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Background: Familial brain tumor incidences are low. Identifying the genetic alterations of
familial brain tumors can help better understand the pathogenesis and make therapy
regimens for these tumors.

Case Presentation: An elder female and a younger male were diagnosed with brain
tumors at the age of 10 and 5, respectively. Whole-genome sequencing analysis of the
two patients’ blood, primary brain tumor tissues, and their parents’ blood samples was
performed, which revealed that the two tumor samples harbored extremely high somatic
mutation loads. Additionally, we observed pigmentation on the male patient’s skin.

Conclusion: Germline, biallelic mutation of MSHE—a gene related to DNA mismatch
repair whose defect will result in constitutional mismatch repair deficiency (CMMRD)—is
causal for the brain tumors of these two siblings.

Keywords: brain tumor, genome sequencing, MSH6, DNA Mismatch Repair, CMMRD, case report

INTRODUCTION

Brain tumors are the most common and lethal type of solid tumors in children (1). They range from
the least common, non-invasive, surgically curable pilocytic astrocytoma to the common, highly
malignant glioblastoma (GBM) and medulloblastoma (MB) (2-5). Both of GBM and MB are
classified as grade IV in malignancy by the World Health Organization (WHO) (6). Familial brain
tumor incidences, on the other hand, are relatively low. Gorlin syndrome patients caused by
inherited PTCHI mutations can develop MB and Li-Fraumeni syndrome patients resulted from
germline TP53 inactivation are associated with malignant gliomas (7, 8). Constitutional mismatch
repair deficiency (CMMRD) syndrome, which was called Turcot syndrome for many years, is also
associated with an increased risk of brain cancer (9).

CMMRD syndrome is a distinct childhood cancer predisposition syndrome characterized by
diverse malignancies in hematological organs, the brain, the large intestine and other organs (10).
Patients mostly fail in reaching their adulthood (11). The most prevalent are brain tumors and the
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age at diagnosis has been estimated to be 10.3 years old (12). The
majority of the brain tumors are malignant gliomas, but MB and
other central nervous system tumors have also been reported (10,
13). GBM is the most lethal tumor in CMMRD patients (14). The
disease is caused by biallelic germline mutations that occur in
one of the four mismatch repair (MMR) genes (MLH1, MSH2,
MSH6, PMS2) (15). The protein products of these MMR genes
are highly conserved from bacteria to humans, which are
responsible for the correction of mismatches, insertions and
deletions during DNA replication and recombination (16).
Humans have two types of MMR enzymes: MutS (hMSH2,
hMSH3 and hMSH6) and MutL (hMLH1, hMLH3, PMS1 and
PMS2) (17). MutS enzymes first recognize mismatched
nucleotides in DNA and then work in combination with MutL
enzymes to activate other proteins to remove the mismatched
DNA strand and synthesize a new DNA strand (18, 19). In MutS,
hMSH6 and hMSH2 function as a heterodimer to recognize
single base mismatches as well as 1-2 base insertions and
deletions, while the complex of hMSH3 and hMSH2 recognizes
larger insertion or deletion loops up to 13 nucleotides (16, 20).
Patients with MSH6 nullizygous mutations commonly develop
brain tumors before the age of 10 (9).

The diagnosis of CMMRD syndrome is difficult due to many
reasons. Firstly, CMMRD syndrome is caused by biallelic
germline mutations of MMR genes but their parents with only
one allelic mutation show a low risk of cancer predisposition
(21). Secondly, CMMRD syndrome lacks unique clinical features
and clear diagnostic criteria. Its clinical presentation varies and
the phenotypes also overlap with other tumor syndromes such as
Li-Fraumeni syndrome (22).

In this case report, an elder sister and a younger brother were
diagnosed with GBM and MB, respectively. Further genomic
sequencing confirmed that both patients harbored biallelic
MSH6 mutations, thus confirming the diagnosis of
CMRRD syndrome.

