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INTRODUCTION

Giant cell glioblastoma (gcGBM) is a rare histological vari-
ant of GBM that constitutes approximately 1% of all GBM
(22, 35). Histologically, gcGBM is characterized by numerous
bizarre, multinucleated giant cells as large as 0.5 mm in
diameter with astrocytic differentiation (22, 37). Compared
to regular GBM, gcGBM is more often present in younger
patients (35). Despite the poor prognosis for GBM, this
variant is associated with improved clinical outcome com-
pared to the regular IDH-wild-type GBM (24, 38, 42). At
present, the best treatment strategy of gcGBM has not yet
been ascertained. Like GBM, complete surgical resection,
radiation and chemotherapy are the mainstay of gcGBM

management.

The underlying genetic alterations caused gcGBM remain
obscure because of scarcity of samples for molecular
examination and the low incidence of the disease. TP53
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Abstract

Giant cell glioblastoma (gcGBM) is a rare histological variant of GBM, accounting
for about 1% of all GBM. The prognosis is poor generally though gcGBM does
slightly better than the other IDH-wild-type GBM. Because of the rarity of the
cases, there has been no comprehensive molecular analysis of gcGBM. Previously,
single-gene study identified genetic changes in TP53, PTEN and TERT promoter
mutation in gcGBM. In this report, we performed whole-exome sequencing (WES)
to identify somatically acquired mutations and copy number variations (CNVs) in
10 gcGBM genomes. We also examined TERT promoter mutation and MGMT
methylation in our cohort. On top of the reported mutations, WES revealed ATRX,
PIK3R1, RBI and SETD2 as the recurrent mutations in gcGBM. Notably, one
tumor harbored a mutation in MutS homolog 6 (MSH6) that is a key mismatch
repair (MMR) gene. This tumor demonstrated hypermutation phenotype and showed
an increased number of somatic mutations. TERT promoter mutation and MGMT
methylation were observed in 20% and 40% of our samples, respectively. In conclu-
sion, we described relevant mutation profiling for developing future targeted therapies
in gcGBM.

mutation is common in gcGBM and was identified in about
80% of tumors using first-generation sequencing approach
(30, 32). Mutations in PTEN and TERT promoter were
also found in gcGBM to a lesser extent (34, 39). Similar
to primary GBM, gcGBM often do not carry IDH muta-
tion (25, 56). At chromosomal level, 50% and 42% of
2cGBM showed loss of chromosome 10q and 19q, respec-
tively (34). However, frequent EGFR amplification detected
in regular GBM is only observed in less than 10% of
gcGBM (30, 32).

Advancement in  high-throughput next-generation
sequencing allows oncologists to decipher genomic land-
scape of tumors. We conducted whole-exome sequencing
(WES) of 10 gcGBM samples and matched blood. The
goals of this study were to sequence the exome of gcGBM
to identify potentially recurrent somatic mutations and
copy number variations (CNVs) in gcGBM.
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MATERIALS AND METHODS

Frozen tissue specimens

A total of 10 primary, treatment-naive giant cell GBMs
were obtained at the time of neuro-oncology service between
years 2010 and 2015 at Huashan Hospital, Shanghai. Tissues
were snap frozen and stored at —80°C until use. Samples
were histologically reviewed by two neuro-pathologists (Ng
HK and Chen H) and diagnosed according to WHO 2016.
Clinicopathological information of the patients is sum-
marized in Table 1. This study was approved by the Ethics
Committee of Huashan Hospital, Fudan University.

Whole-exome sequencing

DNA was extracted from tissue and blood using Qiagen
DNAeasy kits (Qiagen). DNA was quantified using Nanodrop
ND-100 (Thermo Scientific, Waltham, MA) and Qubit 2.0
Fluorometer (Life Technologies, Carlsbad, CA, USA).
Library preparation, exome capture and sequencing were
done by Genetron Health (Shanghai, China). Genomic DNA
were captured and amplified with Agilent Technologies
SureSelect Human All Exon version 5 (Agilent Technologies,
Santa Clara, CA, USA), followed by paired-end sequencing
on HiSeq2500 platform (Illumina Inc., San Diego, CA,
USA). The raw data of WES are available upon request.

