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Abstract

Background Glioblastoma (GBM) is the most common and malignant gliomas of adults and recur, resulting in death, despite
surgery, radiotherapy, and temozolomide-based chemotherapy. There are a few reports on immunotherapy for the mismatch
repair (MMR)-deficient GBMs with high tumor mutational burden (TMB). However, the clinicopathological and genetic
features of the MMR genes altered in GBMs have not been elucidated yet.

Methods The authors analyzed targeted next-generation sequencing (NGS) data from 282 (276 primary and 6 recurrent)
glioblastomas to evaluate the mutational status of six DNA repair-related genes: MLHI, MSH2, MSH6, PMS2, POLE, and
POLDI. Tumors harboring somatic or germline mutations in one or more of these six genes were classified as an MMR
gene-altered GBM. The clinicopathologic and molecular characteristics of MMR gene-altered GBMs were compared to
those of tumors without MMR gene alterations.

Results Sixty germline or somatic mutations were identified in 37 cases (35 primary and two recurrent) of GBM. The most
frequently mutated genes were MSH6 and POLE. Single nucleotide variants were the most common, followed by frameshift
deletions or insertions and approximately 60% of the mutations were germline mutations. Two patients who showed MSH2
(c.2038C>T) and MSH6 (c.1082G > A) mutations had familial colon cancer. The clinical findings were not different between
the two groups. However, the presence of MGMT promoter methylation and high tumor mutation burden (TMB) values
(>20) were correlated with MMR gene alterations.

Conclusion Since MMR-related genes can be found even in primary glioblastoma and are correlated with high TMB and
MGMT promoter methylation, MMR genes should be carefully analyzed in NGS study on glioblastomas.
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Glioblastoma (GBM) is the most frequent malignant brain
tumor in adults. This tumor is invariably fatal, with less than
5% of the patients alive after five years [1]. In addition, it
tends to recur after surgery, radiotherapy, and temozolo-
mide-based chemotherapy.

Recently, immune therapy has improved the overall sur-
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vival rates of patients with various cancer types such as
advanced melanoma, non-small cell lung cancer, urothelial
carcinoma, and renal cell carcinoma [2]. However, GBM is
an immunologically quiet tumor compared to other tumors
that remain obstacles to successful immunotherapy [3, 4].
Thus, there have been a few reports on immunotherapy for
DNA mismatch repair (MMR)-deficient GBMs [5, 6].
Deficiency of MMR is caused by germline and somatic
mutation of MMR related genes, such as MutL homo- logue
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1 (MLH1I), MutS protein homologue 2 (MSH2), MutS homo-
logue 6 (MSH6) and PMS1 homologue 2 (PMS2) [7]. Ger-
mline mutation of these MMR genes cause autosomal domi-
nant inherited disorder, Lynch syndrome (LS) [8]. However,
about 35% of suspected LS patients show negative germline
MMR gene alteration and showed pathogenic somatic muta-
tions and loss of heterozygosity [8]. Lynch syndrome is the
most common cause of hereditary colorectal cancer, and
increases the risk of colorectal cancer as well as cancers
in other organs including the endometrium, stomach, small
intestine, ovary, pancreas, upper urinary tract, biliary tract,
brain, skin, and prostate [9].

