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ABSTRACT

KEYWORDS

Understanding the racial specificities of diseases—such as adult diffuse glioma, the most common primary malignant tumor of the
central nervous system—is a critical step toward precision medicine. Here, we comprehensively review studies of gliomas in East
Asian populations and other ancestry groups to clarify the racial differences in terms of epidemiology and genomic characteristics.
Overall, we observed a lower glioma incidence in East Asians than in Whites; notably, patients with glioblastoma had significantly
younger ages of onset and longer overall survival than the Whites. Multiple genome-wide association studies of various cohorts
have revealed single nucleotide polymorphisms associated with overall and subtype-specific glioma susceptibility. Notably, only 3
risk loci—5p15.33, 11q23.3, and 20q13.33—were shared between patients with East Asian and White ancestry, whereas other loci
predominated only in particular populations. For instance, risk loci 12p11.23, 15q15-21.1,and 19p13.12 were reported in East Asians,
whereas risk loci 8q24.21, 1p31.3, and 1q32.1 were reported in studies in White patients. Although the somatic mutational profiles of
gliomas between East Asians and non-East Asians were broadly consistent, a lower incidence of EGFR amplification in glioblastoma
and a higher incidence of 1p19q-IDH-TERT triple-negative low-grade glioma were observed in East Asian cohorts. By summarizing
large-scale disease surveillance, germline, and somatic genomic studies, this review reveals the unique characteristics of adult diffuse
glioma among East Asians, to guide clinical management and policy design focused on patients with East Asian ancestry.

Glioma; East Asian; epidemiology; germline; somatic

Introduction

Gliomas account for more than 80% of all primary malignant
tumors affecting the central nervous system (CNS)!. According
to the 2007 World Health Organization (WHO) classification of
CNS tumors, the diagnosis of gliomas was predominantly based
on histological hallmark features including glioblastoma (GBM),
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diffuse astrocytoma, anaplastic astrocytoma, oligodendro-
glioma, and anaplastic oligodendroglioma?. In the 2016 version,
isocitrate dehydrogenase (IDH) mutation and 1p/19q codeletion
status of these tumors were also considered crucial biomarkers
for integrated diagnosis®. According to the most recent 2021 ver-
sion, adult diffuse glioma now includes 3 molecular types: GBM,
IDH-wild-type; astrocytoma, IDH-mutant; and oligodendro-
glioma, IDH-mutant and 1p/19g-codeleted*. Given that molecu-
lar information is frequently lacking in the published literature,
this review broadly classified gliomas into 3 histological types:
GBM, astrocytoma, and oligodendroglial tumors.

The etiology of glioma remains unclear. Both environmen-
tal and genetic factors may increase the risk of this disease>”.
Exposure to ionizing radiation at younger than older ages is
associated with a relatively higher risk of developing glioma®.

A recent genome-wide association study (GWAS), a common
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approach used for genotype-phenotype association discov-
ery, has estimated the heritability of glioma to be 6.69%, thus
implying the existence of genetic variants that contribute to
the heritable risk of glioma®®. Other GWAS studies have iden-
tified several single nucleotide polymorphisms (SNPs) asso-
ciated with the risk of diffuse gliomas!®-!2. Because cancer is
caused by the accumulation of somatic mutations in hallmark
genes, large sequencing projects such as The Cancer Genome
Atlas (TCGA) have investigated genome-wide data from hun-
dreds of patients with glioma and reported somatic mutations
in IDH1, TP53, PTEN, EGFR, NF1, and other genes'¥15. These
sequencing studies have enhanced the current understanding
of gliomagenesis and provided potentially actionable targets
for precision oncological management.

Recently, large-scale epidemiological studies in patients
from multiple racial groups have demonstrated interesting
patterns of racial differences in adult diffuse gliomas'®!’.
Independent studies from different geographical regions have
also indicated distinct epidemiological and genetic character-
istics'®-2%, This review focuses on the genetic factors contribut-
ing to the differences in glioma specific to East Asian patients.
In particular, we concentrated on glioma studies from Chinese,
Japanese, and Korean populations, and compared their glioma
incidence, survival outcomes, genetic alterations, and other
clinical factors to those in White populations [non-Hispanic
White (NHW)/White] (Figure 1A).

