioblastoma newly diagnosed
April 2021 | Volume 11
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respectively. Pathway analyses were performed used QIAGEN
Ingenuity Pathway Analysis (IPA) (QIAGEN, Jan 2020).

Survival Analysis
Survival analysis was performed using the Merged Cohort of LGG
andGBM (TCGA, Cell 2016) dataset and copy number alteration as
well as OS information were downloaded from cBioPortal. Among
the total 1122 cases in the obtained dataset including both GBMs
and grade II/III gliomas (LGG, low-grade glioma in the dataset),
1017 cases consisted of complete gene CNV and overall survival
information and were included in further analyses. Approximately
83.6% (2026/2424), 82.3% (660/802), 57% (4/7), and 76.5% (648/
847) of the CNAs we detected for CNA loss lost, CNA loss
preserved, CNA gain lost, and CNA gain preserved, respectively,
were also present in the genomes of the glioma patients (Table 6).
The R package “survival” and “survminer”were used to evaluate the
correlation between CNAs and patient OS with Cox proportional
hazards regression analysis, perform log-rank test and determine
the hazard ratios (HRs) for the univariate Cox regression. HR
represents the ratio of risk of death for patients with the CNA
compared to patients without the CNA. P-value < 0.05 for the log-
rank test were considered statistically significant.
RESULTS

The Copy Number Variations in Glioma
Specimens and Paired Primary Cells
Paired primary cells were successfully isolated from 11 glioma
patient specimens, including 4 (W919, W933, W937, W946), 3
Frontiers in Oncology | www.frontiersin.org 4
(W928, W950, W952), and 4 (W802, W909, W935, W958) cells
from WHO grade II, WHO grade III, and WHO grade IV
tumors, respectively (Table 1). Among all primary cells, only
the 4 WHO grade IV cells were able to continue dividing rapidly
for more than 30 passages. Each tissue-primary cell pair all have
similarities greater than 95% (Supplementary Table 1). The
OncoScan FFPE Assay was carried out to identify the genome-
wide copy number, loss of heterozygosity (LOH) and somatic
mutations. A total of 16,774 genes with CNA and 36,081 CNA
events were identified among all 11 tumor tissues (Table 2).
Chromosome 1p and 19q codeletion was frequently observed in
grade II and grade III tumors but not in their primary cells
(Figure 1A). The CNAs in GBM and their primary cells were
more diverse than in grade II/III samples. The CNA phylogenetic
TABLE 2 | Summary of the CNA presence in patient specimens and the CNA
preservation in patient-derived primary cells.

Glioma (N=11) Grade II/III (N=7) GBM (N=4)

Total CNA 36081 19409 16661
Amp 10163 1695 8462
Loss 25918 17714 8199

Total gene 16774 10271 11812
Amp 7209 1334 6031
Loss 12845 9332 6136

Preserved CNA 17431 (48.3%) 4093 (21.1%) 13329 (80.0%)
Amp 6663 (65.6%) 424 (25.0%) 6235 (73.7%)
Loss 10768 (41.6%) 3669 (20.7%) 7094 (86.5%)

Preserved gene 11707 (69.8%) 3152 (30.7%) 9891 (83.7%)
Amp 5126 (71.1%) 294 (22.0%) 4840 (80.3%)
Loss 7393 (57.6%) 2858 (30.6%) 5195 (84.7%)
A
pril 2021 | Volume 11 |
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FIGURE 1 | Basic information of copy number variation (CNV) in glioma patient specimens and patient-derived primary cells. (A) Representative whole-genome
views of CNV in different grades of glioma patient specimens and paired primary cells. Chromosome numbers are labeled between paired tissue and cell. T, patient
tissue. C, patient-derived primary cell. (B) A maximum parsimony phylogenic tree for examining the relationship among patient samples and paired primary cells
based on the differences of CNA events. A, astrocytoma; ODG, oligodendroglioma; GBM, glioblastoma. (C) PCA graph of sample similarity analysis based on CNA
differences. Larger circles are mean points of each group. CA, astrocytoma-derived primary cells; CGBM, GBM-derived primary cells; CODG, oligodendroglioma-
derived primary cells; TA, astrocytoma specimens; TODG, oligodendroglioma specimens; TGBM, GBM specimens.
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tree indicated GBM tissue and primary cells were closely
clustered together, whereas ODG tumor tissues clustered
together separate from their primary cell counterparts
(Figure 1B). Furthermore, PCA analysis demonstrated that the
tumors of astrocytoma as well as primary cells other than GBM
were located closer to each other, whereas GBM primary cells
were more dispersed (Figure 1C). The results indicated GBM
gene CNAs were dramatically different than grade II/III samples
regardless of the sample sources. Therefore, GBM and grade II/
III groups were analyzed separately in further analyses.