The response to immunotherapy is closely related to the
hypermutation of the tumor [10]. Hypermutation of the
tumor can be caused by environmental factors, such as UV
radiation, cigarette smoking, or MMR gene mutations such
as in Lynch syndrome [10]. Besides widely known MMR
genes such as MLHI, MSH2, MSH6, and PMS2, muta-
tions in polymerase delta 1 (POLDI) and DNA polymer-
ase epsilon, catalytic subunit (POLE) genes are also asso-
ciated with MMR deficiency [11-14]. In addition to the
germline mutations or MLHI promoter hypermethylation,
acquired somatic mutations of MMR genes can lead to the
development of hypermutated tumor phenotype and affect
patients’ survival [13, 15]. Hypermutated tumors typically
had mutations in at least one of the MMR genes MLH],
MSH2, MSH6, and PMS?2 [14, 16, 17]. In addition, muta-
tions in POLE and POLD] led to hypermutation and neo-
antigen production [14, 18]. MMR deficiency is known to
be related to negative chemotherapy responses and favorable
responses to anti-PD-1/PD-L1 therapy in other cancers such
as colorectal cancer, non-small cell lung cancer, and bladder
cancer [19-21]. Several studies demonstrated a higher rate
of acquired MMR deficiency in treated or recurrent GBMs
[22—-24]. The Cancer Genome Atlas (TCGA) demonstrated
that approximately 26% of the recurrent tumors in patients
who received alkylating agents acquired mutations in MSH6
and demonstrated increased mutational rates [17, 23-25].

MMR deficiency can be detected by various methods.
Immunohistochemical staining (IHC) for MMR protein
is widely used [26] and shows high sensitivity to detect
germline mutation of MMR genes in CRC patients [27].
However, there is possibility of discordance between MMR
gene status and THC results, due to technical factors (such
as false negative staining and aberrant staining) or other
biological factors [26, 28, 29]. Polymerase chain reaction
(PCR), such as Bethesda and pentaplex PCR tests, is gold
standard for MSI detection in colorectal carcinomas [30, 31].
This method shows high concordance with IHC for MMR
proteins in CRC patients [32]. In GBM, the loss of MSH6
expression in IHC correlated with germline or somatic muta-
tion of MSH6 [33]. However, the low correlation between
MSI data with MSH6 protein expression is concerning [34].
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In addition, no gold standard method has been established
for the detection of MSI or MMR deficiency in GBM.
Recently, next-generation sequencing (NGS) with compu-
tational tools has emerged for the detection of MMR-defi-
ciency [30, 31, 35-37]. NGS can be used for various tumor
types and reduces the need for separate tests such as IHC
or MSI by PCR [38] in cases with limited tissue samples.

According to the fourth revised edition of the World
Health Organization’s (WHO) classification of central nerv-
ous system (CNS) [39] tumors, the integration of genetic
profile is important in the diagnosis of CNS tumors. NGS
testing is widely used for defining tumor mutation pro-
files, integration of diagnosis and determining treatment
approaches. However, whether to integrate the MMR gene
status in GBM is not mentioned and histologic differences
based on the genetic status have not been elucidated yet. To
identify the molecular and clinicopathologic characteristics
of MMR-altered GBMs, we analyzed targeted NGS data of
282 glioblastomas.

Materials and methods
Case selection and slide review

We retrospectively reviewed NGS data of 282 glioblasto-
mas from the pathology file of the Samsung Medical Center
from April 2017 to April 2019. All 282 cases were stud-
ied by targeted NGS for 232 brain cancer-related genes
using paraffin-embedded tumor tissues. The tumor tissues
were obtained from biopsies (n=10) or surgical resections
(n=272). All the cases were diagnosed as glioblastomas,
and classified as IDH-mutant and IDH-wildtype, based on
the 2016 WHO classification of the central nervous system
tumors. This cohort consisted of 276 cases of newly diag-
nosed glioblastomas and 6 recurrent tumors. There were
each case of giant cell glioblastoma and epithelioid glio-
blastoma. Diffuse midline glioma with H3K27M-mutant or
H3G34M-mutant was already excluded. Two cases of BRAF
V600E mutated glioblastoma were included. The Institu-
tional Review Board of Samsung Medical Center approved
this study and waived the requirement for informed consent
(IRB number: 2020-04-011).

