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Abstract

Background: Mutations in driver genes such as IDH and BRAF have been identified in gliomas. Meanwhile,
dysregulations in the p53, RB1, and MAPK and/or PI3K pathways are involved in the molecular pathogenesis of
glioblastoma. RAS family genes activate MAPK through activation of RAF and PI3K to promote cell proliferation. RAS
mutations are a well-known driver of mutation in many types of cancers, but knowledge of their significance for
glioma is insufficient. The purpose of this study was to reveal the frequency and the clinical phenotype of RAS
mutant in gliomas.

Methods: This study analysed RAS mutations and their clinical significance in 242 gliomas that were stored as
unfixed or cryopreserved specimens removed at Kyoto University and Osaka National Hospital between May 2006
and October 2017. The hot spots mutation of IDH1/2, H3F3A, HIST1H3B, and TERT promoter and exon 2 and exon 3
of KRAS, HRAS, and NRAS were analysed with Sanger sequencing method, and 1p/19q codeletion was analysed with
multiplex ligation-dependent probe amplification. DNA methylation array was performed in some RAS mutant
tumours to improve accuracy of diagnosis.

Results: RAS mutations were identified in four gliomas with three KRAS mutations and one NRAS mutation in one
anaplastic oligodendroglioma, two anaplastic astrocytomas (IDH wild-type in each), and one ganglioglioma. RAS-
mutant gliomas were identified with various types of glioma histology.

Conclusion: RAS mutation appears infrequent, and it is not associated with any specific histological phenotype of
glioma.
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Background

Glioma is a common tumour originating in brain [1].
Glioblastoma is the most aggressive subtype and the most
common in adult glioma [1]. Other than glioblastoma, dif-
fuse gliomas include astrocytomas and oligodendrogliomas.
and anaplastic astrocytomas and anaplastic oligodendrogli-
omas show poor prognosis compared in each subtype [1].
These subtypes had been classified mainly by histological
diagnosis [2]. Recent intensive genomic and molecular bio-
logical analyses of gliomas have identified several significant
driver gene mutations in IDH, BRAF, or H3F3 [3, 4]. Dysre-
gulations in the p53, RB1, and MAPK / PI3K pathways have
also been suggested to be involved in the molecular patho-
genesis of glioblastoma [5, 6]. The importance of the mo-
lecular information to an understand the biological
properties and pathogenesis of glioma is well recognized.
The new 2016 World Health Organization (WHO) classifi-
cation for central nervous system tumours has introduced
the concept of multi-layered integrated diagnosis using a
combination of traditional histopathological classification
and information obtained from modern molecular analyt-
ical methods; therefore, the necessity for molecular infor-
mation will increase in the neuro-oncological field [7].

RAS genes including KRAS, HRAS, and NRAS are well-
known oncogenic genes, and are involved in the ERK
pathway, a subgroup of the MAPK pathway. Ligand-
mediated activation of receptor tyrosine kinases, such as
epidermal growth factor receptor (EGFR), activate RAS
proteins and initiate the cascade of the ERK signalling
pathway. Activated RAS proteins activate the RAF,
which can activate MEK just upstream of ERK [8, 9]. In
addition, RAS genes also activate PI3K [10]. Through
these several pathways, RAS genes promote cell prolifer-
ation, survival, and growth.

Mutations in RAS genes have been found in various
cancer cells and lead to dysregulation of cell prolifer-
ation to promote oncogenesis [11, 12]. RAS proteins
are bound to GDP in a stable state, and switch to an
activated state when bound to GTP [12, 13]. GTPase
switches GTP-bound RAS back to GDP-bound RAS
[13]. RAS mutations have an impaired intrinsic
GTPase and are insensitive to GTPase-activating pro-
teins; therefore, inhibiting the conversion of GTP to
GDP resulting in dysregulated cell proliferation and
oncogenesis [11-13]. RAS mutations are mainly ob-
served in codons 12, 13 and 61, and often in pancre-
atic, colorectal, lung and thyroid cancers [14, 15].
KRAS-activating mutations are widely effective as pre-
dictors of resistance to anti-EGFR monoclonal anti-
bodies in colorectal and lung cancer patients [15-18].
Anti-KRAS drugs have been under development [19,
20], and some clinical trials are ongoing [21]. RAS
mutation is now an important biomarker and thera-
peutic target in these solid cancers.
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In terms of central nervous system diseases, a recent
study showed an important relationship between RAS
mutations and cerebral arterio-venous malformations as
a non-neoplastic pathology [22]. Although several re-
ports have found a small number of cases bearing RAS
mutations in various gliomas, the clinicopathological
properties of these mutations have not been fully ad-
dressed [23-26]. This study analysed RAS mutations and
their clinical significance in gliomas.