The observed differences among these patient cohorts
might have arisen from non-genetic factors, such as the pro-
cedures used for diagnosis, statistical methods, and potential
regional environmental risk factors. To mitigate these con-
founding effects, we assessed data from different populations
exposed to similar environmental factors, such as those from
the same country, for control comparisons!®!”. We also com-
pared East Asian patients from China, Japan, and South Korea
with Whites from western countries (Figure 1B and 1C). A
comprehensive review of epidemiological characteristics, gli-
oma susceptibility variants, and somatic mutation profiles was

performed (Supplementary Table S1).
Epidemiology characterization
Incidence of gliomas

Recent studies have implied that glioma incidence is par-

tially associated with race. Using a UK database, Maile et al.!”

have found that, the incidence of gliomas among patients of
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South Asian or Chinese ancestry was significantly lower (P
< 0.01) than that in White patients; the corresponding rel-
ative incidence rate ratios (IRR) were 0.58 and 0.68, respec-
tively. In the USA, the age-standardized incidence rate (ASR,
per 100,000 per year) among White patients (ASR = 6.45)
was higher than that among Asian and Pacific Islander (API)
patients (ASR = 3.20)%. Independently, the ASR of all glio-
mas was approximately 6, and showed no significant change
from 2000 to 2016, whereas the glioma ASR among White
patients was 6.22%. In contrast, the ASR of high-grade gliomas
in China was 1-428. The overall glioma ASRs were 2.76 and
2.89 in Kumamoto and Miyazaki prefectures respectively>*.
The Korean population also showed a similar ASR of 2.823!.
Opverall, the ASR among White patients was approximately 2
times higher than that in East Asians. In the following, we dis-

cuss the incidence of each diffuse glioma subtype.

GBM

For GBM, the ASR was 4.71 for NHW and 2.00 for API in the
USA (2000-2014), thus suggesting a limited effect of environ-
mental factors and that the difference may be ancestry asso-
ciated!6. Independently, in a subsequent US epidemiological
study (2014-2018), the ASR was 3.52!. The ASR was 4.64 in
England (n = 10,743, 2007-2011)*? and 3.4 in Australia®.
Similar ASR values have also been observed in other European
countries, such as Switzerland (ASR = 3.9), France (ASR = 3.3),
the Netherlands (ASR = 2.5), and Finland (ASR = 2.9)**%’ thus
suggesting high ASR homogeneity among Whites. In contrast,
alower ASR among East Asians is supported by various studies.
For example, the ASR was 0.92, 1.00, and 0.74 (crude incidence
rate) in 3 Hong Kong, China Chinese population studies*4°.
An ASR of 0.85 was reported in Taiwan, a province of China'®.
In Japan, the ASR was 1.26 in Miyazaki prefecture®. Four
Korean studies reported ASR values of 0.59, 0.77, 0.87, and
1.11 (Figure 2A)'831:4142 Tower ASR in East Asians was still
observed when only older adults (>40 years of age) were con-
sidered'®. In addition, all East Asian cohorts presented a lower
ASR than the USA API group. Together, this evidence supports
that NHW have an approximately fourfold higher GBM inci-

dence rate than East Asians.