The targeted NGS gene panel included six MMR related
genes: MLHI, MLH6, PMS2, MSH2, POLE, and POLDI.
Of 282 glioblastomas, 46 cases showed somatic or ger-
mline alterations in at least one of the six genes [5, 11, 14].
Among 46 MMR altered cases, nine were reported as benign
or likely benign in ClinVar and reclassified into the MMR
non-altered group. Finally, a total of 37 cases were catego-
rized as MMR-altered GBMs. Clinicopathological character-
istics of MMR altered group (n=37 cases) were compared
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to those of MMR non-altered group that were 39 age- and
sex-matched patients selected from 282 cases.

Various clinicopathologic factors, including age at
operation, sex, tumor location, familial history, and clini-
cal follow-up data were obtained by medical record review.
All H&E stained slides of the selected 76 cases (37 MMR
altered and 39 MMR non-altered tumors) were reviewed by
two independent pathologists (Y.L. Suh and Y.A. Cho), and
quantified histological features including necrosis, micro-
vascular proliferation, multinucleated giant cells, small cell
change, and perivascular lymphocytic infiltration. Pres-
ence of multinucleated giant cells were assessed as scores
0 (absent), 1 (less than 50% of tumor cells) and 2 (more
than 50% of the tumor cells. Small cell change was defined
as high N/C ratio with minimal or absence of cytoplasm
and hyperchromatic nuclei. When small cells were observed
more than 5% of the total tumor area, it was defined as the
presence of small cell change. The representative histologic
features are presented in Fig. 1.

Acquisition and analysis of targeted
next-generation sequencing study

A panel containing 232 genes with potential clinical rel-
evance was used to capture the target regions. The targeted
genes are listed in Supplementary Table S1. DNA was frag-
mented using a Covaris S2 (Covaris, Woburn, MA, USA) to
generate DNA fragments, and a library was prepared using
the Sureselect XT Automation Reagent Kit according to
the manufacturer’s protocol. The median size of the DNA
was measured with an Agilent 4200 Tape Station (Agilent,
Santa Clara, CA, USA) to confirm that the median size was
between 300 and 400 bp. The DNA concentration was meas-
ured with the Qubit™ dsDNA High Sensitivity Assay Kit
(Thermo Fisher Scientific) and sequencing was conducted
using the TG NextSeq® 500/550 High Output Kit v2 and the
TG NextSeq® 500/550 Mid Output Kit v2 (NextSeq 550 Dx,

e

[llumina). Data analysis and interpretation were performed
by the BrainTumorSCAN V2.0 pipeline, which is the same
as the CancerSCAN V2.0 pipeline [40] and differs only in
the target gene list.

The sequence data were analyzed for clinically relevant
classes of genomic alterations, including single nucleotide
variants (SNVs), small insertions/deletions (indels), copy
number alterations (CNAs), and rearrangements/fusions.
The SNVs and indels with a variant allele frequency (VAF)
of less than 1% were excluded. An average copy number of
more than four was considered a gain and less than one was
called a loss. A translocation with supporting reads ranged
from four to twelve was called a translocation, depending
upon the quality of the sample. The NGS study results were
reviewed by two pathologists (Y.L. Suh and Y.A. Cho) and
three bioinformatics experts (D.G. Kim, B.R. Lee, and J.H.
Shim). MMR gene variants were searched through ClinVar
(https://www.ncbi.nlm.nih.gov/clinvar/) and excluded if they
were reported as benign. The visualization of genomic data
analysis was done via cBioPortal Oncoprinter [41].

MGMT methylation

Five hundred nanograms of DNA was modified by sodium
bisulfite, which converts unmethylated cytosine to uracil,
following the instructions of the MGMT Plus Kit (Diatech
Pharmacogenetics, Jesi, Italy) manufacturer. Modified DNA
was subjected to PCR using the Rotor-Gene Q, and during
the amplification, thymine was incorporated at the uracil
position. The PCR products were then sequenced, and the
extent of methylation at each of the 10 analyzed CpG sites
(CpG 74-83; chr 10:131,265,507- 131,265,556) was evalu-
ated by pyrosequencing using the PyroMark Q96 ID system
(Qiagen). The assay evaluates a cytosine (position chr10:
131,265,528) not followed by guanine, which is, therefore,
unmethylated, to test the incomplete conversion by sodium
bisulfite in each sample. The extent of methylation was
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Fig. 1 Representative figures of histologic features of glioblastomas. a multinucleated giant cells, b small cell changes, ¢ perivascular lympho-

cytic infiltration
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obtained by calculating the average methylation of the 10
CpG sites using PyroMark CpG software (Qiagen).