Methods

Patients and samples

Inclusion criteria for the present study were the local
initial diagnosis of gliomas according to the 2007 WHO
classification of central nervous system tumours, and
frozen or fresh tumour tissues available for genetic ana-
lysis. The exclusion criteria were insufficient quality of
results of genetic analysis, or clinical data, but no case
was excluded. A total of 242 cases were enrolled, includ-
ing 167 tumours operated on from July 2008 to October
2017 in Kyoto University Hospital, and 75 tumours op-
erated on from May 2006 to March 2017 in Osaka Na-
tional Hospital. Clinical data collected from each
institution included age, sex, tumour location, extent of
resection, clinical course including treatment protocol
and dates of surgery, recurrence or progression, and
death. Ki-67 index were analysed in 167 tumours which
was operated in Kyoto University Hospital.

Sanger sequencing

Tumour DNA was extracted from tumour specimens
with NucleoSpin® Tissue (MACHEREY-NAGEL, Diiren,
Germany). Regions of interest for driver genes [23, 27-30]
were amplified by PCR with gene-specific primers (Sup-
plementary Table 1) and TaKaRa Ex Taq® (TAKARA BIO,
Shiga, Japan) (IDH1/2, H3F3A, and HIST1H3B) or Ampli-
Taq Gold 360 (Thermo Fisher Scientific, Waltham, MA)
(TERTp, KRAS, HRAS, and NRAS) using Applied Biosys-
tems GeneAmp PCR System 9700 (Thermo Fisher Scien-
tific). PCR products were purified by ExoSAP-IT
(Affymetrix, Santa Clara, CA), then sequenced with se-
quencing primer (IDHI) or PCR forward primer as a se-
quencing primer (IDH2, H3F3A, HIST1H3B, TERTp, and
exons 2 and 3 of KRAS, HRAS, and NRAS) and BigDye*
Terminator V1.1 Cycle Sequencing Kit (Thermo Fisher
Scientific) using the ABI 3130xL Genetic Analyzer
(Thermo Fisher Scientific).

MGMT promoter methylation analysis

O6-methylguanine-DNA methyltransferase (MGMT) pro-
moter methylation was assessed by quantitative methylation-
specific PCR (gMSP), in accordance with previous reports
[31, 32]. Genomic DNA samples were processed using
the EZ DNA Methylation Gold Kit (Zymo Research
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Corporation, Irvine, CA). The methylation status of
samples was analysed by qMSP using the QuantStu-
dio 12K Flex Real-Time PCR System (Thermo Fisher
Scientific) with  POWER SYBR® Green PCR Master
Mix (Thermo Fisher Scientific) and specific primers
(Supplementary Table 1) [33] by the standard curve
method. The cut-off for determining a hypermethy-
lated state was set as > 1% [32].

1p/19q co-deletion

1p/19q copy number analyses were performed with multi-
plex ligation-dependent probe amplification (MLPA) ac-
cording to the instructions from the manufacturer
(SALSA MLPA KIT probemix P088; MRC-Holland,
Amsterdam, the Netherlands [32, 34]. Raw data were ana-
lysed by Coffalyser.NET software (MLC-Holland).

Integrated diagnosis

Using all molecular pathological information, all cases
received integrated diagnoses according to the 2016
WHO classification for central nervous system tumours.

DNA methylation array

DNA methylation profiles were examined by Filgen, Inc.
(Aichi, Japan) using the Infinium® MethylationEPIC
BeadChip system (illumina, San Diego, CA). Raw methy-
lation data (idat files) were uploaded onto the
MolecularNeuropathology.org website and compared to

Table 1 Number of mutations in each type of glioma
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a reference cohort to then be classified into subgroups
of the highest calibrated score for each sample [35].

Statistical analysis

All statistical analyses were performed using JMP ver-
sion 15 software (SAS institute INC). The continuous
variates were analyses by Student’s t-test. For survival
analysis, overall survival (OS) was defined as the interval
between the initial operative day and the date of death
or last follow-up date on which the patient was known
to be alive. Survival data were analysed using the log-
rank test and Cox regression analyses. Differences were
considered significant for values of p < 0.05.

Results

All 242 cases were classified by the 2016 WHO classifi-
cation, and mutation status is shown in Table 1. The
average age of all patients was 51.3 years (range, 4—85
years; standard deviation, 19.2 years), with 153 men and
89 women. RAS mutations were detected in four gliomas
(1.65% of total cases).

Mutations in KRAS were revealed in three tumours: an
anaplastic astrocytoma, IDH-wildtype; an anaplastic
oligodendroglioma, IDH-mutant with a 1p/19q codele-
tion; and a ganglioglioma. Another anaplastic astrocy-
toma, IDH-wildtype, showed NRAS mutation. No HRAS
mutations were found in the present study. The clinical
courses of four cases with RAS mutation are presented