Astrocytoma

For astrocytoma, we used the grouping method introduced
by Ostrom et al.!®, mainly combining diffuse and anaplas-
tic astrocytoma as non-GBM astrocytoma, and applied them
to East Asian populations. According to the USA Surveillance,
Epidemiology, and End Results Program (SEER) database, the
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Figure 1 Schematic workflow of this review. (A) By focusing on East Asian and White populations, we first reviewed clinical features, including
incidence rate, median onset age, gender, and survival differences for adult diffuse glioma. Second, we retrieved GWAS research and reported
risk SNPs for both populations. The larger circle in the Venn plot represents a larger enrolled White population. Third, we summarized somatic
landscape differences between the ancestry groups. Finally, we discussed the potential significance of ancestry differences in understanding
glioma cancer biology and personalized treatment. (B) First (C1, the prefix C indicates comparison), to address differences between the pop-
ulations from a racial/genetic perspective, regardless of environmental factors, we compared people of East Asian vs. White descent from
the same country (mainly the USA or UK). The dashed-line rectangle indicates the same country/environment. Second (C2), we compared
independent studies in people of White ancestry from different countries to evaluate the homogeneity among Whites. Third (C3), we retrieved
studies based on East Asian countries or regions, such as China, Japan, and South Korea, and estimated the homogeneity among East Asians,
which was further compared with that in people of East Asian ancestry in the USA or UK, to assess the consistency within East Asian ancestry.
Finally (C4), after homogeneity estimation, we compared the East Asian and White ancestry. Owing to the lack of data or the organization of
the framework, the sequence of C1 to C4 for specific sections could not always be strictly followed. (C) Subtypes included for comparison. The
WHO grade is also shown. Astrocytoma included both diffuse astrocytoma and anaplastic astrocytoma. Oligodendroglial tumors included
both oligodendroglioma and anaplastic oligodendroglioma.
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ASR was 1.55 and 0.76 for NHW and API patients, respectively!®.
Furthermore, in a subsequent US cohort, the ASR was 1.4!. The
ASR was 1.1 in the Netherlands”. Four Korean studies and one
Chinese study supported a lower ASR among East Asian pop-
ulations (ASR: 0.36-0.66) than NHW patients (ASR = 1.5)
(Figure 2A)'819314142 The ASR of Chinese (ASR = 0.63) and
Korean (ASR = 0.66) patients was comparable to that of API
(ASR = 0.76) patients'®!°. The consistent patterns within regions
that are predominantly either White or East Asian also suggest

the limited influence of environmental factors on gliomagenesis.

Oligodendroglial tumors
The racial differences in oligodendroglial tumors, containing
mainly oligodendroglioma and anaplastic oligodendroglioma,

A . East Asian . Non-hispanic white
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according to the grouping by Ostrom et al.'®, follow a
similar trend to those for GBM and astrocytoma, but are
smaller in degree. In the USA, the ASR of NHW and API
was 0.92 and 0.53, respectively'®. An estimate from the EU27
(27 members of the European Union) indicated an ASR of
0.4%3. Specifically in the Netherlands, the ASR was 0.6%7.

In contrast, the ASR ranged from 0.16 to 0.31 among East
Asians (Figure 2A)!8:19:31:41,42
USA.

, values close to the API in the

For oligodendroglial tumors and mixed gliomas, the
ASR values in the USA (ASR = 0.56), Canada (ASR = 0.67),
Western Europe (ASR = 0.61), Australia, and New Zealand
(ASR = 0.64) were consistently higher than those in East
Asia (ASR = 0.20) and Southeast Asia (ASR = 0.11), thus

. White (or mainly white)
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Figure 2 Clinical features of populations of East Asian and other ancestries. (A) Incidence rate of GBM, astrocytoma, and oligodendroglial
tumors. Each bar represents the incidence rate from a study, with red for East Asians and blue for Whites. Within each subtype, all bars are
sorted first by race, then by study. The exact incidence rate is also indicated. (B) Incidence rate ratio of gender (male:female) for subtypes from
different studies. The percentages of males and females are plotted in pie charts, with corresponding male:female incidence ratios labeled for
each study. (C) Median age at diagnosis of GBM, astrocytoma, and oligodendroglial tumors. Colors are as in (A). (D) Survival hazard ratio of
API groups, with non-Hispanic White/White as the reference. (E) Five-year survival rates for GBM, astrocytoma, and oligodendroglial tumors
for East Asian and mainly White populations. Colors are as in (A). DA, Diffuse Astrocytoma; AA, Anaplastic Astrocytoma; O, Oligodendroglioma;
AO, Anaplastic Oligodendroglioma; EAS, East Asian; Visser2015Pre, Visser2015 before 2004; Visser2015Post, Visser2015 after 2004.

indicating high intra-racial homogeneity*. In summary, the
ASR of oligodendroglial tumors for East Asians was lower
than for Whites.

In conclusion, diffuse glioma in indigenous East Asians has
a lower ASR than in Whites across all major subtypes. This
difference persists between East Asians and Whites from the

same geographical regions, thereby indicating the presence of
genuine racial differences.

