creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

Comparison of genomic
characteristics of synchronous
intracranial meningiomas of
different histological grade

2017 24

A&distan ishe

o)stst 279348 AT

Tamrin Chowdhury



A Thesis of Master’ s Degree

Comparison of genomic
characteristics of synchronous
intracranial meningiomas of
different histological grade

Az e 248 A FA4 15
FAA Wo] B4 Wl

12
of
1o

February 2017

Graduate School of Medicine

Seoul National University
Neurosurgery

Tamrin Chowdhury



Comparison of genomic
characteristics of synchronous
intracranial meningiomas of
different histological grade

A% ;o4

O] == YstAALELY =t 02 A=T
2016 d 10¥

Ngsta ot

ostat 2179l 38t AR F
Tamrin Chowdhury

oF
i

Tamrin Chowdhury 2] 2]gHA A} skQli=F-2S <l

2016 d 12€

N




Abstract

Comparison of genomic
characteristics of synchronous
intracranial meningiomas of
different histological grade
Tamrin Chowdhury
Neurosurgery

College of Medicine
Seoul National University

Meningioma is the most common tumor of the central nervous
system. Although several genetic studies of meningioma reveals
various significant mutation related to meningioma development but
still further studies are needed for confirming specific mutations.
Here whole exome study was done on two meningioma samples of
different histological grade obtained from a patient with multiple
meningioma. This study shows that the each meningioma shows
distinct tumor mutation despite from the same patient. Also both the
meningioma shows distinct separate relations with different
pathways. The common genetic abnormal incidence was the loss of
Heterozygosity of the chromosome 22 in both tumors which maybe
the cause of the tumor development and the subsequent mutations
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plays a role in progression towards different grades.

Keyword: Meningioma, Development, Progression, Next generation
sequencing
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Chapter 1. Introduction

1.1. Study Background

Meningioma is the most common tumor of the central nervous system (CNS)
which accounts for more than 30% of all CNS tumors in the United States.[1]
Korea has the similar ratio of meningioma incidence covering more than 32%
of all CNS.[2, 3] Recent updates on WHO classification of tumors of CNS in
2016 held on to three—tiered grading system of meningioma based on the
aggressiveness of microscopic features, save for more strict definition of
brain invasion for atypical meningioma (grade II).[4] The cytogenetic
alterations, such as monosomy 22, has long been recognized as one of the
important genomic characteristics in meningioma. [5] However, it was not until
the recent years that started to apprehend the genomic landscape of
meningioma tumorigenesis and progression by the extensive genome profiling
studies. Not only the loss of chromosome 22q and NF2 gene mutations are the
most consistent driver alterations, but also several other driver mutations
such as KALF4, TRAF7, SMO, and AK7TI were found in non—NFZ
meningioma.[6—8] In spite of extended knowledge of genomic alterations in
meningioma, there are still controversies that the meningiomas are monoclonal
or polyclonal tumors.[9, 10] Moreover, the evidence of clonal origin of
multiple meningioma is disputed by the hypotheses of genetic mosaicism or
germline mutations.[11] Therefore, it is important to investigate the genomic
alterations in synchronous tumors from the same patient, which can minimize
the genetic noise to identify efficiently the driver genes of tumorigenesis and

the clonality in meningiomas. We explored into a rare case of sporadic



synchronous meningiomas with different histological grade to profile the
genetic alterations, in search of genes responsible for the meningioma

tumorigenesis and progression as well as their clonality.

1.2. Purpose of Research

The purpose of the study was to investigate the genomic and clonal origin
of synchronous meningiomas, and their evolution into different histological
grades and types. The results drawn from the present study is expected to

help identifying clues for meningiomagenesis in general.
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Chapter 2. Materials and Methods

2.1 Case History

A 59—year—old female patient was presented with headache and left side
motor weakness worsening in 3 months.

Magnetic resonance images (MRI) revealed about 5.5X4.7 cm sized well—
enhancing solid and cystic mass in right fronto—parietal lobes, and about
2.2X1.6 cm sized enhancing mass in left parietal lobe (Figure 1). The
preoperative impression was bilateral convexity meningiomas with possible
malignant histology for the right side mass.

Both tumors were totally resected after craniotomies in one session.
Fluorescence—guided surgery using 5—ALA was done, and both tumors were
positive for red fluorescence (Figure 2A and 2B). Tumor tissues were
preserved in liquid nitrogen just after the resection for the study, and part of
tissues were sent to the pathology department for histological diagnosis. The
histological diagnosis of the right sided tumor was atypical meningioma of
meningothelial type and WHO grade II (AMNG) based on its high proliferative

index of Ki—67 11.64% (Figure 3A). On the other hand, the left sided tumor

was diagnosed as a psammomatous type of meningioma, WHO grade I (BMNG).

There was extensive calcification with scanty evidence of mitotic cells in this
tumor (Figure 3B).
The patient showed no postoperative neurological deficit after surgery and

was discharged with the advice of adjuvant radiotherapy.



Figure 1. Magnetic resonance image of coronal view showing bilateral
synchronous tumor based on dura mater. Right side mass shows heterogeneous
enhancement of solid and cystic nature with peritumoral edema implying higher
grade histology, while left side mass shows homogeneous well—demarcated
solid nature typical of low grade meningioma




Figure 2A. Surgical view of right sided mass. Soft, fragile mass with cystic fluid
was in strong red fluorescence which distinguishes from normal brain.