Number Driver gene mutations 1p/19q MGMTp RAS mutations

of cases |n17 IDH2 H3F3A HISTIH3B TERTp codeleted hypermethyl o) o™ pac NRAS
DA, IDH-mutant 20 20 0 0 0 1 0 13 0 0 0
DA, IDH-wild type 18 0 0 0 0 8 0 7 0 0 0
AA, IDH-mutant 11 10 1 0 0 0 0 5 0 0 0
AA, IDH-wild type 32 0 0 0 15 0 10 1 0 1
GBM, IDH-mutant 4 4 0 0 0 0 0 2 0 0 0
GBM, IDH-wildtype 94 0 0 0 39 0 31 0 0 0
gliosarcoma 1 0 0 0 0 0 0 0 0 0 0
OD, IDH-mutant and 1p/19q codeleted 22 18 4 0 0 20 22 20 0 0 0
OD, NOS 4 2 1 0 0 3 0 2 0 0 0
AO, IDH mutant and 1p/19q codeleted 15 12 3 0 0 15 15 12 1 0 0
diffuse midline glioma, H3K27M mutant 9 0 0 8 1 1 0 1 0 0 0
ganglioglioma 1 0 0 0 0 0 0 0 1 0 0
PA 7 0 0 0 0 0 0 1 0 0 0
PMA 1 0 0 0 0 0 0 0 0 0 0
PXA 2 0 0 0 0 0 0 0 0 0 0
APXA 1 0 0 0 0 0 0 0 0 0 0
Total 242 66 9 8 1 102 37 104 3 0 1

DA Diffuse astrocytoma, AA Anaplastic astrocytoma, GBM Glioblastoma, OD Oligodendroglioma, AO Anaplastic oligodendroglioma, PA Pilocytic astrocytoma, PMA
Pilomyxoid astrocytoma, PXA Pleomorphic xanthoastrocytoma, APXA Anaplastic pleomorphic xanthoastrocytoma, TERTp TERT promoter, MGMTp MGMT promoter
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below, and summarized in Table 2. All four gliomas oc-
curred in patients under 55 years old (average age, 41.5
years; range, 31-54 years) and were in the supratentorial
area. RAS-mutant gliomas accounted for 6.25% of cases
of anaplastic astrocytoma, IDH-wildtype (2 of 32), 6.67%
of anaplastic oligodendroglioma, IDH-mutant with 1p/
19q codeletion (1 of 15), and all gangliogliomas (1 of 1).
Ki-67 labelling index of 3 WHO grade III tumours with
RAS mutation was higher than that of other grade III tu-
mours (average 29.2% (12.5-40%) vs 15.7% (3.6-50%),
p =0.04), and that of 2 anaplastic astrocytomas was
higher than that of other anaplastic astrocytomas (aver-
age 37.5% (35-40%) vs 13.9% (3.6—30%), p = 0.0003). Ki-
67 labelling index (5%) of the one ganglioglioma with
RAS mutation was similar to that (average 3.38% (0.4—
10%)) of other WHO grade I tumours.

The clinical courses for each case were not uncom-
mon. But the meaning of RAS mutations in glioma for
survival were difficult to be discussed in the present
study due to the small number of patients, and the
Kaplan-Meyer curve showed no difference in overall sur-
vival between anaplastic astrocytoma, IDH-wild type,
with and without RAS mutation (Supplementary Fig. 1).

Case presentations

Case 1

A 26-year-old woman presented with a chief complaint
of dizziness, and MRI showed left frontal lobe tumour
with hyperintensity on T2-weighted imaging without
gadolinium enhancement. She elected to follow a “wait
and scan” approach (Fig. la, b). Five years later, the
slowly growing tumour was removed under awake crani-
otomy. Post-operative MRI showed total resection of the
T2-hyperintense lesion. Histopathological examinations
detected atypical glia-like cells proliferating densely, cells
with round nuclei and clear cytoplasm resembling fried
eggs, as well as astrocytic cells, in a substantial area of
the tumour. No necrosis or microvascular proliferation
was identified (Fig. 1c). FISH detected 1p/19q codele-
tion, and Ki-67 labelling index of the tumour was 12.5%.
The pathological diagnosis was anaplastic oligoastrocy-
toma, and the patient was followed without post-surgical
chemotherapy or radiotherapy. At 45 months after the
first surgery, the tumour recurred, and a second surgery

Table 2 Summary of the four cases of RAS-mutant glioma
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was performed to achieve total resection. No re-
recurrence was seen until this presentation, 69 months
after the first surgery. No anti-tumour treatment had
been performed after the second surgery. Genetic ana-
lysis of primary tumour showed IDHI R132H, TERT
C250T, and KRAS G12A (Supplementary Fig. 2), and no
mutations in IDH2, H3F3A, or HISTIH3B. MGMT pro-
moter was hypomethylated. MLPA analysis showed 1p/
19q codeletion and no CDKN2A/B deletion (Fig. 1d).
The integrated diagnosis from Sanger sequencing,
MLPA, and pathological findings was anaplastic oligo-
dendroglioma, IDH-mutant and 1p/19q codeleted. Inter-
estingly, genetic analysis of recurrent tumour showed
the same result about IDHI1/2, TERTp, H3F3A and
HISTIH3B, but KRAS mutation was not detected.