CASE PRESENTATION

The two patients were siblings, and their parents were
nonconsanguineous, healthy, and had no family history of
genetic or infectious diseases. The elder female and the younger
male were diagnosed with brain tumors at the age of 10 and 5
years old, respectively. The male patient repeatedly vomited
without any obvious causes five days before being admitted to
the hospital and became slightly worse mentally and ate less after
the illness. The female patient had similar symptoms with
paroxysmal headaches. Computed tomography (CT) showed
that the female had a tumor in the right frontal lobe and the
male had a tumor in the cerebellar region (Figures 1A, B), and
subsequent histopathology confirmed the diagnoses of GBM and
MB, respectively (Figures 1C). Then both of them underwent
surgery for total tumor resection. One month later, Intensity-
modulated radiation therapy (IMRT) was followed in the female,
where a DT dose of 50 Gy in 2 Gy daily fractions in GTV and
45 Gy in 1.8 Gy daily fractions in PTV were delivered with

instruction from the radiation oncologist. The frequency of
administration is 5 times weekly. For the male, the radiotherapy
was administered in the dose of 36 Gy in 1.8 Gy daily fractions.
The siblings tolerated radiation therapy very well and the follow-
up brain MRI revealed no brain tumor. However, one and a half
years later, tumor recurrence was suspected in the female through
MRI and she received the second radiotherapy (dose of DT: 39.6
Gy in 1.8 Gy daily fractions) combined with temozolomide
(TMZ) chemotherapy (100 mg daily for 5 days). For the male,
aneoplasm lesion was detected in the spinal canal after 6 months.
The second surgery was performed and followed by radiotherapy
one month later (dose of DT: 42 Gy in 2.1 Gy daily fractions). The
siblings have already resumed normal schooling and daily
activities. The timeline from the episode of care in the two
cases have been illustrated in Supplementary Figure 1.

We performed whole-genome sequencing of the patients’
tumor tissue and blood samples, as well as their parents’ blood
samples, to obtain an overview of the somatic mutation
landscape. The tumors were sequenced at 50X and the blood
samples were sequenced at 30X (Figure 2A). Both tumor cases
harbored millions of somatic mutations, many hundreds of folds
higher than the average somatic mutation numbers in either
GBM or MB (23, 24) (Figure 2D). In both tumors, the
predominant mutations were single base mutations
(Figure 2C) and about half of the mutations in exons were
non-synonymous mutations (Figure 2B). We also observed
some well-known somatic mutations such as mutations in
NFI, RB1, CDKN2A, TP53 and PTEN in the GBM case and
mutations in TP53, NFI, SF3B1 and PTCH in the MB
case (Figure 2E).

Somatic mutations can occur in all cells of the body
throughout the whole lifetime. They may arise due to mistakes
in DNA replication, modification or repair processes. The
development of cancer is often accompanied by somatic
mutations (25). Based on this, the concept of Mutational
Signatures has been proposed, which represents the unique set
of characteristics of mutational profiles on the genome (25).
Single base substitution (SBS) signatures have been identified by
frequencies of 96 different contexts, considering the mutated
base and the bases immediately 5> and 3’ (26, 27). Based on the
assessment of 1,865 whole genomes and 19,184 exomes, 60 SBS
signatures have been defined (available at the Cosmic website)
(26). We compared the mutational signatures of the two cases
with the known mutational signatures and the result indicated
strong signals of the SBS44 and SBS14 signatures for both cases;
note that both of these signatures are associated with DNA
mismatch repair (Figures 3A-C).

Our sequencing results showed that the parents had a
heterozygous defect and the two patients had homozygous
defects in MSH6. The mother carried an MSH6 ¢.2731C>T
nonsense mutation and the father carried a single nucleotide
deletion that resulted in a frameshift of the protein (Figure 4A).
We performed immunohistochemical (IHC) staining to verify
the loss of MSH6 protein in both tumor cases (Figure 4B). MSH6
nullizygous usually causes CMMRD syndrome, which is typically
accompanied by a visible symptom called cafe-au-lait macules
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(CALM) (22). We detected multiple flat patches of skin that were
darker than the surrounding area in the male (Figure 4C).

CONCLUSION AND DISCUSSION

CMMRD syndrome is a rare childhood cancer susceptibility
syndrome. The lack of awareness and broad cancer spectrum of
malignancies contributes to diagnosis difficulty. Most CMMRD
patients have multiple CALM reminiscent of neurofibromatosis
type 1 (NF1) (10, 28). It has been demonstrated that NFI is a
frequent somatic mutation target of MMR deficiency. Parents of
CMMRD patients commonly have no symptoms of NFI, while
the offspring may present NFI-associated signs when they
inherit both of the mutant MMR alleles from their parents
(28). In the two cases, for clinicians, CMMRD syndrome was
not taken into consideration, and the two patients were
diagnosed as common brain tumors in the beginning because
of scarce knowledge of this syndrome and little attention to the