Data analysis

Sequencing reads were mapped to the human genome
(GRCh37) using Burrows-Wheeler Alignment tool (BWA).
Duplicate reads were then marked using Picard (http:/
broadinstitute.github.io/picard/), and mapped reads around
known deletions were locally realigned using Genome
Analysis Toolkit (GATK) to improve the overall quality
of alignment.

Single nucleotide variants (SNVs) and short insertions
and deletions (indels) were detected using MuTect2 (10)
and Strelka (43), and their functional effects were anno-
tated using ANNOVAR (52). Potential germline mutations
were removed if a mutation had a frequency of greater

Table 1. Patient characteristics of 10 giant cell glioblastomas in this study.

Mutational profiles of giant cell glioblastomas

than 1% in public databases (ExAC, ESP and 1000
Genomes Project). Copy number variations were inter-
rogated with CNVkit (49). GISTIC version 2.0 (http:/
archive.broadinstitute.org/cancer/cga/gistic) analysis was
performed to identify significantly recurrent copy number
gains and losses at focal level, defined as regions span-
ning <50% of a chromosome arm. A log2 ratio above
0.3 was considered as “gain,” and a log2 ratio below
—0.3 was considered as “loss.” Amplification and homozy-
gous loss were considered when log2 ratio was >2.0
and <2.0, respectively.

Pathway and GO enrichment analyses

ConsensusPathDB  of the Max Planck Institute for
Molecular Genetics was used in pathway and GO enrich-
ment analyses (16). We searched for pathways as defined
KEGG, with a minimum of 5% members and a Q-value
cutoff at 0.05. Also, we performed an enrichment analysis
based on Gene Ontology Biological Process Level 5 with
the same website and analysis tool, and a Q-value of <0.05
was regarded as significant.

TERT promoter mutation analysis

PCR amplification was conducted on DNA extracted
from formalin-fixed, paraffin-embedded (FFPE) tissues.
The primer sequences were 5-GTCCTGCCCCT-
TCACCTT-3' and 5-CAGCGCTGCCTGAAACTC-3, and
amplified a 163-bp fragment with KAPA2G Robust
HotStart ReadyMix (Sigma). The PCR product was puri-
fied and sequenced with BigDye Terminator Cycle
Sequencing kit vl.1 (Life Technologies). The products
were resolved in 3130xl Genetic Analysis.

06-methylguanine-DNA methyltransferase
(MGMT) methylation analysis

MGMT methylation status was evaluated by methylation-
specific polymerase chain reaction (MSP) according to our
previous report (11).

Overall
KPS score at survival Extent of resection
Patient Age  Sex  diagnosis Survival status ~ (months) ~ Chemotherapy (yes/no)  Radiotherapy (yes/no)  (total vs non-total)
1 39 F 70 Dead 10.37 Yes Yes Total
2 17 M 90 Dead 11.50 Yes Yes Total
3 39 F 80 Dead 12.67 Yes Yes Total
4 12 F 90 Dead 12.93 Yes Yes Total
5 42 M 80 Dead 13.23 Yes Yes Total
6 41 M 90 Dead 27.16 Yes Yes Total
7 50 F 90 Dead 28.00 Yes Yes Total
8 30 F 80 Alive 35.16 Yes Yes Total
9 63 M 80 Alive 36.70 Yes Yes Total
10 51 F 80 Alive 38.00 Yes Yes Total
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and matched blood samples. The mean and median ages

of the samples were 38.4 and 40 years old, respectively.