An analytical cutoff of 5% was considered to discriminate
methylated from unmethylated samples as proposed by the
MGMT Plus Kit.

Estimation of TMB

The tumor mutation burden (TMB) was estimated as the
somatic SN'Vs per Mb that were (1) non-synonymous muta-
tions, (2) with a mutant allele frequency of > 5% (to avoid
counting the variants caused by FFPE artifacts), and (3)
a minor allele frequency of less than 0.0001 in gnomAD
r2.0.2. and less than 0.001 in the Korean Reference Genome
Database (http://152.99.75.168/KRGDB/) and Korean Var-
iant Archive (to exclude germline mutations) [42]. Using
these criteria, a previous study revealed a strong correlation
with the TMB calculated from whole-exome sequencing
[40]. The TMB was categorized into three tiers of low, < 6;
intermediate, 6-19; and high, > 20 mutations per Mb, as pre-
viously described [14, 43].

Statistical analysis

The T-test or the Wilcoxon rank-sum test was used to
compare continuous variables. Fisher’s exact test or the
Chi-squared test was used to compare categorical vari-
ables. All statistical analyses were performed with SPSS
for Windows version 21.0 (SPSS Inc., Chicago, IL, USA).
Statistical significance was defined as a two-sided P-value
of <0.05. In addition, to identify the genes associated with
MMR alterations, we applied the Benjamini and Hochberg
method for false discovery rate (FDR) correction, and sig-
nificant changes were considered when the adjusted P-value
was <0.05.

Results

Incidence, clinicopathological and molecular
features of MMR gene-altered glioblastomas

Out of a total of 282 GBMs, 46 cases (16.3%) showed
somatic or germline alterations involving at least one of the
six MMR-related genes. Among 46 MMR-altered GBMs,
nine were reported as benign or likely benign in ClinVar
and reclassified into the non-MMR altered group. Finally, a
total of 37 cases (37/282, 13.1%) were categorized as MMR-
altered GBMs. The clinicopathological and molecular fea-
tures of MMR altered group (n=37) were compared to those
of non-MMR altered group (n=39) (Table 1). The median
age at diagnosis was not different between the patients with
or without MMR gene alterations (60.5 years vs. 59.1 years).
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Most of the tumors were unilateral in the location, which
was not associated with MMR alterations. The tumors
with MMR alterations were associated with the presence
of MGMT methylation (P=0.039, Table 1). The follow-up
period was one month to 12 months and neither tumor pro-
gression nor tumor recurrence was significantly associated
with MMR gene alterations (Table 1). When comparing the
histopathological findings between MMR altered and non-
altered GBMs, MMR altered tumors showed tendency to
have small cell change (P=0.077) but there were no signifi-
cant differences between two groups, as shown in Table 1.

Among the 282 patients, 13 patients had a family his-
tory of cancers, of which six had MMR gene alterations
(Table 1). Of these six patients, two had familial colorec-
tal cancers. The first patient was a 47-year-old woman with
IDH-wildtype glioblastoma, who had been diagnosed with
MSI-high, ascending colon cancer at the age of 43. She
had familial colorectal cancer (her mother, older brother,
and uncle had the disease) and biliary cancer (her younger
brother), which met Amsterdam II criteria and the revised
Bethesda guidelines for hereditary nonpolyposis colorectal
cancer (HNPCC). She showed a germline mutation in MSH6
(c.1082G > A), which was reported in the HNPCC, although
of uncertain significance in the ClinVar report https://www.
ncbi.nlm.nih.gov/clinvar/variation/VCV000089168.7).