FIGURE 1 | Imaging and histology of the brain tumors. (A, B) CT scan images of the brain tumor tissue of the female (upper panels) and the male (lower panels). (C) H&E,
Ki67, GFAP, Olig2, Yap1, and B-catenin staining of the female’s (left panels) and the male’s (right panels) brain tumor tissue. The magnification is 20x.

diffuse and irregular hyperpigmented macules and the absence of
a family history of neoplasms. The diagnosis was confirmed only
when germline biallelic inactivation of MSH6 and a huge somatic
mutation load in the tumor were discovered by high throughput
sequencing. Of note, microsatellite instability (MSI) is a
recognized biomarker for MMR deficiency, which is also can
be an auxiliary index for diagnoses (29). In addition,
immunohistochemistry to detect the expression of MMR
proteins could be an inexpensive alternative method to help
CMMRD diagnosis.

The parents of the two cases had no history of colorectal
cancers but they did carry a heterozygous mutation of MSH6.
Compared with MSH2 and MLHI, the clinical severity of
heterozygous MSH6 and PMS2 mutations is lower, and the
diagnosis of CMMRD syndrome often lacks a family history of
cancer (21). It is significant for clinicians to be aware of CMMRD
syndrome and assess cancer risk in these patients and their
relatives. Early cancer surveillance and timely interventions may
benefit their future lifetime. There have been clinical diagnostic

Frontiers in Oncology | www.frontiersin.org

July 2022 | Volume 12 | Article 920305


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Wu et al. Brain Tumors With MSH6 Mutations

A
® 1.0
£ 09
o 0.8
c o
o > 0.7
28 06 Cc
Y 100
5 S 04 . >2bp.del
‘g'.ﬁ g: . 2bp.del
o 0:1 754 == 1bp.del
2 o0 3 >2bp.ins
% . 2bp.ins
depth £ 50 m 1bpins
B 8
Exonic.Function g_
80
= ST 254
2 60 = DT
)
& 40 .
g 0
S 2 n
Y
a

40000~
50000~
. Qz;xm?x/ NF1Q1086X
1 + P53 R267WJ 0 o0 HEON
40000 § 30000
5 g \ NF1Q1086X
2 PTEN E256D E NF1 W2404X
£ 300004 =
Z ‘= 20000
S 20000 2
2 - TP53 R267Q
5 CDKN2A EB1X £
E; = 10000 PTCH R603H
= 10000
KDMBA V635M
0 0 4

0.0 05 1.0 0.0 05 1.0
Variant Allele Frequency Variant Allele Frequency

FIGURE 2 | Summary of the whole-genome sequencing results of the two brain tumor cases. (A) Sequencing depth and coverage of the tumor and blood samples.
D refers to the female patient (daughter); S refers to the male patient (son); F refers to the patients’ father; M refers to the patients’ mother. B refers to blood
samples. T refers to tumor tissue. (B) The proportion of different somatic mutation types in exons. (C) The distribution of somatic Indel length. (D) Circos plots of the
female’s (left) and the male’s (right) brain tumor tissue illustrated distributions of all exonic mutations across the chromosomes. The outer first circle showed the
chromosomes and the darker shaded areas represented large gaps. The second circle showed the somatic variants and each dot represented a single somatic
variant. The third circle showed all observed tumor purity adjusted copy number changes, including both focal and chromosomal somatic events. The fourth circle
represented the observed minor allele copy numbers across the chromosome. The innermost circle displayed the observed structural variants within the
chromosomes. (E) Mutation number vs. Variant allele frequency (VAF) plot of the female’s (left) and the male’s (right) brain tumor tissue. Potential driver mutations are
labeled (Red: Truncation mutation; Blue: Non-synonymous mutation).
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FIGURE 3 | Summary of SBS signatures of the two brain tumor cases. (A) The distribution of different single base substitution types. (B, C) SBS signatures of the
two brain tumor cases and two comparable mutational signatures: SBS44 and SBS14.

criteria and guidelines for surveillance proposed by the European
Consortium “Care for CMMR-D” (C4CMMR-D) (10, 14).
Commencing MRI scanning at 2 years old and scanning once
every 6-12 months is suggested, but whether it will help improve
survival has not been validated (14).