Clinical characteristic of 10 gcGBM

This is consistent with the literature that gcGBM is present

in younger population compared to classical GBM (33,

To explore the mutational profiling in gcGBM, we per-
formed WES on 10 primary, treatment-naive gcGBM tumors
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Figure 1. Mutation spectrum of giant cell glioblastomas. The heat map

illustrates recurrent mutations found in 10 gcGBM samples. Type of status of individual samples.
mutation is represented by different colors. The bottom indicates age,
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located in the frontal lobe (Table 1). Tumors located in
the temporal lobe were found in two cases. All patients
had undergone surgery, chemotherapy and radiotherapy.
Histology of all cases can be found in Supporting
Information Figure SI.

Mutational spectrum in gcGBM

The mean coverage was 75.19 X for gcGBM and 85.97 X for
normal samples. A total of 1312 tumor-specific (somatic)
mutations were identified, of which 947 were non-silent.
Interestingly, our cohort has a median of 35 coding muta-
tions per tumor, which is about 2 times lower compared
to regular GBM (29). Excluding the hypermutated tumor
which will be discussed below, the nine samples had a
median rate of 0.62 coding mutations per megabase, which
is 3.5-fold lower compared to regular GBM (4).

We found 28 recurrent mutations (Figure 1; Supporting
Information Table S1). TP53 mutation was present in 4
of 10 tumors, representing the most frequent genomic
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Figure 2. Histology and radiologic feature of a gcGBM from a 17-year-
old male with RB1 mutation. A. H&E section of the tumor and B. T1-
enhanced MRI of the tumor mass. C. Integrative Genomics Viewer
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alteration in our sample set. The result is in concordance
with previous literature showing high frequency of TP53
mutation in gcGBM (32, 39). Notably, mutation in ATRX,
PIK3R1, RBI and SETD2 was identified in 20%, 20%,
20% and 30% of gcGBM, respectively. These gene muta-
tions have not been reported in gcGBM, albeit in low- and
high-grade gliomas (8, 13, 55). We also identified PTEN
mutation in 20% of gcGBM, and the incidence is in agree-
ment with the literature (32, 39). We did validate the
mutations identified in gcGBMs by Sanger sequencing.
Examples are shown in Figures 2—4.

Pathway analysis revealed that the 28 recurrent altera-
tions found in our exome study were significantly (i.e.,
FDR Q-value < 0.05) enriched with 3 pathways in KEGG.
As shown in Table 2, they were “Glioma—Homo sapiens
(human)” (FDR Q-value = 3.15 x 107%), “Melanoma—Homo
sapiens (human)” (FDR Q-value = 3.15 X 107%) and
“Endometrial cancer—Homo sapiens (human)” (FDR
Q-value = 2.59 x 107#). The recurrent alterations contained
in the last two pathways are essentially subsets of those

\““‘J &
[
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(IGV) screenshot illustrates RB1 mutation. D. RB1 mutation was
confirmed by Sanger sequencing.
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contained in the glioma pathway. Gene ontology analysis
of the 28 recurrent alternations identified “G0:0034349-
glial cell apoptotic process” as the only significantly enriched
term from the GO Biological Process Level 5 (FDR
QO-value = 1.68 x 107%; Table 3).

Copy number variations

CNVs were determined using software package CNVKit,
which analyzed copy number based on read depth in the
on-target and off-target reads (49). As shown in Figure 5,
arm-level copy number variation was identified in all patients
except patients 8 and 10. Recurrent arm-level gains were
found at chromosomes 7 (n = 6) and 20 (n = 2). Recurrent
arm-level losses were occurred at chromosomes 10q (n = 2)
and 22q (n = 2). One case displayed loss of the long arm
of chromosome 10 (10q) also carried a PTEN mutation.
We then conducted GISTIC analysis to determine sta-
tistically significant recurrent focal gains and losses. As

Shi et al

shown in Figure 6 and Table 4, we found in the gcGBM
genome eight significantly focal loss regions including
6p21.32, 7q34, 8pll.22, 14q32.33, 19ql13.42, 22ql1.23 and
22ql3.1. Genes located in these regions include ADAM3A,
APOBEC3A, GSTTI1, HLA-DRB6, JAG2, KIR2DLI,
KIR2DL3, KIR2DL4, LINC00226, LINC00221 and
PRSS3P2. No recurrent focal gains were found in this
cohort. We did detect a gcGBM from a 50-year-old female
patient harboring amplifications for EGFR, MDM2 and
CDK4. Neither EGFR, MDM2 nor CDK4 amplification
was detected in the other nine samples. Thus, these
aberrations did not reach significance in GICTIC
analysis.