The second patient was a 53-year-old man with glioblas-
toma, not elsewhere classified (NEC), who had a family
history of colon cancer and breast cancer. He showed a ger-
mline mutation in MSH2 (c.2038C > T) that was reported to
be pathogenic for Lynch Syndrome, HNPCC, or hereditary
cancer-predisposing syndrome in ClinVar (https://www.ncbi.
nlm.nih.gov/clinvar/variation/VCV000036572.5). In the
remaining four patients with MMR gene alterations, prostate
or gastric cancer, lymphoma, or glioblastoma were present in
their family members. A mutation in MSH2 (c.1342 T>C)
detected in a patient with a familial history of GBM was not
reported in ClinVar.

This study cohort included 64 and 8 cases of IDH-
wildtype and IDH-mutant GBM, respectively, and four cases
of GBM, NEC. The MMR gene-altered GBMs consisted
of IDH-wildtype (33), IDH-mutant (3), and NEC-type (1)
tumors. The IDH] alteration ¢.781 T > A was classified as
NEC-type GBM. The classification of tumors by the IDH
gene alteration status was not correlated with alterations in
the MMR-related genes (P=0.470). Our study included six
cases of recurrent glioblastomas, of which two showed alter-
ations in MMR-related genes (Supplementary Table S2).

Incidence and type of MMR gene alterations
The median tumor volume submitted for NGS was 80.0%

(range 5 — 95%). The overall sequencing quality of the NGS
study was tolerable, with an average on-target rate of 94.07%
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Table 1 Comparison of clinicopathological and genetic features between MMR altered and non-altered glioblastomas

Category Variables No. of cases ~ MMR gene alteration P-value

(n=76)
Present (%) Absent (%)
(n=37) (n=39)

Age (year+SD) 60.5+11.3 59.1+10.9 0.631

Sex Female 26 14 (37.8) 12 (30.8) 0.516
Male 50 23 (62.2) 27 (69.2)

Tumor location Unilateral 73 36 (97.3) 37 (94.9) 0.587
Bilateral 3 1 2.7 2 5.1)

Family history of Absent 63 31 (83.8) 32 (82.1) 0.841

cancer Present 13 6 (16.2) 7 (17.9)

MGMT methylation Absent 38 14 (37.8) 24 (61.5) 0.039
Present 38 23 (62.2) 15 (38.5)

WHO classification IDH wild-type 64 33 (89.2) 31 (79.5) 0.470
IDH mutant 8 3 8.1) (12.8)
NEC 4 2.7 3 7.7

Recurrence Absent 70 35 (94.6) 35 (89.7) 0.433
Present 6 2 5.4 3 (10.3)

Progression Absent 63 29 (78.4) 34 (87.2) 0.308
Present 13 8 (21.6) 5 (12.8)

Proportion of tumor giant Absent 67 31 (83.8) 36 (92.3) 0.292

cells (%) <50 7 (10.8) 3 7.7
>50 2 2 5.4 0 (0.0)

Endovascular proliferation Absent 6 4 (10.8) 2 5.1) 0.358
Present 70 33 (89.2) 37 (94.9)

Necrosis Absent 10 6 (16.2) 4 (10.3) 0.583
Present 63 29 (78.4) 34 (87.2)
Palisading 3 2 5.4 1 (2.6)

Small cell change Absent 70 32 (86.5) 38 97.4) 0.077
Present 6 5 (13.5) 1 (2.6)

Perivascular lymphocytic Absent 74 35 (94.6) 39 (100.0) 0.141

infiltration Present 2 2 5.4 0 (0.0)

TMB (Three tier) Low (<6) 15 9 (24.3) 6 (15.4) 0.006
Intermediate (6-19) 55 22 (59.5) 33 (84.6)
High (>20) 6 6 (16.2) 0 0.0)

TMB (Two tier) Low (<20) 70 31 (83.8) 39 (100.0) 0.009
High (>20) 6 6 (16.2) 0 (0.0)