In the two cases, radiotherapy received an effective
therapeutic outcome, but the information available for optimal
treatment is still an urgent requirement. Radiotherapy and
adjuvant TMZ chemotherapy are the commonly used
treatment for brain tumors (30). However, for CMMRD
patients with brain tumors, chemotherapy is typically not a

feasible choice because commonly used chemotherapeutic
alkylating agents can only initiate efficient tumor damage with
a functional MMR system (31). According to the statistics
collected by the European C4ACMMRD Consortium, five out of
six patients showed poor response to chemotherapy (14). The
therapeutic efficiency of TMZ has also been reported to be
limited in two patients with MSH6-mutated recurrent GBM,
and its use should be avoided due to its known ability to
accumulate somatic mutations and promote neoplastic
progression (32, 33). In the previous case reports regarding
children with brain tumors carrying biallelic MSH6 mutations,
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FIGURE 4 | Summary of the MSH6 mutation in the two brain tumor cases. (A) Mutation positions of MSHB in the two brain tumor cases and their parents. (B) MSH6
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the survival was mostly 12-36 months after surgery and
subsequent chemoradiotherapy, and many demonstrated
resistance to TMZ (11, 32-40). Effective chemotherapeutic
drugs for CMMRD syndrome are still lacking, but early
detection of tumors may allow for the most effective
chemotherapeutic approach (33).

In summary, accurate diagnoses, long-time surveillance and
effective therapies for CMMRD patients are still difficulties to be
overcome. Several case reports have elaborated immune
checkpoint inhibitor (ICPI) can improve the survival of
CMMRD patients with malignant gliomas (41-44). One of
them reported that a 5-year-old female GBM patient with
biallelic MSH6 mutations was treated with nivolumab and
showed a durable response to ICPI treatment and regression of
the tumor. For the siblings in this report, ICPI may be taken into
consideration if the tumor reoccurs.

METHODS
Whole-Genome Sequencing (WGS)

Genomic DNA was extracted from the tumor and blood samples
using a genomic DNA extraction kit (Tiangen Biotech, DP304).
The library was constructed and sequenced using Illumina
NovaSeq 6000 platform with 150 bp pair-end reads
(GeneWiz Inc.).

Bioinformatic Analysis

The raw 150 bp pair-end reads were trimmed using fastp (45)
and aligned to hg38 human genome using Sentieon’s bwa mem
algorithm (Sentieon Inc, San Jose, CA). The germline variations
were called following Sentieon’s DNAseq pipeline (https://
support.sentieon.com/manual/DNAseq_usage/dnaseq/) and the
somatic variations were called using TNseq pipeline (https://
support.sentieon.com/manual/TNseq_usage/tnseq/). The
germline and somatic variations were annotated by Annovar
(46). The genomic alignment result was visualized by Integrative
Genomics viewer (IGV) (47). MutSignatures (48) was used to
analyze and visualize mutation signatures. Circos map was
produced using Circos (49).

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found online at:
https://ngdc.cncb.ac.cn/gsa-human/. The accession number
is HRA002310.

ETHICS STATEMENT

Patient information was de-identified. The studies involving
human participants were reviewed and approved by the

Frontiers in Oncology | www.frontiersin.org

July 2022 | Volume 12 | Article 920305


https://support.sentieon.com/manual/DNAseq_usage/dnaseq/
https://support.sentieon.com/manual/DNAseq_usage/dnaseq/
https://support.sentieon.com/manual/TNseq_usage/tnseq/
https://support.sentieon.com/manual/TNseq_usage/tnseq/
https://ngdc.cncb.ac.cn/gsa-human/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Wu et al.

Brain Tumors With MSH6 Mutations

institutional review board of The Second People’s Hospital of
Liaocheng of Shandong Province. Written informed consent to
participate in this study was provided by the participants'
legal guardian.

AUTHOR CONTRIBUTIONS

JC conceived and designed the experiments. DW performed the
experiments and analyzed the data. QSC collected the clinical
samples and analyzed clinical data. DW and JC wrote the paper.
All authors read and approved the final manuscript.