Most of the Gene CNAs Were Located on
Chromosome 1p and 19q in Grade II/III
Tumors and Lost in Primary Cells
Among the 7 grade II/III tumors, there were 19,409 CNA events
involving 10,271 genes, and the majority of CNA events were
copy number loss with 17,714 events (91.3%) involving 9,332
genes (Table 2). However, most of the events occurred
independently in 7 grade II/III tumors (Figure 2A). Genes
with CNA presence in more than 2 tumor samples were
located mainly on chromosome 1 (1,450), 3 (135), 10 (52), 16
(25), and 19 (1021) (Figure 2B). Results show only 3 CNA gain
and 177 CNA loss were partially preserved in primary cells,
indicating preservation rates of 2.6% and 6.8% for CNA gain and
loss, respectively (Table 3 and Figure 3A). The genes with
preserved CNA gain were located on chromosome 14q32,
whereas the genes with preserved CNA loss were mainly
Frontiers in Oncology | www.frontiersin.org 5
located on chromosome 3p21 and 16p11. In contrast to CNA
preserved in primary cells, the partial gene CNA lost rate
including gene CNA gain and loss in grade II/III samples was
as high as 88.8% (2430/2736), which indicated most of the gene
CNAs occurred in grade II/III tumors were lost in primary cells.
Most of the gene CNA lost events were CNA losses located on
chromosome 1p arm, 10q22, and 19q arm (Figure 3B), whereas
only 7 gene CNA gain located on chromosome 9q34 were lost in
primary cells (Table 3). A detailed list of preserved and lost gene
CNAs in grade II/III gliomas was provided in Supplementary
Table 2. The results indicated that the majority of the CNAs in
glioma grade II/III tumors were CNA losses on chromosome 1p
and 19q, and most were lost in tumor-derived primary cells.
A

B

FIGURE 2 | Gene CNAs in parental WHO grade II/III glioma specimens. (A) Number of tumors contains genes with CNA in patient specimens. Genes with CNA in
more than two tissue specimens were enrolled in the following studies. (B) The distribution of genes with CNA on chromosomes.
TABLE 3 | Preservation and lost of genes with CNA gain in patient-derived
primary cells compared to their original tumors in the grade II/III group.

Amplified Gene name Chr. location Preservation status of CNVs

FAM30A 14q32 Total preserved
ADAM6 14q32 Partial preserved
LINC00226 14q32 Partial preserved
EHMT1 9q34 Partial lost
EHMT1-IT1 9q34 Partial lost
MIR602 9q34 Partial lost
LOC100133077 9q34 Partial lost
CACNA1B 9q34 Partial lost
LOC101928786 9q34 Partial lost
TUBBP5 9q34 Partial lost
April 2021
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GBM Primary Cells Preserved the Most
Gene CNAs
A total of 8,462 CNA gain and 8,199 CNA loss were detected
among the 4 GBM tissues (Table 2). Most of the gene CNAs were
single event that only occurred in one of the 4 GBM samples
(Figure 4A). The CNA gain events involving 853 genes were
mainly located on chromosome 7, whereas 644 genes with CNA
loss were mainly located on chromosome 10 (Figure 4B).
MIR7976, located on chromosome 3q21, was the single gene
with a total lost CNA (Table 4). The genes with CNA gain on
chromosome 7 (Figure 5A) as well as the genes with CNA loss
on chromosome 10q arm and 16p11 (Figure 5B) in tumors were
all preserved in their primary cells. The detailed gene CNA list
was provided in Supplementary Table 3. Together, a total of
9,891 genes with CNA in GBM tumors were preserved in tumor-
derived primary cells, the preservation rate is 83.7% (Table 2),
which suggests that most of the gene CNAs in GBM tissues were
preserved in their primary cells.

Cell Growth Related Signaling Pathways
Were the Important Features in Gene
CNA Preservation
To understand the correlation between the disease and the
preservation of gene CNAs in primary cells, pathway analysis
examining molecular and biological functions of the genes was
performed using IPA software (QIAGEN). The molecular and
cellular functions as well as the disease and biological functions
that significantly correlated to the genes with CNA preserved or
lost in primary cells were determined and listed by ascending P
Frontiers in Oncology | www.frontiersin.org 6
value in Supplementary Tables 4 and 5 (P <0.05), respectively.
Among the top ten biological functions of the genes with CNA
preserved or lost in primary cells, cellular development, cellular
growth and proliferation, small molecule biochemistry, and cell-
to-cell signaling and interaction were observed in all grade II/III
CNA-preserved, grade II/III CNA-lost, and GBM CNA-
preserved groups (Table 5). Biological functions that associated
to cell growth, including cellular development, growth and
proliferation, cell death and survival, and cell cycle, accounted
for half of the intersected functions among all three groups.
Disease and biological function analyses results suggest that cell
growth, proliferation, and survival were upregulated whereas cell
differentiation, apoptosis, and death were downregulated in both
CNA-preserved groups, especially in GBM primary cells
(Supplementary Table 5 and Supplementary Figure 1). The
results indicated that glioma primary cells predominately
preserve gene CNAs that regulate cell growth, whereas
preserved gene CNAs were suggested to contribute towards
increased cell growth as well as decreased cell death.

Gene CNAs Preserved or Lost in Primary
Cells Correlated With Overall Survival in
Glioma Patients
Because tumor cell growth contributes towards tumor growth
and is correlated to cancer patient survival, we next examined the
correlation between the gene CNAs and patient OS in glioma
using the Merged Cohort of LGG and GBM (TCGA, Cell 2016)
dataset from cBioPortal. The survival analysis result indicated
majority of CNAs detected (99.5%, 81.8%, 100%, and 99.9% for
A