Case 2

A 54-year-old woman presented with a 3-month history
of increasing headache and dizziness. MRI showed a
gadolinium-enhanced lesion in the genu of the corpus
callosum and a T2 hyperintensity lesion spreading to bi-
lateral frontal lobes (Fig. 2a, b). Emergent endoscopic
surgery was performed because of progressing hydro-
cephalus and achieved partial removal of the tumour.
Histopathological examinations showed increased atyp-
ical glial cells and numerous mitoses, but no micro-
vascular proliferation or palisading necrosis in the
specimen (Fig. 2c). Ki-67 labelling index was 40%. The
pathological diagnosis was high-grade glioma, and post-
operative treatment was radiotherapy concomitant with
temozolomide [36]. After discharge, she received main-
tenance therapy with temozolomide and bevacizumab.
However, she showed progressive disease 29 months
after the first surgery and received bevacizumab in com-
bination with ifosfamide, carboplatin, and etoposide
(ICE) [37]. The tumour kept growing slowly, and she
died 49 months after the first surgery. Genetic analysis
revealed no mutations in IDH1/2, H3F3A, HIST1H3B or
TERT promoter, and MGMT promoter was hypermethy-
lated. In addition, KRAS E76D was detected (Supple-
mentary Fig. 2). A DNA methylation array showed
MGMT promoter hypermethylation, matching the gMSP
result, but did not identify any matching methylation
classes with high calibrated scores. The copy number

Age Sex Location Diagnosis RAS mutation Other genetic profile PFS (months) OS (months)
Case 1 31 F frontal AO-IDH mut + 1p/19qcodel KRAS G12A IDH1 R132H, TERT C250T, 45 69+
1p/19q codeletion
Case2 54 F frontal, genu of AA-IDH wild type KRAS E76D MGMT promoter hyper 29 49
corpus callosum methylation
Case3 45 M frontal, parietal AA-IDH wild type NRAS Q61R 3 24
Case4 36 M occipital Ganglioglioma KRAS Q61K 18 32+

AA Anaplastic astrocytoma. AO Anaplastic oligodendroglioma, PFS Progressive free survival, OS Overall survival
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Fig. 1 Neuroimaging, histopathological and molecular properties in Case 1. a, b Presurgical MRI for Case 1. A lesion is apparent in the left frontal
lobe, with the appearance of widespread hyperintensity on fluid-attenuated inversion recovery (FLAIR) image (a) without any enhanced lesions on
gadolinium-enhanced images (b). ¢ Histopathological examination using hematoxylin and eosin staining. Findings typical of oligodendroglioma are

observed. Some mitoses are evident. Scale bar, 100 um. d MLPA analysis shows 1p/19q codeletion and no deletion of CDKN2A/B

profile showed no special characteristics (Fig. 2d). The
final diagnosis was anaplastic astrocytoma, IDH-wild-
type. To support this diagnosis, additional Sanger se-
quencing was performed and TP53 P72R was revealed.

Case 3

A 45-year-old man presented with simple partial sei-
zures involving the right side of the face. MRI showed a
T2-hyperintense lesion without gadolinium enhance-
ment in the left frontoparietal lobe. Histopathological
examinations of stereotactic biopsy revealed tumour
cells with semiround or round nuclei (Fig. 3a) of various
sizes, and areas of mitoses, with a Ki-67 labelling index
of 35%. No necrosis or vascular proliferation was seen,
and FISH revealed no 1p/19q codeletion. The diagnosis

was anaplastic glioma. He received chemoradiotherapy
comprising 60 Gy with temozolomide, but MRI showed
tumour progression 3 months later (Fig. 3b, c¢). He was
treated with additional radiotherapy and bevacizumab
with ICE but died 24 months after the first surgery. Gen-
etic analysis revealed NRAS Q61R (Supplementary Fig.
2), but no mutations in IDH1/2, H3F3A, HISTIH3B or
TERT promoter, and MGMT promoter was not hyper-
methylated. Methylation-based profiling by the DNA
methylation array classified this tumour as “methylation
class family Glioblastoma, IDH wildtype” with a cali-
brated score of 0.55. This low score could be a result of
low tumour content or low DNA quality in the analysed
material, but the classification matched well with the
clinical course and pathological findings. The copy
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Fig. 2 Neuroimaging, histopathological and molecular properties in Case 2. a, b Presurgical MRI for Case 2. Widespread hyperintensity is seen in
bilateral frontal lobes and the corpus callosum to the occipital lobe on FLAIR image (a) with enhanced lesions in the genu of the corpus
callosum and bilateral frontal lobes (b). ¢ Histopathological examination using hematoxylin and eosin staining. Scale bar, 100 um. d Copy number

number profile showed amplification of PDGFRA and
loss of CDKN2A/B and TP53, gain of chromosomes 7,
9q, and 12, and loss of chromosomes 11 and 13 (Fig.
3d). Because there was no evidence of grade 4 hist-
ology, the integrated diagnosis was determined as an-
aplastic astrocytoma, IDH-wildtype.