SD standard deviation, NEC Not elsewhere classified; TMB, tumor mutation burden

(range 92.19 — 96.08%), a mapping quality (Q30%) of 96.98
(range 92.6 — 98), a mean depth of 1032.50 (range 514.5
— 1418.47), and uniformity of 77.40 (range 72 — 85) (Sup-
plementary Table S3). The average total depth of the MMR
genes was MLHI: 1271.9 (range 245.2 — 3701.2), MSH2:
1003.6 (range 506.8 — 1562.4), MSH6: 697.3 (range 384.0
—1066.3), PMS2: 1253.0 (range 738.7 — 4468.2), POLDI:
626.8 (range: 326.5 — 991.1), and POLE: 984.1 (range
671.3 — 1539.0) (Supplementary Table S4). Sixty somatic
or germline mutations (43 nonsynonymous, 10 frameshift
deletions, one non-frameshift deletion, three frameshift

insertions, two stop-gains, and one stop-loss) were identi-
fied in 37 glioblastomas and the most frequently mutated
genes were MSH 6 (15/37, 41%) and POLE (15/37, 41%),
followed by MLH1 (8/37,22%), MSH2 (7/37, 19%), POLD1
(7/37, 19%), and PMS2 (8/37, 19%) (Fig. 2). Twenty-one
patients had mutations in two or more genes, including three
patients with mutations in five genes. The major alteration
was SNVs, and a few amplifications or deletions were found
in MLHI and PMS?2. In 58% of the SNVs observed in the
MMR genes, the VAF was around 40 to 60, indicating a
suspected germline mutation (Supplementary Table S5).
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Fig.2 Alterations in MMR genes in the 37 cases of glioblastoma.
Oncotype printer reveals that most of the alterations were SNVs and
amplifications or deletions in MLHI or PMS2 genes. Gene alterations

Pathogenic mutations were identified in only one patient
and the remaining variants were not reported or reported
as conflicting or of uncertain significance (Supplementary
Table S5).

Molecular features and TMB according to MMR gene
alteration

All selected cases showed molecular features of glioblas-
toma. CDKN2A/2B deletions (51/76, 67.1%), EGFR amplifi-
cations (24/76, 31.6%), and PTEN alterations (17/76, 22.4%)
were found regardless of the MMR gene alteration status.
Nine cases showed IDHI mutations; seven cases showed
¢.395G > A (R132H), one case showed ¢.395C > A (R1325),
and one case showed c¢.781 T> A (S261T), but there was
no statistically significant difference according to the MMR
gene alteration status. MMR gene-altered GBMs demon-
strated mutations in the following genes: ARIDIB (P=0.04),
ARID2 (P=0.04), BICRA (P=0.04), CCNDI (P=0.018),
CHEKI (P=0.035), FGFRI (P=0.035), FIZ] (P=0.035),
FLTI (P=0.04), GLI2 (P=0.035), GLTSCRI (P=0.009),
HNFIA (P=0.018), KMT2B (P=0.033), PIK2R2 (P=0.02),
PTCH2 (P=0.04), TSCI (P=0.009), WWTRI (P=0.013),
and ZNF865 (P=0.035). Most of the alterations in these
genes were SNVs, especially missense mutations but there
were also truncations or in-frame shift mutations in the
ARIDIB and TSC1 genes. However, there was no significant
difference in the genetic alterations between the two groups,
when an FDR adjusted P-value of <0.05 was applied. The
genetic alteration profiles are described in Fig. 3.