B

FIGURE 3 | Preservation status of genes with CNA loss in cultured primary cells compared to the parental grade II/III tumors. Total, the CNAs of targeted genes in
patient specimens were all preserved/lost in their primary cells. Partial, at least 60% of primary cells preserved or lost the targeted gene CNAs. The chromosome
distribution of the preserved (A) or lost (B) gene CNAs in primary cells.
April 2021 | Volume 11 | Article 621432
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CNA loss lost, CNA loss preserved, CNA gain lost, and CNA
gain preserved, respectively) were correlated to glioma patient
OS (log-rank test, P <0.05) (Table 6). A total of 2015 genes with
CNA loss lost in primary cells were correlated to patient OS (log-
rank test, P <0.05) and most of them with HR <1, whereas 540
genes with preserved CNAs were correlated to OS and mainly
HR >1. For genes with CNA-gain preserved in primary cells, 647
out of 648 genes with the CNA information were correlated to
patient OS and the HRs of the patients positive of the gene CNA
gains were all greater than 1. The results showed that patients
positive of gene CNAs which were lost in primary cells have HR
less than one, whereas patients positive of gene CNAs which
were preserved in primary cells have HR greater than one.
Moreover, among the 51 genes with CNA loss lost in grade II/
III but preserved in GBM primary cells, 46 were significantly
correlated with patient survival (log-rank test, p<0.05). The HR
of the alterations was <1 for one gene, MIR1256, and >1 for 45
genes, which were included in the gene with HR >1 with CNA
loss lost in primary cells. Together, the results indicated that the
gene CNAs lost in primary cells, regardless of gain or loss, were
mainly good prognostic factors, which correlated to better
Frontiers in Oncology | www.frontiersin.org 7
survival, whereas gene CNAs preserved in primary cells
predicted poor survival in glioma patients. We further tested
the hypothesis with well-known molecular markers in glioma,
including IDH mutation, 1p/19q codeletion, TERT promoter
mutations, and MGMT promoter methylation. The detailed
molecular information of the paired tumor and primary cells
were listed in Supplementary Table 6. In grade II/III tissues,
there were 6 out of 7 samples with IDH mutations, but none of
the mutation were preserved in their primary cells (Figure 6A).
Similar to IDHmutations, 1p/19q codeletion was present in 4 out
of 7 grade II/III tissues, but all grade II/III primary cells were 1p/
19q intact (Figure 6B). Moreover, TERT promoter mutations
and methylated MGMT were lost in grade II/III primary cells,
whereas GBM primary cells preserved most of the mutations and
methylated MGMT (Figures 6C, D). Together, our results
showed that most of the gene CNAs in grade II/III gliomas,
which predicted better survival, were lost in their primary cells,
whereas the GBM primary cells preserved the gene alterations in
tumors, which predicted poor survival in glioma patients.
DISCUSSION

The genetic alterations in tumors and their paired primary cells
have been noticed and studied for decades. Previous researches
mainly focused on the comparisons of the similarity and alteration
between the parental tumor and the primary cell and identification
TABLE 4 | Lost of gene CNA gain in patient-derived primary cells compared to
their original tumors in the GBM group.

Amplified Gene name Chr. location Preservation status of CNAs

MIR7976 3q21 Total lost
A

B

FIGURE 4 | Gene CNAs in parental GBM specimens. (A) Number of tumors contains genes with CNA in patient specimens. Genes with CNA in more than two
tissue specimens were enrolled in the following studies. (B) The distribution of genes with CNA on chromosomes.
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of regions or genes with copy number altered on chromosomes
(12, 13, 15). However, little is known about the correlation of these
alterations to biological function or to disease. Here, we reported
that the GBM primary cells preserved the parental tumor CNAs
and these gene CNAs were correlated to poor survival in glioma
patients. The CNAs in gliomas, such as chromosome 7 and 19
gains as well as 10 loss in primary GBMs, have been previously
reported (5, 16, 17). In our study, GBM primary cells retained
chromosome 7p gain and 10q loss from parental tumors, which is
consistent with previous researches that GBM primary cells
preserved the genetic alterations, amplifications on chromosome
7 and 20 as well as deletions on chromosome 9 and 10, in parental
Frontiers in Oncology | www.frontiersin.org 8
tumors (12). The chromosome 7p gain, including EGFR
amplification, and 10q loss, including PTEN and DMBT1
deletions, were often concurrent in GBMs (18, 19). The
chromosome 10q loss has been identified to associate with
shorter overall survival in high-grade glioma patients (19). The
effect of the chromosome 7p amplification on glioma patient
prognosis is not clear, but generally glioma patients with EGFR
A

B

FIGURE 5 | Chromosome distribution of genes with CNA preserved in GBM primary cells. (A) The chromosome distribution of genes with CNA gain preserved in
primary cells. (B) The chromosome distribution of genes with CNA loss preserved in primary cells. Total, the targeted gene CNAs in patient specimens were all
preserved/lost in their primary cells. Partial, at least 60% of primary cells preserved or lost the targeted gene CNAs.
TABLE 5 | The top molecular and biological functions associated to CNA genes in
grade II/III CNA-preserved, grade II/III CNA-lost, and GBM CNA-preserved group.

Category Involved
#Molecules

Grade II/
IIICNA-lost

Grade II/III
CNA-pre-
served

GBM CNA-
preserved

Cellular Development 198 V V V
Cellular Growth and
Proliferation

174 V V V

Small Molecule
Biochemistry

164 V V V

Cell-To-Cell Signaling
and Interaction

114 V V V

Cell Death and
Survival

163 V V

Cellular Assembly
and Organization

83 V V

Cellular Movement 173 V V
Cell Cycle 68 V V
TABLE 6 | The univariate Cox regression analysis of the association between
overall survival of glioma patients and CNAs of targeted genes in the patient
cohort from the Merged Cohort of LGG and GBM dataset.