A hypermutation phenotype and somatic MSH6
mutation in gcGBM

We found one gcGBM harbored high number of somatic
exonic mutations (Figures 1 and 4). This tumor had 929
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Figure 3. Histology and radiologic feature of a gcGBM from a 42-year-old male with TP53 mutation. A. H&E section and B. T1-enhanced images of
the tumor. C. TP53 mutation was visualized with IGV and D. validated by Sanger sequencing.

786

Brain Pathology 29 (2019) 782-792
© 2019 International Society of Neuropathology



Shi et al

Mutational profiles of giant cell glioblastomas

T T T G G C C G T T A T T

v

MSH6
p.R468H

TTTGGCQQG|ITTATT

Figure 4. Representative figures of H&E and MRI imaging of a 63-year-old gcGBM possessing MSH6 mutation. A. H&E section and B. T1-enhanced
images of the tumor. C. The missense mutation was visualized with IGV and D. confirmed by Sanger sequencing.

somatic mutations which is equivalent to 18.46 exonic
mutation/Mb, representing a rate 22 times greater, on
average, than the rate found in the other 9 cases.

The tumor with high number of somatic mutations car-
ried a mutation in MutS homolog 6 (MSH6), resulting a
change of amino acid from arginine (R) to histidine (H)
at residue 468 at location inside the MutS domain I involved
in DNA binding. Mutation at this position has been iden-
tified in prostate and stomach cancers (17, 41). In The
Cancer Genome Atlas (TCGA) GBM study, MSH6 muta-
tion was identified in 1.1% of tumors, and 2/3 of the
mutations were located outside of MutS domain I.

TERT promoter mutation in gcGBM

TERT promoter mutation was identified in 2/10 (20%)
samples. One sample carried C228T mutation, and another
sample had C250T. The ages of these tumors were 41 and
50 years old, and the overall survival of them was

Brain Pathology 29 (2019) 782-792
© 2019 International Society of Neuropathology

Table 2. Pathway analysis of 28 recurrent mutations in giant cell

glioblastoma.
Recurrent P-value FDR Q-value

KEGG pathways alterations

Glioma—Homo PIK3R1, RB1, 298 %x 106 3.15x 10°°
sapiens (human) PTEN, TP53

Melanoma—Homo  PIK3R1, RB1, 3.15x 10°® 3.156x 10°°
sapiens (human) PTEN, TP53

Endometrial PIK3R1, PTEN, 7.78 x10® 259 x 10~
cancer—Homo TP53

sapiens (human)

Only significant (Q-value < 0.05) pathways from KEGG with at least 5%
members containing recurrent alterations are shown.

27-28 months. The mutation frequency in this study was
similar to that in Oh et al study showing TERT promoter
mutation in one-quarter of gcGBM (34).
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Figure 5. Arm-level copy number variations in gcGBM. Chromosome gains (shown in red) and losses (shown in blue) were identified by WES. The
numbers on top of the plot represent chromosome number (1-22), and the numbers on the left indicate patient number.

MGMT methylation status in gcGBM

Four gcGBM samples (40%) were positive for MGMT
methylation as revealed by MSP. Similar prevalence of
MGMT methylation was reported by Lohkamp et al (28).
MGMT methylation was not associated with age, sex or
overall survival.

DISCUSSION

Giant cell glioblastoma (gcGBM) is a very rare disease
and occurs in approximately 1% of all GBM (24, 38, 39,
44). Because of uncommon nature of this tumor entity,
very few studies have reported the genomic and genetic
alterations underlying this disease. We here employed next-
generation sequencing approach to reveal genomic-wide
mutational landscape of this entity, and identified potential-
mutated genes for target therapy.