REFERENCES

1. Smith MA, Reaman GH. Remaining Challenges in Childhood Cancer and
Newer Targeted Therapeutics. Pediatr Clin North Am (2015) 62(1):301-12.
doi: 10.1016/j.pcl.2014.09.018

2. Aldape K, Brindle KM, Chesler L, Chopra R, Gajjar A, Gilbert MR, et al.
Challenges to Curing Primary Brain Tumours. Nat Rev Clin Oncol (2019) 16
(8):509-20. doi: 10.1038/s41571-019-0177-5

3. Nabors LB, Portnow J, Ahluwalia M, Baehring J, Brem H, Brem S, et al.
Central Nervous System Cancers, Version 3.2020, NCCN Clinical Practice
Guidelines in Oncology. ] Natl Compr Canc Netw (2020) 18(11):1537-70.
doi: 10.6004/jnccn.2020.0052

4. Northcott PA, Robinson GW, Kratz CP, Mabbott D], Pomeroy SL, Clifford
SC, et al. Medulloblastoma. Nat Rev Dis Primers (2019) 5(1):11. doi: 10.1038/
$41572-019-0063-6

5. Smoll NR, Drummond K]J. The Incidence of Medulloblastomas and Primitive
Neurectodermal Tumours in Adults and Children. J Clin Neurosci (2012) 19
(11):1541-4. doi: 10.1016/j.jocn.2012.04.009

6. 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

7. Fang Z, Su 'Y, Sun H, Ge M, Qi Z, Hao C, et al. Case Report : Li-Fraumeni
Syndrome With Central Nervous System Tumors in Two Siblings. BMC
Pediatr (2021) 21(1):588. doi: 10.1186/s12887-021-03070-8

8. Sereflican B, Tuman B, Sereflican M, Halicioglu S, Ozyalvacli G, Bayrak S.
Gorlin-Goltz Syndrome. Turk Pediatri Ars (2017) 52(3):173-7. doi: 10.5152/
TurkPediatriArs.2017.2992

9. Abedalthagafi M. Constitutional Mismatch Repair-Deficiency: Current
Problems and Emerging Therapeutic Strategies. Oncotarget (2018) 9
(83):35458-69. doi: 10.18632/oncotarget.26249

10. Wimmer K, Kratz CP, Vasen HF, Caron O, Colas C, Entz-Werle N, et al.
Diagnostic Criteria for Constitutional Mismatch Repair Deficiency Syndrome:
Suggestions of the European Consortium 'Care for CMMRD' (C4CMMRD). ]
Med Genet (2014) 51(6):355-65. doi: 10.1136/jmedgenet-2014-102284

11. Ilencikova D, Sejnova D, Jindrova ], Babal P. High-Grade Brain Tumors in
Siblings With Biallelic MSH6 Mutations. Pediatr Blood Cancer (2011) 57
(6):1067-70. doi: 10.1002/pbc.23217

12. Lavoine N, Colas C, Muleris M, Bodo S, Duval A, Entz-Werle N, et al.
Constitutional Mismatch Repair Deficiency Syndrome: Clinical Description in
a French Cohort. ] Med Genet (2015) 52(11):770-8. doi: 10.1136/jmedgenet-
2015-103299

13. Bakry D, Aronson M, Durno C, Rimawi H, Farah R, Alharbi QK, et al. Genetic
and Clinical Determinants of Constitutional Mismatch Repair Deficiency
Syndrome: Report From the Constitutional Mismatch Repair Deficiency
Consortium. Eur ] Cancer (2014) 50(5):987-96. doi: 10.1016/j.ejca.2013.12.005

14. Vasen HF, Ghorbanoghli Z, Bourdeaut F, Cabaret O, Caron O, Duval A, et al.
Guidelines for Surveillance of Individuals With Constitutional Mismatch
Repair-Deficiency Proposed by the European Consortium "Care for
CMMR-D" (C4CMMR-D). ] Med Genet (2014) 51(5):283-93. doi: 10.1136/
jmedgenet-2013-102238

FUNDING

This work was supported by the National Key R&D Program of
China (2016YFA0503100) and the Major Project for Natural
Science Research in Jiangsu Province (17KJA320004).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fonc.2022.920305/
full#supplementary-material

15. Wimmer K, Etzler J. Constitutional Mismatch Repair-Deficiency Syndrome:
Have We So Far Seen Only the Tip of an Iceberg? Hum Genet (2008) 124
(2):105-22. doi: 10.1007/s00439-008-0542-4

16. Muro Y, Sugiura K, Mimori T, Akiyama M. DNA Mismatch Repair Enzymes:
Genetic Defects and Autoimmunity. Clin Chim Acta (2015) 442:102-9.
doi: 10.1016/j.cca.2015.01.014

17. Liu D, Keijzers G, Rasmussen L]. DNA Mismatch Repair and its Many Roles
in Eukaryotic Cells. Mutat Res Rev Mutat Res (2017) 773:174-87.
doi: 10.1016/j.mrrev.2017.07.001