Gender distribution and age of onset differences

Overall diffuse glioma shows a male preponderance®!®?°. The
median age at diagnosis (MAD) is 63,48, and 43 years for GBM,
astrocytoma, and oligodendroglial tumors, respectively!'®
We performed a comparison of the gender distribution and
MAD of East Asians compared with Whites for each subtype
(Figure 2B and 2C).
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GBM

Beyond the divergence in incidence, the GBM onset age also
varies by race. The incidence has been found to be signifi-
cantly (P < 0.005) higher (1.59-fold) in males than females
in the USA among NHW!. Further studies in White popu-
lations also support a male prepondance!*¥>35-3745 In the
Korean population, the IRRs (male-female ratio) were 1.31,
1.32, 1.27, 1.3618314146 Equr studies based on Chinese have
reported IRRs of 1.57,1.69, 1.43, and 1.34 (Figure 2B)!38:3%47,
For each study, MADs were only reported for subtypes with
sufficient patient numbers (n > 100). For GBM, the MAD
of NHW (n = 128,976) and API (n = 2,929) was 64 and 61,
respectively (2000-2014)'°. Later, from 2014 to 2018, the
MAD of the USA was 653, Overall, a MAD of 64 or higher
in Whites has been observed, except in studies in Zurich and
the Netherlands®*>”%, In contrast, for East Asians, the MAD
was 59 (n = 1010) in Hong Kong, China*. The MAD was 51
and approximately 49 in 2 hospital-based Chinese cohorts
(Figure 2C)***. In 4 Korean studies, the MAD ranged from
55.5 to 61 (Figure 2C)!831:414249 Tn particular, the MAD was
60 in the largest Korean cohort (n = 5,796, 2007-2016), thus
suggesting a MAD of 59-60 for East Asians!®. In summary, the
MAD is lower in East Asians than in NHW/Whites (3-9 year
gap). An even more notable gap has been observed in hospi-
tal-based Chinese studies.

Astrocytomas

For astrocytomas, specifically diffuse and anaplastic astrocy-
tomas, a male preponderance is also seen for the East Asian
and the Whites (Figure 2B). The MAD of non-GBM astro-
cytomas was 50 and 41 for NHW and API'®. A similar trend
has also been observed for diffuse astrocytoma, with MAD
values of 44, 35, 42, and 46 reported for South Korea, China
(retrospective study), the Netherlands, and the USA, respec-
tively183730, Furthermore, in anaplastic astrocytoma, the
MAD was 47.7 and 50 in 2 Korean populations, whereas the
MAD was 53 and 55 for the USA and the Netherlands, respec-
tively (Figure 2C)"'842, Overall, East Asians show a trend of

lower MAD for anaplastic astrocytoma.

Oligodendroglial tumors

A male preponderance has been observed in the incidence
of oligodendroglioma and anaplastic oligodendroglioma.
Similarly, among NHW, a significantly higher male incidence
has been observed for oligodendroglial tumors (Figure 2B).
The MAD in oligodendroglial tumors, unlike other subtypes,
showed minor differences between NHW (MAD = 44) and
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API (MAD = 41) in the USA!S. Specifically, for oligodendro-
glioma, the MAD was 45 in the largest Korean cohort and
was 43 and 44 among Whites"!#5!, For anaplastic oligoden-
droglioma, no consistent MAD difference has been observed
between the East Asian and the Whites (Figure 2C) '8, More
compelling evidence is needed to validate a racial difference in
MAD for oligodendroglial tumors.

In conclusion, GBM in East Asians has a lower MAD, and
anaplastic astrocytoma in East Asians has shown a trend
toward lower MAD. No clear racial MAD differences have
been observed for oligodendroglial tumors. Adult diffuse glio-
mas are more common in males than females, and no signifi-
cant gender distribution difference in GBM has been observed

between East Asian and White populations.

Survival outcomes

GBM is the most aggressive of diffuse gliomas, featuring the
shortest 5-year relative survival rate (5-year RS), at 5.4%
among US patients, followed by astrocytoma and oligoden-
droglial tumors, at 44.4% and 70.1%, respectively'®. In this
section, we compare the 5-year RS for each subtype between
East Asian and White patients.