Number of
genes with
CNA Gene
status

Total Total#(Genes
in Merged

Cohort of LGG
and GBM)

OS
difference$$

(P < 0.05)

Hazard Ratio&

<1
(Low risk)

>1
(High risk)

Genes with CNA loss in patient specimens
Lost in
primary cells

2424 2026 2015 1959 56$

Preserved in
primary cells

802 660 540 9 531

Genes with CNA gain in patient specimens
Lost in
primary cells

7 4 4 0 4

Preserved in
primary cells

847 648 647 0 647
A
pril 2021 | Vol
ume 11 | Art
#Total gene number with complete information of overall survival and copy number
variation in the Merged Cohort of LGG and GBM dataset.
$$Overall survival difference between with or without specific copy number alterations. log-
rank test.
&Hazard ratio. Patients with the alteration compared to patients without the alteration.
$Among the 56 genes with CNA loss and lost in glioma primary cells, there were 45 genes
lost in the grade II/III primary cells but preserved in GBM primary cells.
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or chromosome 7p amplification have shorter survival (20–22).
Moreover, we further identified chromosome 16p11 loss and
amplifications of ADAM6 and LINC00226 as preserved genomic
alterations in both GBM and grade II/III primary cells, whereas
chromosome 3p21 loss only observed in grade II/III cells. ADAM6
is often upregulated in cancers including glioma, and its
expression was high in GBM and lower in ODG and correlated
to poor outcome in lower-grade glioma (23). The expression of
LINC0026 was also correlated to patient survival, and up-
regulation of LINC00226 predicted poor prognosis and
enhanced cell invasion, stemness, and proliferation in cancers
(24–26). Although the correlation between cancer patient survival
and chromosome losses in 16p11 and 3p21 regions are not clear,
the CNAs in these regions are closely related to diseases. The
16p11 region possesses high allele frequencies of pathogenic CNAs
often with deletions and is associated with cognitive and
anatomical defects (27). The loss of chromosome 3p21, which
harbors several tumor-suppressor genes, such as BLU, RASSF1A,
and SEMA3B, are frequently observed in cancers including
gliomas, and the 3p21.31 region is a female-specific risk locus in
astrocytoma and GBM (28–31). Overall, our results and its
consistency with known prognostic correlations support our
hypothesis that the CNAs preserved in primary cells predicted
poor prognosis in glioma patients and may identify novel
molecular markers as potential prognostic factors in gliomas.

Current understanding of primary cells from grade II/III
gliomas is limited as most of the primary cell researches have
Frontiers in Oncology | www.frontiersin.org 9
focused on GBMs. In our study, the grade II/III glioma primary
cells lost most of the CNAs, which mainly consisted of
chromosome deletions located on 1p and 19q regions. The
chromosome 1p/19q codeletion, an ODG molecular marker, is
positively correlated to better response to therapy as well as
improved prognosis and overall survival in the WHO grade II/III
patients (5, 32). Similar to the 1p/19q codeletion, IDHmutations
are also important classification and prognostic factors in
gliomas. The IDH1-R132H mutation is involved in the early
gliomagenesis; however, after carcinogenesis complete, it is
considered a radiosensitizing gene and a better prognostic
factor that predicts favorable outcome in glioma patients (3,
33–35). Also, the mutation is associated with cellular and
biological functions that impede cell growth, survival, and
invasion in cultured glioma cells (36). In our study, 6 out of 7
grade II/III parental tumors possessed IDH mutations, but none
of the mutations were preserved in their primary cells. The grade
II/III primary cells may tend to lose CNAs or mutations that
correlate to good prognosis in gliomas, as IDH mutations and
1p/19q codeletion were frequently found in grade II/III gliomas
but absent in primary cells from grade II/III gliomas used in this
study and other commonly used glioma cell lines. However, the
chromosome deletion in the 10q22 region, which is correlated to
poor survival as described previously, was lost in grade II/III
primary cells when preserved in GBM primary cells. Similarly,
MGMT promoter methylation and TERT promoter mutations,
both well-known molecular markers correlated to drug-
A B

DC

FIGURE 6 | Preservation status of glioma molecular markers in patient-derived primary cells compared to their original specimens in the grade II/III and GBM
groups. The status of IDH mutation (A), chromosome 1 p arm and chromosome 19 q arm deletion (B), TERT promoter mutation (C), and MGMT promoter
methylation (D) in 7 grade II/III and 4 GBM paired tumors and primary cells were determined. The numbers indicated the number of tissue or cell with wild type IDH
or TERT promoter, intact 1p/19q, or unmethylated MGMT promoter. WT, wild type.
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resistance in gliomas, were also found to be preserved in GBM
primary cells but lost in grade II/III primary cells. Methylated
MGMT promoter predicts a favorable response of GBM patients
to alkylating chemotherapy and other studies suggested that
patients with methylated MGMT promoter have better
prognosis and survival (8, 9, 37). TERT promoter mutations,
found in more than 70% of primary GBMs and ODGs, enhances
the telomerase activity and tumor growth and is associated with a
poor outcome in GBMs (38, 39). However, in grade II/III
gliomas, TERT promoter mutation serves as a favorable
prognostic factor similar to IDH mutations (38). Overall, the
preservation status of molecular markers in primary cells were
correlated with its prognostic relation to patient survival, and
GBM primary cells seems to have the ability to allow more
genetic alterations in their genome.