Case 4

A 36-year-old man was referred after a brain tumour was
coincidentally identified on screening CT after a traffic ac-
cident. MRI revealed a left medial occipitotemporal
tumour with gadolinium enhancement (Fig. 4a, b). Histo-
pathological examination of stereotactic biopsy (Fig. 4c)
revealed a dense, invasive proliferation of various-sized
glial cells with some mitoses, and a Ki-67 labelling index
of 5%. No necrosis or microvascular proliferation was
identified. Immunohistochemistry showed positive results

for olig2, GFAP, and p53, while FISH showed no 1p/19q
codeletion. Based on these findings, the first diagnosis was
anaplastic astrocytoma. The patient received chemoradia-
tion and maintenance chemotherapy with temozolomide.
As tumour progression was detected 18 months after bi-
opsy, he underwent gross total resection of the tumour.
No tumour recurrence was identified after the second sur-
gery, and no additional treatment was performed for 24
months. Genetic analysis of primary tumour revealed
KRAS Q61K (Supplementary Fig. 2), wild-type IDH1/2,
H3F3A, HISTIH3B and TERT promoter, and no MGMT
promoter hypermethylation. The DNA methylation array
classified “methylation class family pilocytic astrocytoma”
as the methylation class and “methylation class of low-
grade glioma, subclass hemispheric pilocytic astrocytoma
and ganglioglioma” as the methylation class family mem-
ber, with calibrated scores of 0.97 and 0.96, respectively.
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Fig. 3 Neuroimaging, histopathological and molecular properties in Case 3. a Histopathological examination using haematoxylin and eosin
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on FLAIR imaging (b) with an enhanced region in the centre of the lesion (c). d Copy number profile as analysed by lllumina Methylation

The copy number profile showed gain of chromosomes 7,
9, 11 and 12 (Fig. 4d). Histopathological re-examination
revealed many large ganglion cells with anisonucleosis and
some double nuclei (Fig. 4e), Nissl bodies and eosinophilic
granular bodies (Fig. 4f) in specimens from the second
surgery. Given these genetic results and histopathological
findings, the final diagnosis was ganglioglioma. Like as
case 1, KRAS mutation was not detected in the recurrent
tumour.

Review of the previous reported cases

Previous 17 studies presented 44 gliomas with RAS mu-
tations (Table 3). They were 17 glioblastomas (2 were
glioblastomas with oligodendroglial component), 1 astro-
cytoma, 4 oligodendrogliomas, 3 anaplastic oligodendro-
gliomas, 1 oligoastrocytoma, 9 pilocytic astrocytomas, 2
anaplastic  pilocytic  astrocytomas, 2 fibrillary

astrocytomas, 2  gangliogliomas, 2 pleomorphic
xanthoastrocytomas, and 1 gliosarcoma. And they in-
cluded 14 men and 13 women, and ages at diagnosis
were described in 28 patients and they were 1-64 years
(average, 33.3 years; standard deviation, 17.1 years). The
co-existing mutations were various and /DHI R132H
was the major mutation which detected in 11 cases.

Discussion

Various reports have described RAS mutations in gli-
oma. Chi et al. analysed 214 gliomas, and they found
3 KRAS mutation cases among 164 glioblastomas
[24]. Wakimoto et al. found 4 KRAS-mutant IDH-mu-
tant gliomas, comprising 2 oligodendrogliomas, a
grade 2 astrocytoma, and a glioblastoma with an
oligodendroglial component. These 4 tumours all
showed 1p/19q codeletions, and were thus considered
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J

to represent grade 2 or 3 oligodendrogliomas based NRAS mutation in 11 oligodendrogliomas, 2 KRAS
on the 2016 WHO brain tumour classifications [26]. mutations in 16 anaplastic oligodendrogliomas, and 2
Ballester et al. showed the results of next-generation KRAS mutations and 2 NRAS mutations in 226 glio-
sequencing of 381 diffuse gliomas [47]. They found a  blastomas. Pekmezci et al. detected KRAS mutation in