Figure 2B. Surgical view of left sided mass. Relatively hard textured mass was
easily separated from the normal brain which also showed red fluorescence




Figure 3A. Histological finding of atypical meningioma of meningothelial type
(right sided tumor) showing increased mitotic figures of 4—10 mitosis/HPF
(H&E staining, x200).




Figure 3B. Histological finding of benign meningioma of psammomatous type
(left sided tumor) showing calcification, psammoma bodies and no mitosis (H&E
staining x100).
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2.2 Sample Collection

Just after the resection, the samples were preserved in liquid nitrogen and
then transferred to —80°C freezer. The written consent was taken from the
patient according to the Institutional Review Board guidelines before tumor
removal. Whole blood sample was also collected at the same time. From the
whole blood sample, WBC buffy coat was extracted by centrifugation. The

WBC was also preserved in —80°C freezer.

Genomic DNA was extracted using the QIAamp DNA mini kit (Qiagen,
Valencia, CA, USA, Cat. No. 51304), and total RNA was extracted using
RNeasy Plus Universal Mini Kit (Qiagen, Valencia, CA, USA, Cat. No. 73404)
according to the manufacturer’ s recommendations. DNA content was
quantitated using the Qubit DNA quantification Kit (Invitrogen, Carlsbad, CA,
USA), and DNA integrity was assessed by gel electrophoresis. Samples with a

RIN (RNA Integrity Number) > 5 were selected for the study.

2.3 Whole Exome Sequencing

Whole exome sequencing (WES) was performed at Macrogen, Inc. (Seoul,
Korea). The SureSelectXT Library Prep Kit with SureSelectXT Target
Enrichment System for Illumina Version B.2 protocol (Agilent Technologies,
Santa Clara, CA, USA) was used for whole exome capture with 101—bp
paired—end reads. The sequencer and sequencing control software were
HiSEq 2000 sequencing system and HiSeq Control Software v2.2 (HCS,
[llumina Inc., San Diego, CA, USA). The raw FASTQ files were obtained after

sequencing.



2.4 RNA Sequencing

RNA sequencing (RNA-—seq) library construction was performed using the
TrueSeq Standard mRNA LT Sample Prep Kit following TruSeq Standard
mRNA Sample Preparation Guide, Part # 15031047 Rev. E (Illumina Inc., San
Diego, CA, USA). The sequencing was performed under the same platform

used in WES.

2.5 Processing of Sequenced Data

For the generation of raw data from WES and RNA—seq, the Illumina Hiseq
generates raw images utilizing HCS for system control and base calling
through an integrated primary analysis software of RTA (Real Time Analysis.
V1.18). The BCL (base calls) binary is converted into FASTQ utilizing

illumine package bcl2fastq (v1.8.4).

For each tumor and control WBC sample 2 FASTQ files were generated. The
FASTQ files were then further analyzed. At first, all the FASTQ files were
aligned with a reference genome (UCSC Hgl9) then corresponding FASTQ
files for AMNG, BMNG and control were merged with each other. Alignment
and merging were done by the Burrow Wheeler Alignment (BWA)
software.[12, 13] After merging a sequence alignment/map (SAM) file is
generated for each sample. These SAM files were then converted into binary
alignment/map (BAM) files. The BAM files were then sorted by chromosome
and PCR duplicates arising from the previous merging step were removed.
SAM to BAM conversion, sorting and PCR duplicate removal were done by
SamTools.[14] After that the BAM files were used for plotting the somatic

calling, copy number variation calling and loss of heterozygosity calling using
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an in—house Perl script described previously.[15] Genetic variants were
annotated using the Yale N bulldog server. Variants were confirmed for true or

false calling using Perl plotting and the false calling variants were sorted out.

To find out the top significant SNP variants the generated SNP calling file
was further filtered for only AA to AB type missense, nonsense or exon in
boundary mutation which were novel according to NHLBI and 1000 genome

database, and arranged by ascending Fisher P value.

Differential gene expression was calculated from the RNA sequencing
FASTQ files using the TOPHAT mapping program.[16] The genes with more
than 4 log FC values were counted as upregulated. The circos diagram and
differential gene graphs were plotted using R.[17, 18] PANTHER gene
ontology and pathway analysis was used to functionally characterize

differentially expressed genes.[19]

Additionally, the upregulated gene list for both AMNG and BMNG were
further analyzed using the ToppGene Suit (http://toppgene.cchmc.org) for
related pathways. [20] Pathways related to Biosystems: KEGG were chosen as

the database. The cut off P value was 0.05.

Significant gene IDs of the SNP variants were also entered into GeneMANIA
software (ver. 3.1.2.8, http://www.genemania.org) for network analysis.[21]
Only the pathway option was chosen to specifically find out the pathways

related to the significant genes.
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Chapter 3. Results

3.1 Quality Control Assessment and Tumor Purity analysis

The raw data statistics of WES and RNA—seq are summarized in Table 1. All
the generated data were acceptable for the analysis. Tumor purity was

determined from the difference in allele frequencies of heterozygous SNPs in

regions of loss of heterozygosity (LOH) in matched tumor and normal samples.