First, we described the tumor mutation rate in gcGBM
is much lower than the rates observed in regular GBM
and other cancers (4, 29). Then, we found TP53 is the
most frequent mutated gene in gcGBM, accounting for
40% of our cohort. The result is concordant with previous
report showing the high prevalence of p53 mutation in
gcGBM (30-32). TP53 is a well-known tumor suppressor
that is involved in cell cycle regulation and is dysregulated
in 30% of primary de novo GBM and 65% of secondary
GBM (36). Previous studies indicated nearly 80% of GBM
had dysregulated pl4ARF/MDM2/p53 pathway either by p53
mutation, amplification of MDM2 or deletion/mutation of
pl4ARF (19). In our cohort, amplification of MDM2 was
found in one case, and this sample carried the wild-type
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TP53 (see discussion). Deletion of pl4ARF was identified
in one case and the tumor had a mutation in TP53 gene.
Mutation of pl4ARF was not found in our cohort. Thus,
50% of our cohort (case #2, #5, #7, #9 and #10) showed
p53 mutation, MDM?2 amplification or pl4ARF deletion.
Besides TP53, RB1 (chromosome 13ql4) is another well-
known tumor suppressor that also controls progression
through Gl into the S-phase of the cell cycle. Aberration
of RBI is found in around 10% of GBM according to
TCGA @). In this study, two gcGBM samples (20%) har-
bored RBI mutation and one of them also carried a muta-
tion in TP53 gene. Although we found RBI mutation at
a rate higher than in regular GBM, we have to be cautious
in interpreting the data with our small sample size.
PTEN and PIK3R1 are members of RTK/RAS/PI(3)K
signaling pathway, that plays key roles in proliferation,
differentiation and survival of cancer cells. Nearly 90%
of the regular GBMs showed various alterations leading
to an aberrant activation of RTK/RAS/PI(3)K signaling
cascade (8). In this study, we found 20% of gcGBM-harbored
PTEN mutation. The prevalence is consistent with the
literature (39). PIK3R1 encodes a regulatory protein p85a,
that forms the PI(3)K complex with a catalytically active
protein pll0a, and it is mutated in ~10% of the regular
GBMs according to TCGA (8). We found two samples
(20%) of gcGBM-harbored PIK3R1 mutation, and one of
them also had copy number gain in PIK3R1. PTEN and
PIK3R1 mutations were mutually exclusive in this study
and they did not overlap with TP53 mutation. Collectively,
they made up of 40% of our cohort (case #1, #3, #6 and
#7; Figure 1). We speculated that these tumors showed
activation of RTK/RAS/PI(3)K signaling pathway. Further

Brain Pathology 29 (2019) 782-792
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Table 3. Gene Ontology (GO) terms associated with recurrent mutations in giant cell glioblastoma.

Biological process

GO term ID description

Recurrent alterations

P-value FDR Q-value

G0:0034349 Glial cell apoptotic RB1, TP53

process

1.84 x 104 1.68 x 1072

Only significant (Q-value < 0.05) terms from the GO Biological Process Level 5 with at least 5% members containing recurrent alternations are

shown.

Focal amplification

Focal loss

— 6p21.32 (HLA-DRB6)

— 7934 (PRSS2)
— 8p11.22 (ADAM3A)

14932.33 (JAG2)

14932.33 (LINC00226, LINC00221)

102 0.05 10!
Figure 6. Significant focal copy number variations in gcGBM as
revealed by GISTIC 2.0. The plot illustrates the statistical significance of
aberrations displayed as FDR Q-values (x-axes). The human
chromosomes 1 to 22 (hg19) are indicated along the y axis. Eight focal
regions surpass the significance threshold (green line). Chromosomal

studies are required to verify the role of this pathway in
the pathogenesis of gcGBM.