3L

Kyoto University Research Information Repository

RBAFEFHERY LS b

A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

KYOTO UNIVERSITY

%) 5t AR oF

(2021) 21:1025 Page 9 of 14

Makino et al. BMC Cancer

"MSYSI VOENId ‘A L8Y LIY '8SY VZNMAD "HZELY LHAI 19V LV Svey ewoyse|golib YN VN
#7010 €5dL 'HZeld IHAI VLD SYgy ewolseqolib YN VN
aclo swey ewol|6oipuspobijo dnseideue YN VN
161SY TdW 'QTLLD EXVF 1SLd YENYAD "HEZE LHIHA) S099 Sy ewol|boipuspobijo dnsejdeue YN WN sewiol|b asnyip 18¢ [£¥] (£107) 42152 |eg
(UoIssaIdXa DHIESAL ‘GLUOXS Hidg ‘BLUOXS Y47 CUOXa Sy (esue speib ybiy) ewioiselqolb E 144 vodai osed [9%] (9100) [owies
1usuodwiod
uonafRpod bgL/dl ‘HeelY [HAl VZLD Syyy  ewiol|5oipuspobiio yim ewolse|qol|b W S
uonaRpod bg1/dl ‘Hze LY [HA YELO SV ewol|bospuspobijo E| €€
uoneIepPod beL/dL ‘Heely (HAl deLo Syuy ewioifdonse E| L
uopafepod bel/dl “1/y0LH YO ML LMY 'HTELY LHAI HTLO Sy ewoyoonseobilo W 09 wenuw-HA| 'sewolb oz (921 (#107) O10WReM
UOILIASU ZUOXD SYYH ewolse|qol|b W 61
H7L
YOLLD €SdL  SYYH 'WSUIBLL L1 Swey ewolse|qol6 W 9¢
Hy7L SYdH ewolse|qol6 W 79
(K12B1ns puod3s)J8EZD 'UONRIDP 6UOXS €541 HirL SYHH 'LSUIB™/D Sy WoISe|qol|6 W 4
dELTH £9dL  HYL SYyH "LSUIg™ LD Sy ewolse|qol6 W Ty Sewolse|qol|b Jej|3gaid § ([S¥] ¥10T) 2IMONUIIN
uolsny 6¥S1 vvIX-4v4g SCLO Sy ewohdonse dnfoojid N o
dcls SYuN ewoif>onse dnfood W es
acLo SwYN ewiolAd0.se dnkoojid W SC
az1o SYyN ewofdonse dnfoo)d N 81l ewo 0se dnAoojd of (P #107) 121994L
DCLO SYe ewolse|golb  yN VN
1uauodwiod
Heely LHal VZLO Svgy  ewol|BoIpuspoblo yum ewolse|qollb YN VN
q199 Svgy ewolseqolib  wN VN sewol|b gle [¢l (100) YD
VLD SYgy ewolfdonse onAX0ld YN L
NE9T SYe ewolfdonse oAl YN Ll sewomkdonse onfoond szt [ev] (LLODUD
ACLD SV ewolse|qollb  wN 14 Sewo1Ad01se i [¢¥] (OLO)ueWwIYS
3019 SWIN ewioljboipuspobijo onsejdeue YN WN sewol|b €6 [L¥] (£002) uAnar
VLD SY4 ewopbdonse onfoopd  yN VN ewolfdonse Gz [0¥] (£007) A1ezuer
acio SyyN ewodlesollb - YN WN
aclo SvuN ewolseqolib YN VN sewolse|qollb 6 [6€] (¥002) ®gqouy
3190 SYYN ewolfoouse 2n4oo|id 1 %
3190 SYUN ewophdonse Aejjuqy E 4!
3190 SN ewokdonse Aiejjuay E| S SIown} uleIq 9f [8€] (£661) UewzieN
suonenw 1dy10 uoneINW SYYy ABojoisiH x3s by Apmis ayy jo 19b6ie]  (4edA ysiqnd) Joyiny

Sewol|b 1ueINW-GY INOge 21N1RISY| Y3 JO MIIADY € dlqeL



3L

Kyoto University Research Information Repository

>
2
)
o
=%
o)
a2
c
]
,m%
>

a'e
o =
oL
O c
g £
=5
c v
ma
T 3
LN )
T X
V) >
<G
]
=
C
>
o
2
<]
=
<

RBAFEFHERY LS b

KURENAI

https://repository.kulib.kyoto-u.ac.jp

KYOTO UNIVERSITY

(2021) 21:1025 Page 10 of 14

Makino et al. BMC Cancer

a|qejieae 10N YN

ML90 SV ewio14>0hseoyuex dlydiowosid 4 67
¥SYN LHDLON ‘8621 1INDD 'MO99LYd EHDLON
‘08YTY £5d1 MLEYLD YONVH 'AESTLT DNV 42811 sewiolfdonseoyuex
vd¥¥d 'Y8LEd IMTHD ‘617D INFN 'M86CTH CHDLON HL9O Swy ewohdonseoyuex diydiowos|d N 0S dlydiowoad ¢| [15] (610T) noz
uoneInw dzyi; 1190 Svay ewolse|qol|6 E! 6¢
d/y3( 'uons|ppod beL/d | queinw jHJ| DTLO Ve ewol|boipuspobijo i 8y
d1y31 'uonaepod bel/dy weinw [HJl dalo Sy ewol|boipuspobijo W LS sewolb 981 [0S] (6107) WiayusnIys
L<OL+9D [y '4T0SS EHDLON 1SL¥4 1avy NE9T S eWOAO0IIse D1IA0|Id E ¥ podal ssed [6v] (6102) neyD
uonejAylaw djpyopy ‘UoieINW/SSO|
X1y 'U0NRINW/UONSISP g/YZNMJD "UONBISIe Md YN VY LA SYEY ewofdouse d1kooyid dnsejdeue 4 VN
uonejAylaw djpyopy ‘UoieINW/SSO| sewlo1£ooinse
X1y 'UONRINW/UONSISP g/YZNMJD "UONRISIe Md YN HL9O Swy ewolfdonse dn4do)id dnsejdeue E! VN on4ooyid dnsejdeue 9 ([8¥] 8107) pseyuiay
MO0 Sy ewol|bolbueb W vz
ML90 Sv ewol|boy|bued EIEAS sewol|bojbueb o [52] (8107) PzaWN3d
Heeld (Hal JCLD SYYN ewol|foipuspobljo YN VN
MO0 SVUN ewolse|golb  yN N
0813 £4d1 MO0 SVUN ewiosse|qol|b VN VN
SSYO £9d1
suonenw 1dy10 uoneINW SYYy ABojoisiH x3s by Apmis ayy jo 19b6ie]  (4edA ysiqnd) Joyiny