Tumor purity analysis results were acceptable for both the tumors.

12 MEZT



Table 1. Quality analysis of raw data from whole exome sequencing (WES) and

RNA-sequencing (RNA—-seq)

Parameters Meningioma Meglrnagdlgma Control
Grade I(BMNG) [I(AMNG) (WBC)
WES

Total Reads 171,702,816 174.467.322 142.211.318
GC (%) 45.057 48.103 47.736
AT (%) 54.94 51.9 52.26
Q20 (%) 97.543 97.271 97.312
Q30(%) 95.933 95.422 95.566
Mean coverage depth 178.193 206.8 175.9

X)

Quantity of reads in total

reads (all inside) (M)

Quantity of reads in total

reads (allowing any
overlap) (M)
Quantity of estimated
reads that fall into total
reads based on base—
coverage (M)
Enrichment score by
base coverage
Average read length
(bp)

RNA—-seq
Total Reads
GC (%)
AT (%)
Q20 (%)
Q30 (%)
Overall read mapping
rate
No. of reads before
mapped
Aligned pairs
Multiple alignments
Discordant alignments
Concordant pair
alignment rate

58.7(46.88%)

101.9(80.8%)

89.3(70.82%)

70.82%

101

80,503,180
52.12
47.88
94.85
88.43

59.50%

80503180 (80M
)

22222543
4595167
1867294

50.60%

68.4(41.5%)

121.3(73.6%)

103.7(62.8%)

62.83%

101

84,481,796
52.05
47.95
95.61
89.46

90.40%

84481796 (84M

)
36635507
3028663
3551146

78.30%

58.0(43.3%)

103.4(77.2%
)

88.2(65.8%)

65.80%

101

.Total reads: Total number of reads. In illumine paired—end sequencing, read 1 and read?2 are added

.GC (%) : GC content
AT (%): AT content

.Q20(%) : Ratio of reads that phred quality score of over 20 (Base call accuracy 99%).

.Q30(%) :Ratio of reads that phred quality score of over 30 (Base call accuracy 99.9%).
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3.2 No common gene mutations between synchronous meningiomas

The landscape of genetic events in BMNG and AMNG are visualized in Circos
plot (Figure 4). After initial SNP calling a total of 2932 and 702 SNP
mutations are found in both of the BMNG and AMNG.

After filtering, the number of mutations was reduced to 1878 in BMNG and
234 in AMNG (Figure 5). It is interesting to note that initially, BMNG had
remarkably more mutations than AMNG. However, after further evaluation by
perl plotting, only 6 genes(PPFIBP2, RNF31, CSNKIG2 ATP6ATI, NF2, and
SMARCBI) and 8 genes (FANCE, MLIP, PEAR1, TCEB3B, ZNF619, ZBTB41,

TRPTI, and MSTIL) with lowest Fisher P score in BMNG and AMNG were

identified, respectively (Table 2). There were no common somatic mutations

between BMNG and AMNG.
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Figure 4. Circos diagram of meningiomas (A. benign meningioma, B. atypical
meningioma). From outer to inner the circles represent copy number variation
(gain in blue, loss in red), chromosome numbers, reference Hgl9 chromosome
ideogram, SNP mutation gene names, base changes, SNP mutation type
(missense in blue, nonsense in red, ex in boundary black), location of mutation,
Fisher P score (less than 10™* =red, greater than 10™* =black) consequently.
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Figure 5. Number of SNP mutations in A. benign meningioma (BMNG) and B.
atypical meningioma (AMNG) before and after filtering.
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Table 2. Significant non—synonymous mutations.

faerrrlli BMNG AMNG N tr;‘;;a“on Fisher P Chromosome P(‘k’l:{lg)n CEZ;; M‘tl;t;on NHLBI% geln(l?r?es
PEARI - @) Missense 1.88E—29 Chr 1 156883040 C>T AA>AB Novel Novel
ZBTB41 - 0] Missense 2.68E—16 Chr 1 197168723  T>A AA>AB Novel Novel
MSTIL = 0 Exonin g gop_gy4 Chr 1 17086183  T>G  AA>AB  Novel Novel
boundary
ZNF619 - 0] Missense 1.67E—-18 Chr 3 40528978 G>A AA>AB Novel Novel
FANCE — @) Missense 2.64E—35 Chr 6 35427459 G>A AA>AB Novel Novel
MLIP - @) Missense 1.22E-31 Chr 6 54122131 C>G AA>AB Novel Novel
TRPT1 - @) Missense 3.32E—-08 Chr 11 63993323 A>G AA>AB Novel Novel
TCEB3B — @) Missense 6.86E—21 Chr 18 44559972 A>G AA>AB Novel Novel
PPFIBP2 O - Exonin , 755 41 Chril 7656825 ~ G>C  AA>AB  Novel Novel
boundary
RNF31 @) - Missense 4.95E-17 Chr 14 24618693 G>T AA>AB Novel Novel
CSNK1G2 ) — Missense 5.95E-04 Chr 19 1978937 C>A AA>AB Novel Novel
NF2 0 - Exon in 5.29E-04  Chr 22 30070932  T>A  AA>AB  Novel Novel
boundary
SMARCRBI @) - Missense 2.00E-02 Chr 22 153663718 A>G AA>AB Novel Novel
ATP6API @) - Missense 1.36E-04 Chr X 24175879 C>A AA>AB Novel Novel