The TMB of the entire case ranged from 1.5 to 143.7
with an average of 13.6. There was a statistically signifi-
cant association between TMB and MMR gene alterations
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Missense Mutation (unknown significance) M Truncating Mutation (putative driver)

No alterations

are the most frequently detected mutations in POLE and MSH6. Each
type of genetic alteration is designated in colors under the figure

when the patients were divided into three (P=0.006) or
two groups (0.009) according to the TMB values (Table 1).
There were six cases of GBMs with high TMB (more
than 20/Mb). All high TMB tumors showed alterations in
MMR-related genes but were not significantly associated
with MGMT promoter methylation. The mean age of the
patients with high TMB tumors was younger than in the
total patient cohort (50.8 vs. 60 years). The highest TMB
(143.7 and 132) was found in two tumors with mutations
in MLHI, POLDI, and POLE. Additionally, the highest
TMB tumor showed MSH2 ¢.2038C>T (R680*), MLHI
c.649C>T (R217C), and PMS2 c.2519C> A (P840H).
The second highest TMB tumor showed MLH1 c.498delA
(L166fs) and MSH6 ¢.1082G > A (R361H) (Table 2). These
two tumors showed familial colorectal cancers. Another high
TMB tumor (37.8) was in a patient with a family history of
prostate cancer. Histologically, high TMB tumors showed
considerable numbers of tumor giant cells (P<0.001), small
cell change (P <0.001), and dense perivascular lymphocytic
cuffing (P <0.001), which were statistically significant com-
pared with low TMB tumors (Supplementary Table S6).

Discussion

Our study demonstrated 60 somatic or germline mutations
in at least one of six MMR related genes in 37 (13.1%) of
282 patients with GBM, using targeted NGS. The most
frequently mutated genes were MSH 6 and POLE, followed
by MLHI, MSH2, POLD1, and PMS2. Most cases showed
SNVs of the MMR-related genes, with amplifications or
deletions in MLHI and PMS?2 genes. This rate was much
higher than that (0.25%) reported by The Cancer Genome
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Atlas (TCGA) using computational software with NGS
data [44]. This might be due to differences in the analy-
ses the studies used for the somatic mutations in repair
genes, including MSH2, MSH6, MLHI1, PMS2, EXOI,
POLDI1, and POLE. Whether the incidence of MMR gene
alterations differs between races should be investigated
through large cohort data in a multi-institute study. Since
we reviewed consecutive cases, selection bias in the data
collection may be excluded. However, GBM patients with
high risk tend to undergo surgery in a referral center,
which could explain the relatively high incidence of MMR
gene alterations in our study. About half of the MMR gene
alterations had a VAF of around 40 to 60, indicating the
possibility of a germline mutation but we could not find
a statistically significant correlation between familial his-
tory and MMR gene alteration status. However, one patient
with a family history of colon cancer and breast cancer
demonstrated a mutation in MSH2 (c.2038C > T), which
was reported to be related to Lynch Syndrome or heredi-
tary non-polyposis colon cancer (HNPCC) in ClinVar. In
addition, although of uncertain significance in the ClinVar
report, a patient with a mutation in MSH6 (c.1082G > A)
had MSI-high colon cancer and a family history of hepa-
tobiliary and colorectal cancer, which met Amsterdam II
criteria and the revised Bethesda guidelines for HNPCC.

Previous studies revealed that germline mutations in
MMR genes might lead to high susceptibility to glioma or
an association with tumor progression [10, 24]. However,
our study demonstrated a significant association of MMR
gene-altered GBMs with MGMT methylation, which
might indicate a favorable outcome. Unfortunately, this
study did not investigate the prognosis of the patients with
MMR due to the short follow-up period.

Furthermore, previous studies demonstrated that the
loss of function of MMR genes contributed to resistance
to TMZ by defective programmed cell death in the tumor
cells [22, 23, 45]. A higher MMR deficiency rate was
reported to be acquired during the treatment and recurrence
of GBM. Approximately 26% of the recurrent tumors have
been reported to acquire mutations in MSH6 and demon-
strate increased mutation rates. All of these patients received
alkylating agents (most commonly temozolomide) as their
initial treatment, and the resulting mutation pattern was
indicative of alkylator-induced mutations in the setting of
MMR defects [17, 23, 25]