In this report, we isolated 11 primary cell lines from gliomas
with different grades and histology, and analyzed genomic
profiles of the primary cell lines and their parental tumors. As
the incidence rate of glioma was relatively low among cancers
and the fresh patient specimens suitable for primary culture were
not easily accessible, we only successfully established 3
astrocytoma, 4 ODG, and 4 GBM primary cells with qualified
CNV profiles. Sample size is a crucial factor towards the power to
detect variants at different effect levels. A small sample size may
limit detection to variants of large effects, whereas increasing the
number of samples will not only enable detection of small effect
variants, but also contribute to more detailed genetic analyses
and convincing results for each glioma histology group. Here, we
demonstrated that the culturing of primary cells may provide a
potential method for selecting novel prognostic markers in
gliomas. Factors predicting better prognosis in patients with
brain cancer, such as IDH mutations and 1p/19q codeletion,
were often lost in the grade II/III primary cells, whereas those
that predicted poor outcome, such as chromosome 7p gain
and10q loss, were preserved in the GBM primary cells. We
report that GBM primary cells preserved most of the genomic
alterations exhibited in its parental tumors, which were
correlated to poor survival in glioma patients.
CONCLUSION

We demonstrated the comparison of the genomic alterations
between parental tumors and their primary cells identified
several chromosome regions with CNA preserved, such as
chromosome 7p gain, 10q loss, and 16p11 loss, or lost, such as
1p/19q codeletion in primary cells. The GBM primary cells
preserved most of the alterations while grade II/III gliomas
cells lost most of the alterations in parental tumors. The gene
CNVs preserved in the primary cells were correlated to poor
overall survival of glioma patients in the Merged Cohort of LGG
and GBM dataset from cBioloPortal. In contrast, genomic
alterations that were lost in grade II/III primary cells, such as
1p/19q codeletion and IDH mutations, were often associated to
favorable outcome. Our results suggest that the preservation
status of gene CNAs in primary cells were associated to their
Frontiers in Oncology | www.frontiersin.org 10
effects on patient survival, and GBM primary cells preserved the
most gene CNAs that predicted poor survival in glioma patients.
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Supplementary Table 1 | STR profile of tumors and tumor derived primary cells.

Supplementary Table 2 | The preserved and lost gene CNAs in primary cells
from grade II/III gliomas.

Supplementary Table 3 | The preserved and lost gene CNAs in primary cells
from GBM tumors.

Supplementary Table 4 | The molecular and cellular functions significantly
correlated to the genes with CNA preserved or lost in primary cells.

Supplementary Table 5 | The disease and biological functions significantly
correlated to the genes with CNA preserved or lost in primary cells.

Supplementary Table 6 | The status of IDH mutation, 1p/19q codeletion, TERT
promoter mutation, and MGMT promoter methylation in paired tumors and primary
cells.

Supplementary Figure 1 | The prediction of the biological function status in
grade II/III CNA-preserved and GBM CNA-preserved groups were shown and sized
by activation z-score. Each area represented a disease related biological function
was colored by z-score. The blue area indicated a decreasing function was
expected and the orange indicated an increased function.
SUPPLEMENTARY INFORMATION

MATERIALS AND METHODS

Detection of IDH1/2 mutations

A 481 base pairs (bp) IDH1 fragment was amplified by the
primer set: 5’-TGCCACCAACGACCAAGTCA-3’ (forward)
and 5’-GTGTTGAGATGGACGCCTAT TTG-3’ (reverse) and
a 290 bp IDH2 fragment was amplified by primers: 5’-
GGGGTTCAAATTCTGGTTGA-3 ’ (forward) and 5 ’-
CTAGGCGAGGAGCTCCAGT-3 ’ (reverse). The PCR
reactions were performed in a total volume of 20 ml solution
containing ~200 ng DNA, 100 nM primers, and 1X GoTaq
Green Master Mix (M712, Promega). The PCR cycling
Frontiers in Oncology | www.frontiersin.org 11
conditions were set at 94°C for 1 minute, 55°C 30 seconds, and
72°C for 1 minute for 40 cycles. A second PCR was performed
using 1 ml product from first PCR with 100 nM primer sets: 5’-
CAGGAAACAGCTATGACCATGATTACGTGCCACCAACG
ACCAAGTCA-3’ (forward) and 5’-CGTTGTAAAACGAC
GGCCAGTGAATTGTGTGTTGAGATGGACGCCTATTTG-
3’ (reverse) for IDH1 or 5’-CAGGAAACAGCTATGACCATG
ATTACGGGGGTTCAAATTCTGGTTGA-3’ (forward) and 5’-
C G T T G T A A A A C G A C G G C C A G T G A A T T G
CTAGGCGAGGAGCTCCAGT-3’ (reverse) for IDH2, and 1X
CleanAmp GC-Rich Master Mix (L-5102, TriLink) in a total
volume of 20 ml. The PCR cycling condition was same with
described above. The final product was sequenced using primer
5’-CAGGAAACAGCTATGACCATGATTACG-3 ’ or 5’-
CGTTGTAAAACGACGGCCAGTGAATTG-3’.
Detection of TERT promoter mutations

The PCR reactions were performed in a total volume of 20 ml
solution containing ~200 ng DNA, 100 nM primers, and 1X GoTaq
Green Master Mix (M712, Promega). The PCR cycling conditions
were set at 94°C for 1 minute, 63°C 30 seconds, and 72°C for 1
minute for 35 cycles. A 244 bp DNA fragment was amplified by the
primer set: 5’- GCACAGACGCCCAGGACCGCGCT -3’
(forward) and 5’- TTCCCACGTGCGCAGCAGGACGCA -3’
(reverse). A second PCR was performed using 1 ml product from
fi r s t PCR wi th 100 nM pr imer s e t s : 5 ’ -CAGGA
AACAGCTATGACCATGATTACG GCACAGACGCCC
AGGACCGCGCT -3 ’ (forward) and 5 ’-CGTTGTAAA
ACGACGGCCAGTGAATTGTTCCCACGTGCGCAGCAGGA
CGCA -3’ (reverse), and 1X CleanAmp GC-Rich Master Mix (L-
5102, TriLink) in a total volume of 20 ml. The PCR cycling condition
was same with described above. The final product was sequenced
using primer 5’-CAGGAAACAGCTATGACCATGATTACG-3’ or
5’-CGTTGTAAAACGACGGCCAGTGAATTG-3’.
REFERENCES

1. Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-Branger D,
Cavenee WK, et al. The 2016 World Health Organization Classification of
Tumors of the Central Nervous System: A Summary. Acta Neuropathol
(2016) 131(6):803–20. doi: 10.1007/s00401-016-1545-1

2. Ostrom QT, Cioffi G, Gittleman H, Patil N, Waite K, Kruchko C, et al. Cbtrus
Statistical Report: Primary Brain and Other Central Nervous System Tumors
Diagnosed in the United States in 2012-2016. Neuro Oncol (2019) 21(Suppl
5):v1–v100. doi: 10.1093/neuonc/noz150

3. Yan H, Parsons DW, Jin G, McLendon R, Rasheed BA, Yuan W, et al. IDH1
and IDH2 Mutations in Gliomas. N Engl J Med (2009) 360(8):765–73.
doi: 10.1056/NEJMoa0808710

4. Han S, Liu Y, Cai SJ, Qian M, Ding J, Larion M, et al. IDH Mutation in
Glioma: Molecular Mechanisms and Potential Therapeutic Targets. Br J
Cancer (2020) 122(11):1580–9. doi: 10.1038/s41416-020-0814-x

5. Eckel-Passow JE, Lachance DH, Molinaro AM, Walsh KM, Decker PA,
Sicotte H, et al. Glioma Groups Based on 1p/19q, IDH, and TERT
Promoter Mutations in Tumors. N Engl J Med (2015) 372(26):2499–508.
doi: 10.1056/NEJMoa1407279

6. Cairncross G, Wang M, Shaw E, Jenkins R, Brachman D, Buckner J, et al.
Phase III Trial of Chemoradiotherapy for Anaplastic Oligodendroglioma:
Long-Term Results of RTOG 9402. J Clin Oncol (2013) 31(3):337–43.
doi: 10.1200/JCO.2012.43.2674

7. van den Bent MJ, Brandes AA, Taphoorn MJ, Kros JM, Kouwenhoven MC,
Delattre JY, et al. Adjuvant Procarbazine, Lomustine, and Vincristine
Chemotherapy in Newly Diagnosed Anaplastic Oligodendroglioma: Long-
Term Follow-Up of EORTC Brain Tumor Group Study 26951. J Clin Oncol
(2013) 31(3):344–50. doi: 10.1200/JCO.2012.43.2229

8. Weller M, Stupp R, Reifenberger G, Brandes AA, van den Bent MJ, WickW, et al.
MGMT Promoter Methylation in Malignant Gliomas: Ready for Personalized
Medicine? Nat Rev Neurol (2010) 6(1):39–51. doi: 10.1038/nrneurol.2009.197

9. Shen D, Liu T, Lin Q, Lu X, Wang Q, Lin F, et al. MGMT Promoter
Methylation Correlates With an Overall Survival Benefit in Chinese High-
Grade Glioblastoma Patients Treated With Radiotherapy and Alkylating
Agent-Based Chemotherapy: A Single-Institution Study. PloS One (2014) 9
(9):e107558. doi: 10.1371/journal.pone.0107558

10. Killela PJ, Reitman ZJ, Jiao Y, Bettegowda C, Agrawal N, Diaz LA, Jr.,
et al. TERT Promoter Mutations Occur Frequently in Gliomas and a Subset
of Tumors Derived From Cells With Low Rates of Self-Renewal. Proc Natl
Acad Sci USA (2013) 110(15):6021–6. doi: 10.1073/pnas.1303607110

11. Patrizii M, Bartucci M, Pine SR, Sabaawy HE. Utility of Glioblastoma Patient-
Derived Orthotopic Xenografts in Drug Discovery and Personalized Therapy.
Front Oncol (2018) 8:23. doi: 10.3389/fonc.2018.00023
April 2021 | Volume 11 | Article 621432

https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1093/neuonc/noz150
https://doi.org/10.1056/NEJMoa0808710
https://doi.org/10.1038/s41416-020-0814-x
https://doi.org/10.1056/NEJMoa1407279
https://doi.org/10.1200/JCO.2012.43.2674
https://doi.org/10.1200/JCO.2012.43.2229
https://doi.org/10.1038/nrneurol.2009.197
https://doi.org/10.1371/journal.pone.0107558
https://doi.org/10.1073/pnas.1303607110
https://doi.org/10.3389/fonc.2018.00023
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Chen et al. Glioblastoma Primary Cells Predict Survival
12. Lee J, Kotliarova S, Kotliarov Y, Li A, Su Q, Donin NM, et al. Tumor Stem
Cells Derived From Glioblastomas Cultured in bFGF and EGF More Closely
Mirror the Phenotype and Genotype of Primary Tumors Than do Serum-
Cultured Cell Lines. Cancer Cell (2006) 9(5):391–403. doi: 10.1016/
j.ccr.2006.03.030

13. da Hora CC, Schweiger MW, Wurdinger T, Tannous BA. Patient-Derived
Glioma Models: From Patients to Dish to Animals. Cells (2019) 8(10):1177.
doi: 10.3390/cells8101177

14. Lathia JD, Hitomi M, Gallagher J, Gadani SP, Adkins J, Vasanji A, et al.
Distribution of CD133 Reveals Glioma Stem Cells Self-Renew Through
Symmetric and Asymmetric Cell Divisions. Cell Death Dis (2011) 2:e200.
doi: 10.1038/cddis.2011.80