18



3.3. Common genetic event of Loss of heterozygosity in 22 in

synchronous meningiomas

The number of copy number variants were also higher in BMNG than AMNG.
Benign meningioma has copy number gains in large regions of all
chromosomes except chromosome 16, 17, 19, 20, and 22, among which
chromosome 22 harbors only copy number loss regions (Figure 4A).
Otherwise, AMNG has copy number gains in focal regions of chromosomes 2,
3,5, 7,13, 15, and in almost all regions of chromosomes 10, 12, 17, and 20.
Besides a focal region of chromosome 5, chromosome 22 harbors the only
copy number loss regions in AMNG as well (Figure 4B). Chromosome 22 copy
number loss and loss of heterozygosity (LOH) of chromosome 22 were the
only shared genetic events of synchronous BMNG and AMNG (Figure 6). The

AMNG shows additional LOH of chromosome 3.
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Figure 6. Copy number alterations in chromosome 22 (A), and loss of
heterozygosity profiling in chromosomes (B).
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3.4 Differential gene expression analysis

In differential gene expression analysis between BMNG and AMNG, BMNG
showed more upregulated genes than AMNG (log2 fold change >4), which
corresponds to 789 and 255 respectively. (Fig 7). The list of 255 genes that
were significantly overexpressed in AMNG compared to BMNG are listed in
Table 3. Gene list analysis with those 255 overexpressed genes in AMNG
successfully annotates 245 genes for 46 categories from PANTHER

Classification system (http://www.pantherdb.org/). Among them, 12 gene

categories are listed in Table 4 with more than 3 genes enriched to greater
than 3.0% of gene hit against total numbers of pathway. It is notable that
Integrin signaling pathway and Wnt signaling pathway are activated in AMNG.
Additional analysis of differentially expressed genes using ToppGene suite

revealed additional activation of Hedgehog pathway in AMNG (Table 5).
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Figure 7. RNA sequencing differential gene expression showing up regulated
genes in both Atypical and Benign meningioma. (Tumor 1 = Atypical, Tumor 2

= Benign)
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Table 3. Genes that are significantly overexpressed (log 2 fold change >4) in
atypical meningioma compared to benign meningioma.

FPKM
No Gene log2 FC
normal AMNG BMNG
1 IGHG1 9.23 879.04 1.25 9.46
2 C190rf33 0.32 449.8 0.74 9.25
3 TREMI 1.21 53.46 0.09 9.21
4 IGHAZ 0.02 80.21 0.14 9.16
5 TPSABI 0 171.82 0.51 8.40
6 IGKC 13.6 1539.76 5.26 8.19
7 IGHGZ2 3.05 226.57 0.79 8.16
8 IGHGS3 0.93 154.17 0.65 7.89
9 IGHA1 2.22 225.6 1.09 7.69
10 PRAPI 0.04 40.37 0.2 7.66
11 IGLC2 2.62 453.92 2.29 7.63
12 MLPH 0.17 15.88 0.09 7.46
13 IGHM 0.12 24.93 0.15 7.38
14 IGLC3 7.29 356.11 2.28 7.29
15 TPSB2 0.16 308.29 1.98 7.28
16 CXCL1 2.43 38.78 0.28 7.11
17 NEFM 430.21 4.1 0.03 7.09
18 CA9 0.42 49.05 0.36 7.09
19 RPI11-49619.1 0.06 153.59 1.18 7.02
20 GDF15 0.09 593.04 4.67 6.99
21 PVALB 111.6 62 0.49 6.98
22 IL8 4.82 41.74 0.34 6.94
23 ADAMTSS 0.17 1.22 0.01 6.93
RPI11-
24 216L13.19 0.37 22.92 0.19 6.91
25 PPPIRIB 104.54 74.37 0.63 6.88
26 IGLCI1 1.45 454.14 3.95 6.85
27 KRTI18 1.81 906.25 8.08 6.81
28 SULTIEI 0.04 9.87 0.09 6.78
29 CBLN4 6.84 5.4 0.05 6.75
30 NEFL 272.03 13.88 0.13 6.74
31 PLAZ2GZA 0.51 320.01 3.05 6.71
32 RPI11-809N8.2 0 2.08 0.02 6.70
LL2ZNCO3—-
33 NI4HI11.1 2.71 11.66 0.12 6.60

34 F2RL1 0.59 1.91 0.02 : 6.58
23 A0



35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
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ARHGEF16
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CHRDLZ2
SLCO4A1
NXPH4
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IFITM1
MT3
DHRS2
KRTI14
NTSRI
GCGR
ATP2A1
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DNAH7
STCI
IGSF1
DHRS13
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SLC22A8
EGLN3
P2RX5
MZB1
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SLC2A3
COBL
PDLIMI
VIN
RPI11-60L3.1
SERPINE1
IL411
SERPINAS
ST14
c2