(panuu0y) sewolb 1ULINW-SYY INOGR 2IN1RI3Y| Y1 JO MIIASY € djqel



KYOTO UNIVERSITY

Makino et al. BMC Cancer (2021) 21:1025

2 of 40 gangliogliomas [25]. Literature review of RAS-
mutant gliomas showed that RAS-mutant gliomas
have various histologies and that RAS mutation co-
existed with other genetic alterations. They were often
reported in young cases. The larger database made by
the Cancer Genome Atlas (TCGA) Research Network
showed 2 KRAS mutation and 2 NRAS mutation in
590 glioblastomas, and 1 KRAS mutation and 1 NRAS
mutation in low grade gliomas with /DH-mutant and
1p/19q codeletion, and 1 KRAS mutation and 2 NRAS
mutation in those with IDH-mutant and no 1p/19q
codeletion [52]. Summarizing by age group, RAS mu-
tations were found in 1 out of all 93 gliomas under
30years old, 6 out of 631 cases from 30 to 60 years
old, and 1 out of 363 cases in over 60 years old, and
there was no significant difference in frequency of
RAS mutations [52]. Similar to these studies, we re-
port RAS mutation as a rare occurrence with no asso-
ciation to a particular histological phenotype of
glioma. Additionally, copy number analysis in the
present study revealed no chromosomal gain or loss.
In this study, RAS-mutant gliomas showed various
histology, but all cases were in relatively young adults.
RAS mutation was found in an anaplastic oligodendro-
glioma, two IDH-wildtype anaplastic astrocytomas, and a
ganglioglioma. Among the 20- to 60-year-old patients of
our present cohort, 14 tumours were anaplastic oligo-
dendrogliomas, 23 were anaplastic astrocytomas (14
were IDH-wildtype), and one was ganglioglioma. Exclud-
ing the single ganglioglioma case present in our cohort,
IDH-wildtype anaplastic astrocytomas in patients under
60 years old showed RAS mutation the most frequently
(14.3%). Genetically, no other major driver mutations
were identified in the anaplastic astrocytomas or the
ganglioglioma, which had RAS mutations. The case of
RAS-mutant anaplastic oligodendroglioma showed IDH1
and TERT promoter mutations, which are known to be
detected in almost all oligodendrogliomas [27]. Because
of the small number of RAS mutant tumours, clarifying
the genetic properties of RAS mutant tumours and dis-
cussing associations between RAS mutations and other
driver genes is difficult, however, some studies reported
the co-existing other genetic alterations in RAS-mutant
gliomas. Clinically, the two cases of anaplastic astrocy-
toma with RAS mutation showed aggressive infiltration
during the clinical course with high Ki-67 labelling
index, but clinical outcomes did not differ from those of
other IDH-wildtype anaplastic astrocytomas (Supple-
mentary Fig. 1). The other two cases of anaplastic oligo-
dendroglioma and ganglioglioma showed benign clinical
courses. Some studies have reported RAS mutation as a
prognostic factor in some non-neuroepithelial solid can-
cers [53, 54]. However, we could not explain the clinical
significance of RAS mutation occurring in gliomas. The
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limitation of the present study was the rarity of RAS mu-
tant gliomas due to the infrequency of RAS mutation in
glioma. This was why the survival analysis was difficult
in our cases, but it was also the same in another previ-
ous cohort. These issues should be addressed using lar-
ger cohorts in the future.

KRAS mutation has been reported to increase vascular
endothelial growth factor (VEGF) expression and to pro-
mote the construction of a tumour vascular network
[55]. However, the present study found no evidence of
an aggressive vascular network such as widespread gado-
linium enhancement or intra-tumoral arteriovenous
shunt. KRAS G12D is reportedly associated with gliosis
[56]. Another report suggested that KRAS signalling is
essential for the maintenance of glioblastoma in mice,
and inhibition of KRAS expression result in tumour
apoptosis [57]. These facts proposed that RAS mutation
has some effect on glioma maintenance and prolifera-
tion, and MAPK / PI3K pathways, which are activated
by RAS mutation, have been suggested to be involved in
the molecular pathogenesis of glioblastoma [5, 6]. Al-
though the higher Ki-67 labelling index in the RAS-mu-
tant gliomas had not been discussed previously, this may
reflect the tumour proliferation activities. Some anti-
RAS drugs are currently under development [19, 20],
and these drugs are expected to make contributions to
improving the prognosis of RAS-mutant glioma in the
near future.