18. Li GM. Mechanisms and Functions of DNA Mismatch Repair. Cell Res (2008)
18(1):85-98. doi: 10.1038/cr.2007.115

19. Baretti M, Le DT. DNA Mismatch Repair in Cancer. Pharmacol Ther (2018)
189:45-62. doi: 10.1016/j.pharmthera.2018.04.004

20. Eso Y, Shimizu T, Takeda H, Takai A, Marusawa H. Microsatellite Instability
and Immune Checkpoint Inhibitors: Toward Precision Medicine Against
Gastrointestinal and Hepatobiliary Cancers. | Gastroenterol (2020) 55
(1):15-26. doi: 10.1007/s00535-019-01620-7

21. Tabori U, Hansford JR, Achatz MI, Kratz CP, Plon SE, Frebourg T, et al.
Clinical Management and Tumor Surveillance Recommendations of Inherited
Mismatch Repair Deficiency in Childhood. Clin Cancer Res (2017) 23(11):
e32-e7. doi: 10.1158/1078-0432.CCR-17-0574

22. Aronson M, Colas C, Shuen A, Hampel H, Foulkes WD, Baris Feldman H, et al.
Diagnostic Criteria for Constitutional Mismatch Repair Deficiency (CMMRD):
Recommendations From the International Consensus Working Group. ] Med
Genet (2022) 59(4):318-27. doi: 10.1136/jmedgenet-2020-107627

23. Stratton MR, Campbell PJ, Futreal PA. The Cancer Genome. Nature (2009)
458(7239):719-24. doi: 10.1038/nature07943

24. Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SA, Behjati S, Biankin AV,
et al. Signatures of Mutational Processes in Human Cancer. Nature (2013) 500
(7463):415-21. doi: 10.1038/nature12477

25. Alexandrov LB, Stratton MR. Mutational Signatures: The Patterns of Somatic
Mutations Hidden in Cancer Genomes. Curr Opin Genet Dev (2014) 24:52—
60. doi: 10.1016/j.gde.2013.11.014

26. Alexandrov LB, Kim ], Haradhvala NJ, Huang MN, Tian Ng AW, Wu Y, et al.
The Repertoire of Mutational Signatures in Human Cancer. Nature (2020)
578(7793):94-101. doi: 10.1038/s41586-020-1943-3

27. Alexandrov LB, Nik-Zainal S, Wedge DC, Campbell PJ, Stratton MR.
Deciphering Signatures of Mutational Processes Operative in Human
Cancer. Cell Rep (2013) 3(1):246-59. doi: 10.1016/j.celrep.2012.12.008

28. Wimmer K, Rosenbaum T, Messiaen L. Connections Between Constitutional
Mismatch Repair Deficiency Syndrome and Neurofibromatosis Type 1. Clin
Genet (2017) 91(4):507-19. doi: 10.1111/cge.12904

29. Carrato C, Sanz C, Munoz-Marmol AM, Blanco I, Pineda M, Del Valle J, et al.
The Challenge of Diagnosing Constitutional Mismatch Repair Deficiency
Syndrome in Brain Malignancies From Young Individuals. Int J Mol Sci
(2021) 22(9):4629. doi: 10.3390/ijms22094629

30. Zhang J, Stevens MF, Bradshaw TD. Temozolomide: Mechanisms of Action,
Repair and Resistance. Curr Mol Pharmacol (2012) 5(1):102-14. doi: 10.2174/
1874467211205010102

31. Fink D, Aebi S, Howell SB. The Role of DNA Mismatch Repair in Drug
Resistance. Clin Cancer Res (1998) 4:1-6. PMID: 9516945.