Furthermore, we reported for the first time recurrent
mutation in ATRX and SETD2 in gcGBM. Mutation in
ATRX (alpha thalassemia/mental retardation syndrome
X-linked), a SWI2/SNF2 family of DNA helicases func-
tioned in chromatin modulation and maintenance of tel-
omeres, is known in pediatric and adult gliomas (23), but
has not been reported in gcGBM. Mutation in ATRX leads
to epigenetic alterations, and epigenetic alteration is known
to play a role in tumorigenesis (14, 20). In astrocytic tumors,
DNA methylation profile was different between tumors
with low- and high-ATRX expression (6). Thus, it is

Brain Pathology 29 (2019) 782-792
© 2019 International Society of Neuropathology

0.05

"1 —19q13.42 (KIR2DL1, KIR2DL3, KIR2DL4)
--] —22q11.23 (GSTTP1)
1020 22q13.1 (APOBEC3A)

10°

103 103

locations of GSTT1, PRSS2, HLA-DRB6, KIR2DL1, KIR2DL3, KIR2DL4,
APOBEC3A, ADAMS3A, JAG2, LINC00226 and LINC00221 Q-value are
indicated on the plot.

possible that ATRX mutation could lead to alterations in
global genomic methylation and gene expression in gcGBM.
The gene SETD2 (KMT3A) is located on chromosome
3p21.31, and it encodes a methyltransferase that mediates
trimethylation of H3K36 (H3K36me3). SETD2 is also
involved in chromatin organization (48). Mutation of SETD2
is often described in pediatric high-grade gliomas (PHGG)
and many other tumors, including kidney, lung and liver
cancers (9, 13, 26). In PHGG, SETD2 mutation leads to
disruption of trimethyltransferase activity and distinct global
DNA methylation signature (9, 13, 48). Recent study further
demonstrated that SETD2 mutation is present in low- and
high-grade gliomas of children and adults and of
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Table 4. Focal copy number variations in giant cell glioblastoma.

Cytoband FDR Q-value Peak boundaries Genes

22911.23 5.27 x 10713 chr22:24325343-24373954 GSTTP1

70934 9.48 x 10°° chr7:142470509-142482020 PRSS2

6p21.32 7.04 x 1074 chr6:32497787-32546606 HLA-DRB6

19913.42 1.02 x 1072 chr19:55241149-565331354 KIR2DL1, KIR2DL3, KIR2DL4
22g13.1 518 x 102 chr22:39338026-39369501 APOBEC3A

8p11.22 6.59 x 102 chr8:39254268-39427923 ADAM3A

14932.33 1.07 x 1072 chr14:105525907-105644252 JAG2

144g32.33 1.15 x 1072 chr14:106436558-107349540 LINC00226,LINC00221

hemisphere and midline (51). SETD2 mutation in gliomas
was also associated with decreased H3K36me3 expression
(13, 51). We further examined SETD2 and H3K36me3 levels
by immunohistochemistry in our cohort. We adopted a
semiquantitative scoring system in which signal intensity
and percentage of positive cells were considered as param-
eters in grading IHC staining result (27). We found SETD2
expression level was not significantly different between
SETD2-wild-type and SETD2-mutant tumors. Yet,
H3K36me3 level (determined by antibody Abcam ab9050)
was significantly lower in the three SETD2-mutant gcGBMs
[0.33 + 0.577 (mean * SD)] compared to the wild-type
2cGBMs [4.43 + 2.936 (mean * SD); P = 0.049; Supporting
Information Figure S2]. Our results suggested SETD2 muta-
tions lead to a decrease in H3K36me3 expression in gcGBM.