15. De Witt Hamer PC, Van Tilborg AA, Eijk PP, Sminia P, Troost D, Van
Noorden CJ, et al. The Genomic Profile of Human Malignant Glioma is
Altered Early in Primary Cell Culture and Preserved in Spheroids. Oncogene
(2008) 27(14):2091–6. doi: 10.1038/sj.onc.1210850

16. Cohen A, Sato M, Aldape K, Mason CC, Alfaro-Munoz K, Heathcock L, et al.
DNA Copy Number Analysis of Grade Ii-III and Grade IV Gliomas Reveals
Differences in Molecular Ontogeny Including Chromothripsis Associated
With IDH Mutation Status. Acta Neuropathol Commun (2015) 3:34.
doi: 10.1186/s40478-015-0213-3

17. Rao SK, Edwards J, Joshi AD, Siu IM. Riggins Gj. A Survey of Glioblastoma
Genomic Amplifications and Deletions. J Neuro Oncol (2010) 96(2):169–79.
doi: 10.1007/s11060-009-9959-4

18. Inda MM, Fan X, Munoz J, Perot C, Fauvet D, Danglot G, et al. Chromosomal
Abnormalities in Human Glioblastomas: Gain in Chromosome 7p
Correlating With Loss in Chromosome 10q. Mol Carcinog (2003) 36(1):6–
14. doi: 10.1002/mc.10085

19. Wemmert S, Ketter R, Rahnenfuhrer J, Beerenwinkel N, Strowitzki M, Feiden
W, et al. Patients With High-Grade Gliomas Harboring Deletions of
Chromosomes 9p and 10q Benefit From Temozolomide Treatment.
Neoplasia (2005) 7(10):883–93. doi: 10.1593/neo.05307

20. Korshunov A, Sycheva R, Golanov A. The Prognostic Relevance of Molecular
Alterations in Glioblastomas for Patients Age < 50 Years. Cancer (2005) 104
(4):825–32. doi: 10.1002/cncr.21221

21. Shibahara I, Sonoda Y, Kanamori M, Saito R, Yamashita Y, Kumabe T, et al.
IDH1/2 Gene Status Defines the Prognosis and Molecular Profiles in Patients
With Grade III Gliomas. Int J Clin Oncol (2012) 17(6):551–61. doi: 10.1007/
s10147-011-0323-2

22. Munoz-Hidalgo L, San-Miguel T, Megias J, Monleon D, Navarro L, Roldan P,
et al. Somatic Copy Number Alterations are Associated With EGFR
Amplification and Shortened Survival in Patients With Primary
Glioblastoma. Neoplasia (2020) 22(1):10–21. doi: 10.1016/j.neo.2019.09.001

23. Fan X, Wang Y, Zhang C, Liu L, Yang S, Wang Y, et al. Adam9 Expression is
Associate With Glioma Tumor Grade and Histological Type, and Acts as a
Prognostic Factor in Lower-Grade Gliomas. Int J Mol Sci (2016) 17(9):1276.
doi: 10.3390/ijms17091276

24. Gong W, Su Y, Liu Y, Sun P, Wang X. Long non-Coding RNA Linc00662
Promotes Cell Invasion and Contributes to Cancer Stem Cell-Like Phenotypes
in Lung Cancer Cells. J Biochem (2018) 164(6):461–9. doi: 10.1093/jb/mvy078

25. Xu D, Chen Y, Yuan C, Zhang S, PengW. Long non-Coding RNA LINC00662
Promotes Proliferation and Migration in Oral Squamous Cell Carcinoma.
Onco Targets Ther (2019) 12:647–56. doi: 10.2147/OTT.S188691

26. Cheng L, Xing Z, Zhang P, Xu W. Long non-Coding RNA LINC00662
Promotes Proliferation and Migration of Breast Cancer Cells Via Regulating
the miR-497-5p/EglN2 Axis. Acta Biochim Pol (2020) 67(2):229–37.
doi: 10.18388/abp.2020_5203
Frontiers in Oncology | www.frontiersin.org 12
27. Haller M, Au J, O’Neill M, Lamb DJ. 16p11.2 Transcription Factor MAZ is a
Dosage-Sensitive Regulator of Genitourinary Development. Proc Natl Acad
Sci USA (2018) 115(8):E1849–E58. doi: 10.1073/pnas.1716092115

28. Ostrom QT, Kinnersley B, Wrensch MR, Eckel-Passow JE, Armstrong G,
Rice T, et al. Sex-Specific Glioma Genome-Wide Association Study
Identifies New Risk Locus At 3p21.31 in Females, and Finds Sex-
Differences in Risk At 8q24.21. Sci Rep (2018) 8(1):7352. doi: 10.1038/
s41598-018-24580-z

29. Hesson LB, CooperWN, Latif F. Evaluation of the 3p21.3 Tumour-Suppressor
Gene Cluster. Oncogene (2007) 26(52):7283–301. doi: 10.1038/sj.onc.1210547

30. Law JW, Lee AY. The Role of Semaphorins and Their Receptors in Gliomas.
J Signal Transduct (2012) 2012:902854. doi: 10.1155/2012/902854

31. Angeloni D. Molecular Analysis of Deletions in Human Chromosome 3p21
and the Role of Resident Cancer Genes in Disease. Brief Funct Genomic
Proteomic (2007) 6(1):19–39. doi: 10.1093/bfgp/elm007