Frontiers in Oncology | www.frontiersin.org

July 2022 | Volume 12 | Article 920305


https://www.frontiersin.org/articles/10.3389/fonc.2022.920305/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2022.920305/full#supplementary-material
https://doi.org/10.1016/j.pcl.2014.09.018
https://doi.org/10.1038/s41571-019-0177-5
https://doi.org/10.6004/jnccn.2020.0052
https://doi.org/10.1038/s41572-019-0063-6
https://doi.org/10.1038/s41572-019-0063-6
https://doi.org/10.1016/j.jocn.2012.04.009
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1186/s12887-021-03070-8
https://doi.org/10.5152/TurkPediatriArs.2017.2992
https://doi.org/10.5152/TurkPediatriArs.2017.2992
https://doi.org/10.18632/oncotarget.26249
https://doi.org/10.1136/jmedgenet-2014-102284
https://doi.org/10.1002/pbc.23217
https://doi.org/10.1136/jmedgenet-2015-103299
https://doi.org/10.1136/jmedgenet-2015-103299
https://doi.org/10.1016/j.ejca.2013.12.005
https://doi.org/10.1136/jmedgenet-2013-102238
https://doi.org/10.1136/jmedgenet-2013-102238
https://doi.org/10.1007/s00439-008-0542-4
https://doi.org/10.1016/j.cca.2015.01.014
https://doi.org/10.1016/j.mrrev.2017.07.001
https://doi.org/10.1038/cr.2007.115
https://doi.org/10.1016/j.pharmthera.2018.04.004
https://doi.org/10.1007/s00535-019-01620-7
https://doi.org/10.1158/1078-0432.CCR-17-0574
https://doi.org/10.1136/jmedgenet-2020-107627
https://doi.org/10.1038/nature07943
https://doi.org/10.1038/nature12477
https://doi.org/10.1016/j.gde.2013.11.014
https://doi.org/10.1038/s41586-020-1943-3
https://doi.org/10.1016/j.celrep.2012.12.008
https://doi.org/10.1111/cge.12904
https://doi.org/10.3390/ijms22094629
https://doi.org/10.2174/1874467211205010102
https://doi.org/10.2174/1874467211205010102
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Wu et al.

Brain Tumors With MSH6 Mutations

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Hunter C, Smith R, Cahill DP, Stephens P, Stevens C, Teague J, et al. A
Hypermutation Phenotype and Somatic MSH6 Mutations in Recurrent
Human Malignant Gliomas After Alkylator Chemotherapy. Cancer Res
(2006) 66(8):3987-91. doi: 10.1158/0008-5472.CAN-06-0127

Scott RH, Mansour S, Pritchard-Jones K, Kumar D, MacSweeney F, Rahman
N. Medulloblastoma, Acute Myelocytic Leukemia and Colonic Carcinomas in
a Child With Biallelic MSH6 Mutations. Nat Clin Pract Oncol (2007) 4
(2):130-4. doi: 10.1038/ncponc0719

Ostergaard JR, Sunde L, Okkels H. Neurofibromatosis Von Recklinghausen
Type I Phenotype and Early Onset of Cancers in Siblings Compound
Heterozygous for Mutations in MSH6. Am ] Med Genet A (2005) 139A
(2):96-105. doi: 10.1002/ajmg.a.30998

Etzler J, Peyrl A, Zatkova A, Schildhaus HU, Ficek A, Merkelbach-Bruse S,
et al. RNA-Based Mutation Analysis Identifies an Unusual MSH6 Splicing
Defect and Circumvents PMS2 Pseudogene Interference. Hum Mutat (2008)
29(2):299-305. doi: 10.1002/humu.20657

Auclair ], Leroux D, Desseigne F, Lasset C, Saurin JC, Joly MO, et al. Novel Biallelic
Mutations in MSH6 and PMS2 Genes: Gene Conversion as a Likely Cause of PMS2
Gene Inactivation. Hum Mutat (2007) 28(11):1084-90. doi: 10.1002/humu.20569
Hegde MR, Chong B, Blazo ME, Chin LH, Ward PA, Chintagumpala MM,
et al. A Homozygous Mutation in MSH6 Causes Turcot Syndrome. Clin
Cancer Res (2005) 11(13):4689-93. doi: 10.1158/1078-0432.CCR-04-2025
Menko FH, Kaspers GL, Meijer GA, Claes K, van Hagen JM, Gille JJ. A
Homozygous MSH6 Mutation in a Child With Cafe-Au-Lait Spots,
Oligodendroglioma and Rectal Cancer. Fam Cancer (2004) 3(2):123-7.
doi: 10.1023/B:FAME.0000039893.19289.18

Yip S, Miao J, Cahill DP, Iafrate AJ, Aldape K, Nutt CL, et al. MSH6 Mutations
Arise in Glioblastomas During Temozolomide Therapy and Mediate
Temozolomide Resistance. Clin Cancer Res (2009) 15(14):4622-9.
doi: 10.1158/1078-0432.CCR-08-3012