In the presented case series, recurrent tumours of case
1 (AO) and case 4 (ganglioglioma) showed no RAS mu-
tations which were shown in their primary tumour. This
fact may imply that tumour with RAS mutation was dis-
appeared by treatment. Through direct comparison of
the genomic landscape of gliomas at initial diagnosis and
recurrence, a previous study showed that full set of mu-
tations found in the initial tumour do not maintain in
the recurrences and suggested that recurrent tumours
are originate from cells derived at a very early stage of
the evolution of tumours [58]. While IDHI and TERTp
mutations, and 1p/19q codeletion assigned as the truncal
events during tumour evolution [3], RAS mutations in
glioma may be an additional alterations to development.
About the primary tumours, Sanger sequencing revealed
TP53 mutation in one of these AAs, and methylation
assay showed amplification of PDGFRA and loss of
CDKN2A/B and TP53 in the other. This fact proposed
that RAS mutation have a potential to be a driver gene
of glioma development, but its effect may be supportive
compared with major truncal driver mutations like as
IDH mutation, TERTp mutation and 1p/19q codeletion.
Because RAS mutation could switch at glioma recur-
rence, the molecular analysis is thought to be essential
for recurrent as well as primary tumours when anti-RAS
treatment are conducted.
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KRAS G12A and KRAS Q61K are present in 0.76 and
0.07% of cases in the Project Genomics Evidence Neo-
plasia Information Exchange (AACR GENIE) launched
by the American Association for Cancer Research [59].
KRAS G12A has been identified in lung, colon, colorec-
tal and rectal adenocarcinoma, and uterine endometrioid
carcinoma, while KRAS Q61K has been found in colon,
colorectal and pancreatic adenocarcinoma. KRAS G12A
and KRAS Q61K are predictive biomarkers for the use of
erlotinib, gefitinib, cetuximab, and panitumumab in pa-
tients [16-18, 60, 61]. Non-small cell lung carcinoma
and colorectal carcinoma have the greatest number of
therapies targeting KRAS G12A and KRAS Q61K or re-
lated pathways. KRAS E76D has not been reported in
other types of cancer, and further study was needed
whether if it has a role of an activating mutation. NRAS
Q61R is present in 0.73% of AACR GENIE cases [59],
and has been identified in cutaneous melanoma, melan-
oma, papillary thyroid cancer, poorly differentiated thy-
roid gland cancer, and colon adenocarcinoma [59].
NRAS Q61R is a predictive biomarker for the uses of
cetuximab and panitumumab in patients [60, 61]. Fur-
ther, for NRAS-mutant melanoma, binimetinib report-
edly improves progression-free survival compared with
dacarbazine [62].

Lower grade astrocytomas in our cohort contained a
large number of IDH-wild type tumours. This fact par-
tially results from high frequency of TERTp mutation. In
our /DH-wild type tumours, 8 out of 18 DAs and 15 out
of 32 AAs showed TERTp mutation. Nowadays, IDH-
wild type astrocytomas with TERTp mutations are
known as a group of astrocytomas with poor prognosis,
and these tumours are supposed to be a different group
from the group of common lower grade astrocytomas
[63]. The diagnosis of lower grade astrocytoma without
IDH mutation needs further discussion.

Conclusions

We found 4 RAS mutations in various types of 242 gli-
omas. All cases involved younger adults. No clear associ-
ation was identified between RAS mutations and clinical
or genetic characteristics of tumours. Clarification of the
effectiveness of anti-RAS treatments for gliomas requires
further investigations in larger cohorts.
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Additional file 1: Supplementary Fig. 1. Kaplan-Meier curve for ana-
plastic astrocytomas without /[DH mutation in the present study. The

black line shows wild-type RAS and the red line shows mutant-type RAS.
The p value is calculated as 0.98 by log-rank test.

Additional file 2: Supplementary Fig. 2. Chromatograms made by
Sanger sequencing showing RAS mutations in the four tumours. Case 1)
KRAS c.35G > C, p.G12A (red arrow) in exon 2 of KRAS. Case 2) KRAS c.228
G>C, pE76D (red arrow) in exon 3 of KRAS. Case 3) NRAS c.182 A>G,
p.Q61R (red arrow) in exon 3 of NRAS. Case 4) KRAS c.180-181 TC > AA,
p.Q61K (red arrows) in exon 3 of KRAS.

Additional file 3: Supplementary Table 1. Gene-specific primers used
for PCR ampilifications of the regions of interest in driver genes and
quantitative methylation-specific PCR (qMSP) of MGMT promoter.
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