32. Jiang H, Ren X, Cui X, Wang J, Jia W, Zhou Z, et al. 1p/19q Codeletion and
IDH1/2 Mutation Identified a Subtype of Anaplastic Oligoastrocytomas With
Prognosis as Favorable as Anaplastic Oligodendrogliomas. Neuro Oncol
(2013) 15(6):775–82. doi: 10.1093/neuonc/not027

33. Yin N, Xie T, Zhang H, Chen J, Yu J, Liu F. Idh1-R132H Mutation
Radiosensitizes U87MG Glioma Cells Via Epigenetic Downregulation of
TIGAR. Oncol Lett (2020) 19(2):1322–30. doi: 10.3892/ol.2019.11148

34. Watanabe T, Nobusawa S, Kleihues P, Ohgaki H. IDH1 Mutations are Early
Events in the Development of Astrocytomas and Oligodendrogliomas. Am J
Pathol (2009) 174(4):1149–53. doi: 10.2353/ajpath.2009.080958

35. Li S, Chou AP, Chen W, Chen R, Deng Y, Phillips HS, et al. Overexpression of
Isocitrate Dehydrogenase Mutant Proteins Renders Glioma Cells More
Sensitive to Radiation. Neuro Oncol (2013) 15(1):57–68. doi: 10.1093/
neuonc/nos261

36. Cui D, Ren J, Shi J, Feng L, Wang K, Zeng T, et al. R132H Mutation in IDH1
Gene Reduces Proliferation, Cell Survival and Invasion of Human Glioma by
Downregulating Wnt/beta-catenin Signaling. Int J Biochem Cell Biol (2016)
73:72–81. doi: 10.1016/j.biocel.2016.02.007

37. Villani V, Casini B, Pace A, Prosperini L, Carapella CM, Vidiri A, et al. The
Prognostic Value of Pyrosequencing-Detected Mgmt Promoter
Hypermethylation in Newly Diagnosed Patients With Glioblastoma. Dis
Markers (2015) 2015:604719. doi: 10.1155/2015/604719

38. Yang P, Cai J, Yan W, Zhang W, Wang Y, Chen B, et al. Classification Based
on Mutations of TERT Promoter and IDH Characterizes Subtypes in Grade
II/III Gliomas. Neuro Oncol (2016) 18(8):1099–108. doi: 10.1093/neuonc/
now021

39. KimHS, KwonMJ, Song JH, Kim ES, Kim HY, Min KW. Clinical Implications
of TERT Promoter Mutation on IDH Mutation and MGMT Promoter
Methylation in Diffuse Gliomas. Pathol Res Pract (2018) 214(6):881–8.
doi: 10.1016/j.prp.2018.04.002

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Chen, Lin, Lin, Lin, Feng, Chang, Wei and Huang. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
April 2021 | Volume 11 | Article 621432

https://doi.org/10.1016/j.ccr.2006.03.030
https://doi.org/10.1016/j.ccr.2006.03.030
https://doi.org/10.3390/cells8101177
https://doi.org/10.1038/cddis.2011.80
https://doi.org/10.1038/sj.onc.1210850
https://doi.org/10.1186/s40478-015-0213-3
https://doi.org/10.1007/s11060-009-9959-4
https://doi.org/10.1002/mc.10085
https://doi.org/10.1593/neo.05307
https://doi.org/10.1002/cncr.21221
https://doi.org/10.1007/s10147-011-0323-2
https://doi.org/10.1007/s10147-011-0323-2
https://doi.org/10.1016/j.neo.2019.09.001
https://doi.org/10.3390/ijms17091276
https://doi.org/10.1093/jb/mvy078
https://doi.org/10.2147/OTT.S188691
https://doi.org/10.18388/abp.2020_5203
https://doi.org/10.1073/pnas.1716092115
https://doi.org/10.1038/s41598-018-24580-z
https://doi.org/10.1038/s41598-018-24580-z
https://doi.org/10.1038/sj.onc.1210547
https://doi.org/10.1155/2012/902854
https://doi.org/10.1093/bfgp/elm007
https://doi.org/10.1093/neuonc/not027
https://doi.org/10.3892/ol.2019.11148
https://doi.org/10.2353/ajpath.2009.080958
https://doi.org/10.1093/neuonc/nos261
https://doi.org/10.1093/neuonc/nos261
https://doi.org/10.1016/j.biocel.2016.02.007
https://doi.org/10.1155/2015/604719
https://doi.org/10.1093/neuonc/now021
https://doi.org/10.1093/neuonc/now021
https://doi.org/10.1016/j.prp.2018.04.002
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Glioblastoma Primary Cells Retain the Most Copy Number Alterations That Predict Poor Survival in Glioma Patients
	Introduction
	Materials and Methods
	Collection of Patient Specimens
	Isolation and Culture of Primary Cells
	Detection of IDH1/2 Mutations
	Detection of TERT Promoter Mutations
	Measuring the MGMT Methylation Status
	OncoScan CNV FFPE Assay
	Analyses of the Relationship Between Samples
	Data Analyses
	Survival Analysis

	Results
	The Copy Number Variations in Glioma Specimens and Paired Primary Cells
	Most of the Gene CNAs Were Located on Chromosome 1p and 19q in Grade II/III Tumors and Lost in Primary Cells
	GBM Primary Cells Preserved the Most Gene CNAs
	Cell Growth Related Signaling Pathways Were the Important Features in Gene CNA Preservation
	Gene CNAs Preserved or Lost in Primary Cells Correlated With Overall Survival in Glioma Patients

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	Supplementary Information
	Materials and Methods
	Detection of IDH1/2 mutations
	Detection of TERT promoter mutations
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