Poley JW, Wagner A, Hoogmans MM, Menko FH, Tops C, Kros JM, et al. Biallelic
Germline Mutations of Mismatch-Repair Genes: A Possible Cause for Multiple
Pediatric Malignancies. Cancer (2007) 109(11):2349-56. doi: 10.1002/cncr.22697
Bouffet E, Larouche V, Campbell BB, Merico D, de Borja R, Aronson M, et al.
Immune Checkpoint Inhibition for Hypermutant Glioblastoma Multiforme
Resulting From Germline Biallelic Mismatch Repair Deficiency. ] Clin Oncol
(2016) 34(19):2206-11. doi: 10.1200/JCO.2016.66.6552

Mishra AK, Achari RB, Zameer L, Achari G, Gehani A, Roy P, et al. Germline
Biallelic Mismatch Repair Deficiency in Childhood Glioblastoma and
Implications for Clinical Management. Neurol India (2022) 70(2):772-4.
doi: 10.4103/0028-3886.344608

43. Rittberg R, Harlos C, Rothenmund H, Das A, Tabori U, Sinha N, et al.
Immune Checkpoint Inhibition as Primary Adjuvant Therapy for an IDH1-
Mutant Anaplastic Astrocytoma in a Patient With CMMRD: A Case Report-
Usage of Immune Checkpoint Inhibition in CMMRD. Curr Oncol (2021) 28
(1):757-66. doi: 10.3390/curroncol28010074

44. AlHarbi M, Ali Mobark N, AlMubarak L, Aljelaify R, AlSaeced M, Almutairi A,
et al. Durable Response to Nivolumab in a Pediatric Patient With Refractory
Glioblastoma and Constitutional Biallelic Mismatch Repair Deficiency.
Oncologist (2018) 23(12):1401-6. doi: 10.1634/theoncologist.2018-0163

45. Chen S, Zhou Y, Chen Y, Gu J. Fastp: An Ultra-Fast All-in-One FASTQ
Preprocessor. Bioinformatics (2018) 34(17):i884-i90. doi: 10.1093/
bioinformatics/bty560

46. Wang K, Li M, Hakonarson H. ANNOVAR: Functional Annotation of
Genetic Variants From High-Throughput Sequencing Data. Nucleic Acids
Res (2010) 38(16):e164. doi: 10.1093/nar/gkq603

47. Robinson JT, Thorvaldsdottir H, Winckler W, Guttman M, Lander ES, Getz
G, et al. Integrative Genomics Viewer. Nat Biotechnol (2011) 29(1):24-6.
doi: 10.1038/nbt.1754

48. Fantini D, Vidimar V, Yu Y, Condello S, Meeks JJ. MutSignatures: An R
Package for Extraction and Analysis of Cancer Mutational Signatures. Sci Rep
(2020) 10(1):18217. doi: 10.1038/s41598-020-75062-0

49. Krzywinski M, Schein J, Birol I, Connors J, Gascoyne R, Horsman D, et al.
Circos: An Information Aesthetic for Comparative Genomics. Genome Res
(2009) 19(9):1639-45. doi: 10.1101/gr.092759.109

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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Wu, Chen and Chen. 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.

Frontiers in Oncology | www.frontiersin.org

July 2022 | Volume 12 | Article 920305


https://doi.org/10.1158/0008-5472.CAN-06-0127
https://doi.org/10.1038/ncponc0719
https://doi.org/10.1002/ajmg.a.30998
https://doi.org/10.1002/humu.20657
https://doi.org/10.1002/humu.20569
https://doi.org/10.1158/1078-0432.CCR-04-2025
https://doi.org/10.1023/B:FAME.0000039893.19289.18
https://doi.org/10.1158/1078-0432.CCR-08-3012
https://doi.org/10.1002/cncr.22697
https://doi.org/10.1200/JCO.2016.66.6552
https://doi.org/10.4103/0028-3886.344608
https://doi.org/10.3390/curroncol28010074
https://doi.org/10.1634/theoncologist.2018-0163
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/nar/gkq603
https://doi.org/10.1038/nbt.1754
https://doi.org/10.1038/s41598-020-75062-0
https://doi.org/10.1101/gr.092759.109
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Case Report: Malignant Brain Tumors in Siblings With MSH6 Mutations
	Introduction
	Case Presentation
	Conclusion and Discussion
	Methods
	Whole-Genome Sequencing (WGS)
	Bioinformatic Analysis

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	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 false
  /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 false
  /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 false
  /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