GBM

For GBM, the 5-year RS of USA API (8.8%) patients was longer
than that of NHW patients (4.8%). For the USA population,
the 5-year RS ranged from 6.6% to 6.8% (2014-2018)"2>.
Moreover, API patients had a significantly (P < 0.01) lower
hazard ratio (HR) (median HR = 0.74, range of HR: 0.70—
0.88) than NHW patients (Figure 2D)"*%32-57_ The 5-year RS
values for the 2 White populations in the US (2000-2014 and
2007-2018) were identical (5.1%)%®%%. Independently, UK
patients showed a 5-year RS of 3.4%, on the basis of 10,743
records (2007-2011)32. A lower value has also been observed
in Finland (3%) and France (4.5%)3>3. In line with find-
ings reported by Visser et al.®* [4.7% (1999-2001) and 6.6%
(2005-2007) in 86 European registries], the 5-year RS was
4.9% among European Union members (EU27, 1995-2002)*.
The homogeneity in the 5-year RS of Whites from the US and
Europe revealed a consistent pattern of 5-year RS (approxi-
mately 5%). In contrast, a better 5-year RS has been observed
in East Asians. For example, the 5-year RS was 9.8% (2002—
2010) and 9% (2004-2010) in 2 Chinese populations'®*’,
and 10.1% in Japan (2001-2004)%. In Korea, the 5-year RS
was 12.1% (n = 5,754, 2007-2016) and 8.9% (n = 1,676,
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1999-2004) (Figure 2E)'846, The difference between 12.1%
and 8.9% might have arisen mainly from treatment improve-
ments (such as the use of temozolomide treatment after 2004),
thus indicating that even before the TMZ era, the Koreans had
a 5-year RS of 8.9%!346. All 5-year RS values of East Asians
were close to or better than those of APL. Thus on the basis
of evidence from population-based and retrospective studies,
East Asians show better survival than Whites for GBM.

Astrocytomas

For non-GBM astrocytomas, the 5-year RS between NHW
(43.2%) and API (44.1%) groups in the USA were similar!®.
Specifically for diffuse astrocytoma, no consistent difference
has been observed!!8202539 In addition, for anaplastic astro-
cytoma, the 5-year relative survival rate ranged from 25.2% to
26.2% in South Korea and was 22.1% in Taiwan, China, 41.1%
in Japan, and 29.9% in the Whites!3-2046% The inconsistent
patterns within East Asians suggest no survival differences in

astrocytoma between NHW and East Asians (Figure 2E).

Oligodendroglial tumors

For oligodendroglial tumors, the 5-year RS between NHW
(70%) and API (67.5%) groups in the USA was also similar!®.
For oligodendroglioma, the 5-year RS was 78.6% (n = 749)
in Korea'8. Better survival in Japan (90.6%), and poorer sur-
vival in Korea (73.5%) and Taiwan, China (70.3%) have been
reported!??%46, Likewise, the 5-year RS of Whites (81.2%—
90%) was close to that of East Asians (Figure 2E)"?>. No
consistent difference was observed for oligodendroglial tum-
ors (Figure 2E)!8-20:46.59,

In conclusion, better GBM survival in East Asian groups has

been observed, but uncertainty remains for the other subtypes.

Common germline SNPs derived
from glioma GWASs

GWAS:s for glioma

For GWASs, patients with East Asian ancestry have usually been
from only East Asian countries or regions. To date, a total of 12
SNPs in 10 loci have been associated with the risk of pan-gli-
oma, with odds ratios (ORs) ranging from 1.18 for rs2252586
(7p11.2; EGFR)®" and rs498872 (11q23.3; PHLDBI)® to 3.55
for 15688755 (19p13.12; CYP4F12)%. Among these variants,
9 SNPs in 7 loci (5p15.33, 7p11.2, 8q24.21, 9p21.3, 11q23.3,
17p13.1, and 20q13.33) have been identified from White
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populations, and most show significant racial differences in
effect allele frequency (EAF) between East Asian and White
populations (P for chi-square test < 0.05; Table 1 and Figure 3).
Notably, both rs78378222 (17p13.1; TP53)% and rs55705857
(8q24.21; CCDC26)% are considered potential White-specific
SNPs, with an EAF of 0 among East Asian populations.