Aside from ATRX, PIK3R1, RB1 and SETD2, we
detected OBSCN mutation in 30% (3/10) of gcGBM. The
patients were aged 17-63. Copy number variation in MYCN
was seen in one patient (#1) and arm-level copy number
variation in chromosome 22q was observed in two patients
(#1 and #9; Figure 5). None of these variations was found
in non-OBSCN mutant tumors. The gene OBSCN is located
on chromosome 1q42.13. It encodes obscurins which are
large cytoskeletal proteins with structural and regulatory
roles (40). OBSCN is highly mutated in cancers and the
mutation has been found in melanoma, salivary gland
carcinoma, pancreatic, breast and colorectal cancers (2,
21, 47). Reduced obscurins expression level has been
reported in breast cancer and depletion of obscurins leads
to disruption of cell-cell contacts and acquisition of a
mesenchymal phenotype that leads to enhanced tumori-
genesis, migration and invasiveness (46). In colorectal car-
cinoma, OBSCN mutation was found early in carcinogenesis
and was considered an early driver of carcinogenesis (54).
In contrast, OBSCN was not considered as a cancer driver
gene in another study (50).

We then did a pathway analysis with ConsensusPathDB
(16) and found that the glioma pathway in KEGG (involv-
ing TP53, PTEN, RBI and PIK3R1 among the 28 recurrent
alternations) was altered in 70% of cases (FDR
Q-value = 3.15 x 107%). Gene ontology analysis suggested
that 7.1% of these recurrent mutations (i.e., RB1, TP53)
were related to glial cell apoptotic process (FDR
QO-value = 1.68 x 1072).

Furthermore, we explored CNVs in our cohort. At arm-
level, we showed that gain of chromosome 7 was the most

790

frequent CNYV, followed by gain of chromosome 20 and
losses of 10q and 22q. EGFR is located on chromosome
7, and is amplified in >40% of regular GBM. However,
such alteration is less frequently detected (<10%) in gcGBM
(38). We detected EGFR amplification in only one gcGBM
(10%) diagnosed at the age of 50. Interesting, the same
patient had MDM?2 and CDK4 amplifications, and no
other patient in this cohort showed EGFR, MDM2 or
CDK4 amplification.

At focal level, we identified eight highly recurrent loss
regions in gcGBM. All of them had at least one gene
located within the focal loss regions. For instance, the
focal loss region on chromosome 14q32.33 contains the
gene JAG2, which encodes one of the four transmembrane
ligands that bind to NOTCH receptors (12). The binding
of ligand to NOTCH receptors induces cleavage of recep-
tor, releases NOTCH intracellular domain and activates
NOTCH target genes. Another focal loss region located
on chromosome 8pl1.22 involves the gene ADAM3A, which
is deleted in 16% of pediatric high-grade gliomas (3). We
also identified a focal loss at chromosome 14q32 which
contains a long noncoding RNA LINCO00226 that was
downregulated in pancreatic ductal adenocarcinoma (58).

Here, we also reported a single case of primary gcGBM
exhibited hypermutated phenotype. This tumor carried a
missense mutation at amino acid residue 468 of the MSH6
gene. High frequency of hypermutation has been identified
in melanoma, bladder and lung cancer (1, 15, 53).
Hypermutation has also been identified in pediatric and
adult brain tumors (7, 45). The gene MSH6 is located on
chromosome 2p16.3, and it is a main player in DNA mis-
match repair system (MMR). Hypermutation phenotype has
been linked to MSH6 mutation in GBM after alkylating
agent or temozolomide treatment (5, 18). In fact, all four
MSH6 mutations found in GBM by TCGA were posttreat-
ment samples, and subsequent study showed absent of MSH6
mutation in the matched treatment-naive biopsies (57).

In conclusion, by next-generation sequencing, we have
identified potential clinically relevant mutations for targeted
therapy in gcGBM.
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SUPPORTING INFORMATION

Additional supporting information may be found in the
online version of this article at the publisher’s web site:

Figure S1. H&E stained sections of 10 gcGBM samples at
(A-J) low and (K-T) high powers.

Figure S2. Representative images of immunohistochemistry
staining for H3K36me3 in gcGBM.

Table S1. List of the detected mutations in gcGBM samples.
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