15.97
0.35
0.01
9.61
0.54
0.33

10.62
0.21
5.48
1.07
0.83
41.4

377.85
0.44
0.04
0.13

0.48
0.21
0.93
0.85
2.53
2.64
8.11

0.94
15.87
3.33
0.31
32.91
0.05
0.15
29.24
20.86
12.33
0.26

1.86
0.66
167.73
0.23
2.13

86.79
4.59
39.36
43.7
50.88
11.6
8.73
13.41
30.64
52.36
11.71
796.56
82.84
32.62
62.18
1.48
12.53
7.92
98.89
0.68
9.47
1.32
4.52
1.93
10.17
18.4
28.41
2.5
9.31
18.6
30.8
8.84
586.83
0.53
657.33
76.91
5.08
31.29
4.01
433.04
7.32
138.72

0.94
0.05
0.43
0.48
0.6
0.14
0.11
0.17
0.39
0.67
0.15
10.22
1.07
0.43
0.82
0.02
0.17
0.11
1.38
0.01
0.14
0.02
0.07
0.03
0.16
0.29
0.45
0.04
0.15
0.3
0.5
0.15
10.3
0.01
12.72
1.51
0.1
0.62
0.08
8.86
0.15
2.86
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IGKVI—=5
SDS
RBPI
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RPI11-742B18.1
COL18AI
NNAT
COL7A1
PAMRI
PLINZ

RPI11-806H10.4

BOPI
KRT7
ETV4
CH25H
ECEL1
EPHAI
FBN3
AKRICI
FGF17
MTRNRZL13
TRIM54
WNTH4
FZD10
LRP2
HSPA6
ITGB4
SMTNLZ
AQP9
CST17
ATGYB
PYY
IGLV2-8
DUSP5
UPPI
PROSERZ2—-AS1
MYOIG
Cllorf35
HSD17B2
AJAPI
INSRR

0.59
0.42
4.11
31.5
6.73

5.66
33.35
0.65
14.17
8.93

7.11
0.13
0.34
3.07

0.1
0.37
0.51
4.24
0.82

0.91
0.66
0.21
13.64
0.96
16.41
0.7
0.54
0.62
1.59
0.25
0.13
3.49
8.07
0.28
1.91
0.08

5.04

4.33
16.3
4.31
206.94
5.99
4.6
180.28
22.52
202.72
10.87
303.17
17.03
7.47
41.47
6.98
4.48
26.46
2.8

0.4
65.53
6.65
11.09
0.76
7.88
0.74
0.37
326.68
568.68
10.82
2.43
5.9
1.38
5.1
11.77
110.67
105.86
0.66
6.52
11.71
3.55
0.32
0.32

0.09
0.34
0.09
4.34
0.13

0.1
3.92
0.49
4.46
0.24
6.86

0.4
0.18

0.17
0.11
0.65
0.07
0.01
1.64
0.17
0.29
0.02
0.21
0.02
0.01
8.93
15.6

0.3
0.07
0.17
0.04
0.15
0.35
3.32

3.2
0.02

0.2
0.36
0.11
0.01
0.01

5.99
5.58
5.98
5.58
5.53
5.52
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5.92
5.51
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5.47
5.41
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5.36
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5.35
5.32
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5.29
5.26
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5.23
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5.19
5.19
5.17
5.12
5.12
5.11
5.09
5.07
5.06
5.05
5.04
5.03
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5.00
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25



119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160

SERPINAS
SPPI
GRBI14
CES1
IGFBP3
BMP6
AFAPI-ASI
RP1—-179N16.6
CPXM1
TCAP
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CXCL2
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CYP2D6
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WNT6
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PLTP
MIAT
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CYPZW1
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EEFIAZ
SLCI6A6
IGLV1-51
ASGR1
HSPAIB
KRT17
HLA-G
FERIL4
KIAAIZ11
LICAM
SLC6AIZ
MTFPI
SLC6AL1S

1.33
669.62
2.3
2.31
15.85
1.7
0.2
0.24
0.18
0.63
88.63
10.11
0.33
1.04
34.62
11.9
0.31
60.03
63.46

1.56
0.01
0.13
34
18.44
1.66
0.83
0.01
1.04
186.72
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0.65
2.39
73.24
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0.58
2.5
22.98
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1.72
16.57
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6.13
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1.81
310.88
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0.89
1.48
13.91
23.64
5.3
41.68
2.05
145.24
18.97
4.08
2.91
102.9
4.92
741.85
2.27
19.84
2.23
1.66
17.38
20.4
12.34
21.08
8.93
393.3
17.77
1.85
253.66
0.26
1.29
28.24
22.16
110.85

0.15
17.96
0.25
0.54
9.23
0.2
0.1
0.06
10.39
0.17
0.03
0.05
0.47
0.8
0.18
1.42
0.07
4.97
0.65
0.14
0.1
3.54
0.17
25.67
0.08
0.71
0.08
0.06
0.63
0.74
0.45
0.77
0.33
14.73
0.67
0.07
9.73
0.01
0.05
1.1
0.87
4.48
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KLHDC7A
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ILIRZ2
CDHI0
LINC0O0202—-2
DRD4
C19orf26

0.15
121.94
0.1

0.05
0.96
0.03
0.28
1.13
17.83
2.38
0.58
0.47
8.93
0.3
0.09
7.98
0.16
2.75
25.21
44.52
0.01
0.17
55.4
19.66
0.14
0.53
2.43
0.17
0.93
0.36
9.77
0.08
0.06
0.02
4.03
43.24
0.24
5.83
0.06
0.31
1.42