Chen et al.® performed the first multi-stage glioma GWAS
among a Han Chinese population in 2019, on the basis
of data from 992 cases and 1,008 controls from Shanghai
and Beijing, and a subsequent replication stage using 2,105
cases and 3,374 controls from Shanghai, Nanjing, Beijing,
and Xian. Interestingly, the authors have validated 3 White-
reported glioma risk loci in the Chinese population: rs2736100
(OR,,domeeffect = 1-27; 5p15.33; TERT), 15498872 (OR .4 cfect
= 1.25; 11q23.3; PHLDBI), and 156010620 (ORy; et =
1.29; 20q13.33; RTELI). Therefore, these 3 SNPs are poten-
tial trans-ancestry risk loci for glioma. In addition, Chen
et al.%® have identified one novel glioma risk-associated locus
on 12p11.23 (rs10842893; OR , o = = 2.07; STK38L) as
well as a suggestive association at 15q15-21.1 (rs4774756;
ORp_ i efrect = 1245 RAB27A) among the Chinese population.
In a recent study, Li and colleagues have performed a Chinese
GWAS for glioma with 485 cases and 485 healthy controls and
found a significant East Asian specific low-frequency variant
(BAFp, agan = 0-01; EAF 0
19p13.12 (rs688755; OR = 3.55; CYP4F12)%.

For the 3 East Asian GWAS-identified risk loci (i.e., 12p11.23,
15q15-21.1, and 19p13.12), the risk SNP (i.e., rs10842893)
located on 12p11.23 was in the intronic region of the gene
STK38L, and the expression of STK38L was higher in the gli-
oma samples than the normal samples in TCGA database. The
rs4774756 SNP at 15q15-21.1 is located within the intronic
region of RAB27A, a gene encoding a member of the Rab small

= 0.28) with a large effect on

GTPase family. Several studies have shown that Rab27a pro-
motes proliferation and invasion, and represses apoptosis, on
the basis of functional assays in glioma cell lines®”¢%. Another
risk SNP (i.e., rs688755) located on 19p13.12 is near the
genes CYP4F12, encoding a protein that oxidizes arachidonic
acid; PGE2, encoding the omega-side chain of prostaglandin
E2; and PGH?2, encoding prostaglandin H2%. Several stud-
ies have shown that PGE2 increases the survival, migration,
and proliferation of glioma cells, thus indicating the critical
role of CYP4F12 and PGE2 in the development of glioma”.
Nevertheless, further functional evaluations are needed to elu-
cidate the roles of these SNPs and nearby genes to understand

the development of glioma.
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Figure 3 Summary of GWAS-reported genetic loci associated with glioma risk. (A) Karyotype plot of reported GWAS SNPs for adult diffuse

glioma. All GWAS-identified risk SNPs from both the East Asian and White groups are plotted and labeled with gene name and locus in cor-

responding genome positions. Blue and red indicate SNPs unique to East Asian and White populations, respectively. Orange indicates SNPs
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identified or validated in both races. SNPs with an odds ratio (OR) >2 are labeled with the symbol #. (B) GWAS type and corresponding SNPs,
tagged with cytoband. All SNPs from different GWAS were plotted according to effect allele frequencies from East Asian and White populations;

the shape represents GWAS type, and the color represents ancestry. The ranges of sample numbers of each type of GWAS study are shown.

GWASs for histological subtypes of glioma

GWASs stratified by histological entity have identified novel
germline variants associated with GBM and non-GBM, in
addition to overall glioma,”'73. These newly identified GBM
and non-GBM-specific variants have not reached genome-
wide significance for overall glioma risk, thus revealing poten-
tial heterogeneity among glioma histological subtypes.