The present study demonstrated germline or somatic
mutations in MMR-related genes in 35 (12.7%) of 272
cases of primary glioblastomas, and in two (33.3%) of six
recurrent GBMs. The higher rate of MMR gene alterations
in our recurrent GBM patients seems to be from selection
bias due to the small numbers of recurrent cases analyzed
in this study. In our recurrent cases, mutations in MMR-
related genes were detected in MSH2 (c.14C> A) and MSH6
(c.128C > T). Mutations in MMR-related genes such as
MSH2, MSH3, MSH6, and MLH3 in primary glioblastomas
were also reported in a previous study [46].

Unlike previous studies using IHC or an in vitro study
[17, 23], not all MMR gene alterations detected in targeted
NGS might lead to the loss of protein function. MMR altera-
tion status and THC status were highly concordant in colo-
rectal cancer and endometrial cancer [47, 48]. However,
concordance is not guaranteed in some tumor types, such as
ovarian cancer [49], and not fully studied in GBM.

There are previous reports that MSI and mutations
in POLE and POLDI, which are related to DNA repair,
resulted in high TMB [50-52]. In our cases, the TMB of
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Table 2 Alterations in MMR genes in cases with high tumor mutation burden
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MSH2 (VAF)  MSH6 (VAF)  PMS2 (VAF)  POLE (VAF) POLDI (VAF)

MLH1 (VAF)

TMB

New or

Age Sex  Location

Case

recurrent

A108V (48.86)

V2204L (3.9)
R1284W

(53.57)

P840H (11.11)

R680* (40.71)

143.7  R217C (46.85)

New

Right temporal

M

53

E318K (43.83)

R358W (41.41)

R1082H (43.26)
R444Q (43.84)

R361H (43.07) TI771M (12.61)

131.6  L166fs (13.06)

Left parieto-occipital lobe ~ New

F

49

V925M (60.42)

Right parieto-occipital New 454

F

55

M1326fs (57.4)
R1334Q (17.5)

37.8

New

Left temperoparietal

Left frontal

M
F

45

Deletion (CN 0.29)

37.8

New

59

New 24.2 R227fs (44.67)

Right frontal

44

VAF, variant allele frequency (%), CN copy number

the entire cohort ranged from 1.5 to 143.7 and the MMR
gene-altered group showed a statistically significant correla-
tion with high TMB (more than 20), consistent with previ-
ous results [14, 43]. High TMB seems to be related to the
immunotherapy response in various tumors [53]. In other
tumors, such as melanoma and non-small cell lung cancer,
high TMB predicts favorable outcomes after anti-PD-1/
PD-L1 immunotherapy [53]. Brain tumors are known to be
immunologically quiet and have low TMB, which is barrier
for efficient immunotherapy response [54]. Temozolomide
treatment can result in mutations in MMR genes and lead
to high TMB, which can be more immunogenic compared
to other GBM [55, 56]. Acquired mutation of MMR genes
can lead to high mutational load of tumor [46]. TBM can
be increased in recurrent GBM and high TMB favors the
response to checkpoint inhibition [3]. There are previous
studies of GBM with high TMB showed favorable response
to anti PD-1 therapy [14, 57, 58]. However, there is a report
about the failure of checkpoint inhibitor therapy in hyper-
mutated GBMs [59]. Careful patient selection for immuno-
therapy may be necessary.

In summary, the targeted NGS of 282 glioblastomas
revealed that about 13.1% harbored germline or somatic
alterations in at least one of six MMR-related genes. Genetic
alterations were most frequent in POLE and MSH6. Altera-
tions in MMR-related genes were not associated with the
WHO classification of GBM or histologic features. MMR
gene-altered GBMs did not show different molecular pro-
files but were significantly associated with high TMB. Since
MMR-related genes can be found even in primary glio-
blastoma and are correlated with high TMB and MGMT
promoter methylation, a careful analysis of MMR genes is
necessary in NGS studies of glioblastomas.
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