1.73
17.17
1.96
1.21
0.24
140.78
1.19
0.71
0.47
1205.35
2.56
3.25
18.74
0.23
0.23
0.69
0.23
5.04
201.32
101.32
38.21
0.9
22.02
436.74
1.32
4.17
13.58
255.54
4.34
13.67
27.28
6.65
13.72
3.83
2.32
1035.38
25.67
8.8
2.51
2.09
7.62
2.88

0.07
0.7
0.08
0.05
0.01
5.89
0.05
0.03
0.02
51.67
0.11
0.14
0.81
0.01
0.01
0.03
0.01
0.22
8.83
4.45
1.68
0.04
0.99
19.65
0.06
0.19
0.62
11.69
0.2
0.63
1.27
0.31
0.64
0.18
0.11
49.14
1.22
0.42
0.12
0.1
0.37
0.14
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HOXDS9
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IGFALS
PRKCZ
DNAAF3
RP11-392P7.6
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RP11-365016.6
FEZF1—-AS1
TNXB
RPI1-211G23.2

0.24
0.7
0.59
0.51
0.27
1.01
0.13
0.03
0.03
4.63
296.16
0.53
0.32
4.09
2.83
0.53
0.79
0.05
7.15
65.74
2.71
10.37
0.02

28.75
19.41
1.19
0.12
62.61
0.28
0.28
8.18
15.94
1.1
0.1
0.31
3.49
0.29
0.05
0.01
3.02

2.05
2.05
1.02
0.81
3.64
0.4
4.16
3.9
0.58
5.98
3730.32
211.38
0.19
25.18
84.64
1.13
2.82
1.69
28.89
245.92
2.6
18.05
0.73
2.19
987.98
3.25
140.66
0.53
20.69
2.63
7.87
5.4
29.86
1.2
0.68
0.85
16.29
3.89
1.01
0.84
265.53
4.78

0.1
0.1
0.05
0.04
0.18
0.02
0.21
0.18
0.03
0.31
193.96
11.11
0.01
1.33
4.48
0.06
0.15
0.09
1.55
13.2
0.14
0.98
0.04
0.12
54.57
0.18
7.82
0.03
1.18
0.15
0.45
0.31
1.72
0.07
0.04
0.05
0.96
0.23
0.06
0.05
15.95
0:29
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CHI3L2
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13.59
7.37
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380.8
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0.1
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4.03
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4.03
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4.02
4.02
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Table 4. The result of annotation of overexpressed genes in AMNG compared to BMNG using PANTHER classification system

(http://www.pantherdb.org/).

# of percent of percent of gene
Category name (Accession) gene hit against hit against total # Genes
genes
total # of genes of pathway
Integrin signalling pathway (P0O0034) 5 9 00% 5 50% LAMASL,  LAMAIL, — ITGB4, COL9AS3,
COL18A1

Wnt signaling pathway (PO0057) 5 2.00% 5.50% PRKCZ, CDHI0, FZD10, WNT6, WNT4
CCKR signaling map (P06959) 5 2.00% 5.50% CXCL1, CXCLZ2, Serpinel, CAMKA4, IL8S
(ﬁggggog;s signaling pathway 1.60% 4.40% HSPAG, BCL2A1, HSPAIB, HSPAIA
Alzheimer disease—presenilin pathway A 1.60% 4.40% FZDI10, WNT6, WNT4, LRP2
(PO0O004)

Inflammation mediated by chemokine
and cytokine signaling pathway 4 1.60% 4.40% PRKCZ, CCL4L1, CCL4L1, IL8
(PO0O031)

Huntington disease (P00029) 4 1.60% 4.40% ARL4C, OPTN, DNAH7, TUBBS
Cadherin signaling pathway (PO0012) 4 1.60% 4.40% CDHI10, FZD10, WNT6, WNT4
Angiogenesis (PO0005) 3 1.20% 3.30% PRKCZ, GRB14, VEGFA

Parkinson disease (P00049) 3 1.20% 3.30% HSPA6, HSPA1B, HSPA1A

Nicotinic acetylcholine receptor

signaling pathway (PO0044) 3 1.20% 3.30% MYOI1G, ACHE, ACHE
Gonadotropin—releasing hormone 3 1.20% 3.30% PRKCZ. HSPA1B, BVP6E

receptor pathway (PO6664)
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Table 5. Network analysis of differentially expressed genes between BMNG and AMNG using ToppGene suite.