For GBM, a total of 7 SNPs have been reported to be asso-
ciated with the risk of GBM (effect sizes ranging from 1.15
to 1.3) in White populations, including rs12752552 (1p31.3;
RAVER?2), 151920116 (3q26.2; LRRC31), rs11233250 (11q14.1;
FAM181B), 13851634 (12q23.3; POLR3B), 152562152
(16p13.3; RHBDFI), rs10852606 (16ql2.1; HEATR3), and
1rs2235573 (22q13.1; SLC16A8). In agreement with the find-
ings from overall glioma-reported loci, most of these SNPs
show clear differences in allele frequency among ancestries.
Li et al.®* have also evaluated the effects of these SNPs in a
Chinese population but observed no significant association.
In contrast, a non-GBM GWAS has identified 12 genetic loci
(ORs ranging from 1.14 to 1.36) among White populations,
including rs4252707 (1q32.1; MDM4), rs12076373 (1q44;
AKT3), rs7572263 (2q33.3; near IDHI), rs11706832 (3p14.1;
LRIG1),rs11598018 (10q24.33; OBFC1I),rs11196067 (10q25.2;
VTIIA), 157107785 (11q21; MAML2), rs648044 (11q23.2;
ZBTBI16), 1s12230172 (12q21.2; PHLDAI), 1s10131032
(14q12; AKAP6), rs1801591 (15q24.2; ETFA), and rs3751667
(16p13.3; LMFI). Similarly to the results in GBM, findings by
Li et al.®* have not replicated the risk effects of these SNPs in
the Chinese population.

Comparison of the genetic loci explicitly associated with
the risk of GBM and non-GBM has indicated only one shared
region (16p13.3), thereby demonstrating the differences in
the functions of genetic variants involved in the development
of glioma with different histological features. Further large
glioma GWASs with multiple ancestries and refined subtype

classifications remain needed.
GWASs for molecular subtypes of glioma

Although glioma cases have been divided into GBM and

non-GBM dlassifications for discovering novel histological

subtype-specific risk loci, glioma is increasingly being under-
stood to have several distinctive molecular subtypes, such as
IDH mutation, arm level 1p/19q co-deletion, and promoter
mutation in the telomerase reverse transcriptase (TERT)
gene?. Eckel-Passow et al.”* have evaluated the associations
of previously reported risk SNPs with the risk of molecular
subtype-specific glioma; interestingly, most have shown sig-
nificant associations with IDH-mutant glioma risk.
Eckel-Passow et al.”> have also performed a large-scale gli-
oma GWAS stratified by molecular subtypes defined by com-
binations of IDH mutation, 1p/19q co-deletion, and promoter
mutation in TERT among White populations. Notably, they
have identified 2 novel genetic loci and a GWAS-reported
region associated with the risk of specific glioma molecular
subtypes: rs5839764 (2q37.3; D2ZHGDH) for IDH mutation;
rs1106639 (2q37.3; D2HGDH) for IDH mutation and 1p/19q
non-codeletion; rs111976262 (7p22.3; FAM20C) for tri-
ple-positive (IDH mutation, TERT mutation and 1p19q co-de-
letion); and rs4809313 (20q13.33; GMEB2) for IDH wild-type.
However, whether these molecular subtype-specific variants

will be validated in East Asian populations remains unclear.

Common germline SNPs derived from
candidate gene or pathway approaches

Beyond GWAS analysis, the candidate gene or pathway
approach is another effective method to identify genetic loci
associated with glioma risk. As shown in Supplementary
Table S2, we collected glioma risk-associated SNPs identified
in candidate gene studies in the past decade, thus providing
additional novel SNPs (e.g., 2q23.3 and 3q22.2) beyond those
from GWASs. Most SNPs were found in Chinese populations.
However, most candidate SNPs were identified in limited sam-
ple sizes (usually fewer than 2,000), with borderline significance
and without external validation. Therefore, the associations of
these SNPs with the risk of glioma must be further validated.

Application of GWAS variants in glioma risk
prediction

Although GWASs have identified multiple risk variants asso-

ciated with glioma development, applying these variants in
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clinical practice remains challenging. Here, the essential clin-
ical value of GWAS-reported SNPs is prediction of the risk of
developing glioma’®, and identification of individuals at high
risk to support early prevention.

Recently, Choi et al.”
25 GWAS-identified glioma risk loci in in a large-scale UK

Biobank cohort comprising 400,807 participants of White

have evaluated the clinical utility of

ancestry. During a follow-up spanning a median of 5.8 years,
312 incident glioma cases were distinguished in this cohort.
Interestingly, after construction of a polygenic risk score based
on these GWAS SNPs, the authors found that the risk score
had sufficient discriminatory ability to distinguish people with
and without glioma, with an area under the receiver operat-
ing characteristic curve of 0.64. Compared with individuals in
the middle polygenic risk score quintile (40%—-60%), those in
the top 5% had a 2.55-fold greater risk of glioma. In compari-
son, those in the bottom 5% had an approximately 69% lower
risk of glioma. These results suggested that GWAS-reported
germline variants can be applied in identifying high-risk indi-
viduals for early glioma prevention.