KEGG Adjusted P
pathway BMN value

Pathway Term number G AMNG Count % P value (Benjamini) Genes
FZRL2, CCKAR, PTGER3, LEPK, ADCYAPIRI, LHCGR,

Neuroactive ligand— VIPR1, PZRY13, GRM4, PRLR, PZRYZ PZRY14, GLPZR,

receptor interaction hsa04080 (0] - 15 0.47 0.0001 0.01 TSHR, GHR

Cytokine—cytokine TNFSF4, LEPR, CXCLY9, TGFB3, CCL19, PF4, CNTFR, KIT,

receptor interaction hsa04060 0] - 15 0.47 0.0001 0.01 CXCL10, CCL25, PRLR, CXCL14, CX3CR1, TPO, GHR

Chemokine  signaling CCL25, CXCLI14, CX3CRI, CXCLY9, CCL19, JAKZ PF4,

pathway hsa04062 0] - 10 0.32 0.0047 0.14 GNB4, PIK3R1, CXCL10

Jak—STAT  signaling

pathway hsa04630 (0] - 7 0.22 0.0509 0.71 PRLR, LEPR, TPO, CNTFR, JAKZ, PIK5R1, GHR
RPL7AP30, RPSZ27P29, RPSAP15, RPL7P26, RPL31P49,

Ribosome hsa03010 0] - 5 0.16 0.0631 0.71 RPS27P23

Dilated

cardiomyopathy hsa05414 (0] - 5 0.16 0.0743 0.70 ACTCI1, ITGAS, PLN, TGFB3, IGF1

Calcium signaling

pathway hsa04020 0] - 7 0.22 0.0832 0.69 CCKAR, PTGERS3, PDEIC, PLN, RYR3, LHCGR, MYLK

Glycine, serine and

threonine metabolism hsa00260 0] - 3 0.09 0.0997 0.71 MAOA, BHMT, DAO

ECM-receptor

interaction hsa04512 - 0] 6 0.30 0.006 0.43 LAMAI, TNXB, LAMAS, ITGB4, VTN, SPPI

Complement and

coagulation cascades hsa04610 - (0] 5 0.25 0.015 0.51 F10, CFB, SERPINAb5, SERPINE1, C2

Hedgehog signaling

pathway hsa04340 - (0] 4 0.20 0.043 0.74 WNT4, LRPZ2, WNT6, BMP6

Focal adhesion hsa04510 - 0] 7 0.35 0.060 0.77 LAMAI, TNXB, LAMAb, VEGFA, ITGB4, VIN, SPPI
LAMAI, WNT4, FZDI10, ILS, LAMAS, FGF17, VEGFA,

Pathways in cancer hsa05200 - (0] 9 0.45 0.085 0.81 EGLNS, WNT6
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3.5 Hypothesis of genomic evolution process of meningioma

development and progression

The GeneMANIA pathway analysis of the top SNP variants of BMNG and
AMNG showed different pathway network relations of each tumor. Among the
six significant mutated genes of AMNG mentioned in Table 2, only SMARCEI
gene was present in different pathway network with significant FDR wvalue.
From the eight AMNG genes only the FANCE and MS7T1L genes were present
in different FDR significant pathway. The pathway names and FDR values are
shown in Table 6. Therefore, this again confirms that there is no shared
genetic events and process regarding meningiomagenesis except for LOH of
chromosome 22. And, it is postulated that multiple additional mutations in each
tumor contribute to the further development of tumors. It is unlikely that the
primary tumor cell or precursor cells may spread to different areas and make
a daughter tumor. A schematic diagram of this process is showed in Figure 8.
Considering all the genetic data together, it is plausible that accumulation of
LOH, rather than specific de novo mutation is responsible for the progression
of meningioma to a higher grade. However, it is interesting to implicate the
Fanconi anemia pathway component mutation (FANCE) for the activation of
Wnt and Hedgehog pathway in AMNG. Disruption in the Fanconi anemia DNA
repair system may impact on meningioma progression into higher grade by

involving Wnt and Hedgehog signaling pathways.
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Table 6. Pathways related to non—synonymous SNP mutations
(http://genemania.org)
SNP
variants
present in
Pathway Function BMNG AMNG FDR value network
rRNA transcription - 0] 3.325e—12 MSTIL
Fanconi anaemia nuclear
complex - 0 1.651e—10 FANCE
transcription from RNA
polymerase III promoter - 0 1.736e—10 MSTIL
nuclear transcription factor
complex - 0 0.000003 MSTIL
transcription factor complex - 0 0.001044 MSTIL
npBAF complex 0 - 0.002620 SMARCE1
nBAF complex 0 - 0.002991 SMARCE1
SWI/SNF complex 0 - 0.005393 SMARCBI
nucleosome disassembly 0 - 0.006424 SMARCE1
chromatin disassembly 0] — 0.006424 SMARCE1
BAF—type complex 0] — 0.006424 SMARCE1
protein—DNA complex
disassembly 0] — 0.006424 SMARCE1
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Figure 8. Schematic diagram of development and progression of synchronous

different graded meningioma in this study
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Chapter 4. Discussion

In the present genomic profiling of synchronous meningiomas of different
histological grade, two tumors harbor distinct genomic signatures. Although
chromosome 22 LOH was the only common genetic event in both tumors,
no shared mutations were found. This suggests that there were no comm
on founder events involving de novo somatic driver mutations for the origi
n of these synchronous bilateral meningiomas. However, both tumors had a
n only shared genomic event of LOH of chromosome 22. This implies that
this may be the initial stimulation to transform normal arachnoid cap cells 1
nto meningioma precursor cells. The LOH of chromosome 22 is the most ¢
ommon genetic event in meningioma described in the previous studies.[8, 2
2—25] At least 60% of the meningioma harbors the chromosome 22 loss.
[26] Other common LOH in meningioma reported in various studies are of
chromosome 1, 10 and 14.[25, 27] SMARCBI, which was found in the BM
NG of the present study, is also reported previously in some cases of mult
iple meningiomas.[28, 29] But the role of SMARCBI mutation in the devel
opment of the multiple meningiomas in the present case is not clear due to
its presence in only BMNG.

Earlier genetic studies in both solitary and multiple meningioma cases hav
e shown that meningioma development is complex and often due to multipl
e genetic events playing equal roles.[30, 31]

According to previous studies development of a meningioma can be explai
ned by a four—hit mechanism.[28] If we apply the present case into the fo

ur—hit mechanism hypothesis, the loss of the chromosome 22 can be consi
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dered as the first hit in the process of development of the multiple mening
ioma (Figure 8). Previous studies on synchronous meningiomas of different

grade suggested that independent progression process could be the cause

of the different histopathological and karyotypic features.[32—34] Past ge
netic study on synchronous lung adenocarcinoma has also revealed that sy
nchronous tumor development can be driven by distinct molecular events si
milar to our study results.[35] Similarly, the present case of no shared mu
tations between BMNG and AMNG support the hypothesis of an independe
nt genomic process for the progression of these tumors. In a previous syn
chronous colorectal carcinoma mutation profile study on a Lynch patient sh
owed that synchronous tumor can follow highly distinct oncogenic pathway

s for development and progression.[36] So the presence of versatile mutat
ions in synchronous tumors is not uncommon.

The AMNG is reported to show much more versatile genetic mutations co
mpared to the BMNG.[25] In the present case, AMNG showed additional L
OH of chromosome 3 in addition to chromosome 22. LOH of multiple chro
mosomes 1s previously reported in higher grades of meningioma such as th
e atypical and anaplastic meningioma.[6] In an earlier basic research of col
orectal cancer high LOH status had been associated with higher grade of ¢
arcinoma.[37] We could also identify accumulation of additional LOH of chr
omosome 3 in AMNG in the present case. Hence, it is thought that comple
xity of LOH, rather than the accumulation of point mutations, is more impo
rtant for the meningioma progression into a higher grade.

In the pathway analysis by PANTHER and ToppGene, we found functional

relation of differential genes of AMNG with the Wnt signaling pathway and the
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Hedgehog pathway. Some recent gene expression studies have linked both the
Wnt signaling pathway and the hedgehog pathways to meningioma
development and progression.[38—41] Some of them found that these
pathways were more related with the higher grade meningiomas (e.g. atypical,
anaplastic) than the lower grade meningiomas.[42, 43] Also in a
medulloblastoma study, aberrant SNP mutations and multiple LOH events were
stated as the main cause for the Wnt pathway activation.[44]

Another significant fact is both of these pathways have been showed to have
cross—linkage with each other in different cancer studies which found that
activation of either one of the pathway sometimes leads to activation of the
other.[45—47]

Among the genes that are related to the Wnt and Hedgehog pathways in our
study, two genes (WN7T4 and WNT6) were present in both. So it is possible

that in the AMNG the Wnt and Hedgehog pathways might be cross—linked with
each other via these two genes.

Among the pathways related to the SNP mutations, it is noticeable that the
involvement of Fanconi anemia pathway in AMNG. This pathway has been
mentioned to have common genetic susceptibility with breast cancer and b

rain tumors.[48] This is a very compelling finding because in some previo
us studies it was suggested that the Fanconi anemia pathway and the Wnt

signaling pathway might share some common effectors.[49, 50]

Comparing all these previous findings with our data we could contemplate t

hat, in the AMNG, the FANCE gene mutation activated the Fanconi Anemia
pathway which combined with the multiple LOH leads to the activation of

Wnt signaling pathway. Then the Hedgehog pathway was activated through
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the cross—linking with the Wnt pathway and all these interlinked events p
layed a role in development and progression of AMNG in this patient. But
more future large—scale studies are needed to validate the relation of Fanc
oni anemia pathway, Wnt Signalling and Hedgehog pathways with AMNG pr

ogression.
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Chapter S. Conclusion

It can be concluded from this study that synchronous meningioma of different
grades can be progressed independently due to separate genetic mutation and
pathways even after originating from a single common genetic event, in this
case, LOH of chromosome 22. Also higher grade meningiomas may have an
associlation with accumulation of LOH events. Large—scale genetic studies of a
specific region of interest of could be helpful in future studies to identify
specific driver genes for meningioma. It is also evident that the development
and progression of meningioma is a complex process which is driven by
multiple genetic events and pathways. Our study provides scopes for many
future researches to understand the molecular mechanism behind development

and progression of meningioma.
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Abstract in Korean

AR HE 2A WA FAY
%9 A4 Wo] B4 L

4501 (Meningioma) & FFAG AN £5] WS Gy FFolth.

% (multiple meningioma) 3#F¢] AA A ZAEH 0T JE AT E H
ol F 99 HAE whole—exome study 3&F¢] Ao wpE Fd4
Hol & #lety] 9fe A5 Ayt AA 22 A siHee o
AEe AolE Holm= HWRICA wWolrt Aolga lstivt. IeliiA
(Tumor initiation) @AlA  22W  AAA e o] FH 4L (loss  of
heterozygosity) ©] &&4 = YEpA T, & Wo|7} waupge] o

of JFe F 2L FAFAL
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