In addition to predicting the risk of overall glioma, Eckel-
Passow et al.”* have found that the GWAS SNPs-based risk score
can be used to predict the risk of molecular subtype-specific gli-
oma, on the basis of discovery (1,273 glioma cases and 443 con-
trols) and validation (852 glioma cases and 231 controls) datasets
from a White population. For example, compared with partici-
pants in the median quantile (45%-55%) of the risk score, those
in the highest 5% had a more than 14-, 19- and a 5-fold increase
in the relative risk of developing IDH mutant and 1p/19q code-
leted, IDH mutant and 1p/19q non-codeleted, and IDH wild-
type glioma, respectively. Notably, the authors have also found
that those germline variants can be used to predict glioma mole-
cular subtype, such as IDH mutation status, with a concordance
index of 0.85. These results further demonstrate the potential
value of germline SNPs in guiding clinical decision-making.

However, given that most GWAS-identified SNPs were
derived from White populations, whether these germline
SNPs have sufficient ability to predict the risk of overall or
subtype-specific glioma in East Asian populations remains
unknown. Eckel-Passow et al.”® have evaluated the predictive
power of the White-derived glioma polygenic risk model in
independent cohorts of White and non-White ancestries (e.g.,
East Asian and African populations). They have found that
White-based risk scores do not generalize across ancestries,
thus demonstrating that genetic studies must be performed on

more diverse populations, particularly for East Asians.

1451

Somatic mutation profile differences

Studies are increasingly investigating the genomic landscape
of glioma by including more East Asian populations to fill gaps
in the genetic diversity of data**’8%), Notably, the Chinese
Glioma Genome Atlas has collected, archived, and shared
large-scale glioma omics data from the Chinese population,
thus aiding in the ease and integration of studies of East Asian
glioma®!. Currently, the racial differences regarding somatic
profiles have been illustrated for some cancers. For example,
for lung adenocarcinoma, Zhang et al.®? have identified that
the percentage of Native American ancestry is positively cor-
related with EGFR somatic mutations. Attempts to identify
genetic pathways showing racial disparities have been put into
practice for glioma®>#*. Nonetheless, studies have been limited
by sample sizes, and the differences for glioma have not been
well summarized in previous studies. Here, we reviewed the
racial differences in somatic profiles (Table 2). Because East
Asians were under-represented in the previous TCGA program
comprising mainly White ancestry populations, the compari-
son of somatic profiles was based mainly on East Asians from
East Asian geographical regions and people of White ancestry.

Leveraging the panel sequencing data of 83 Chinese glioma
samples, Zeng et al.?* have identified significant differences
in somatic mutations between the Chinese database and the
Memorial Sloan Kettering Cancer Center (MSKCC) database
comprising mainly individuals of White ancestry. The H3F3A
somatic mutation and MET amplification are enriched in
the Chinese cohort. In contrast, the TERT and EGFR somatic
mutations and CDKN2A/B copy number alterations are sig-
nificantly depleted in the Chinese glioma cohort (P < 0.05)
(Table 2). Because the Chinese cohort included 4 grades of gli-
oma, and H3F3A was a marker of pediatric glioma, the enrich-
ment or depletion of gene somatic mutations might have been
biased by the grade or subtype®*.

Focusing on non-GBM, by including 332 lower-grade gli-
omas (LGGs) from a Japanese cohort, compared with a total
of 425 samples in TCGA, Suzuki et al.?? have identified a sim-
ilar frequency of IDH1/2 mutation in the 2 cohorts, reaching
78.01% in the Japanese cohort and 80.47% in TCGA. The
TP53 mutation frequency was slightly lower in the Japanese
cohort (40.36%) than TCGA (49.65%), whereas both the
SETD2 mutation rate and TERT promoter mutation detec-
tion rate were lower in TCGA. The TERT mutation depletion
might have been due to the low sequencing coverage?. In
addition, the Japanese population and TCGA cohort showed
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Table 2 Summary of somatic differences between East Asian (EAS) and White ancestries

Shared pattern

White enriched

EAS enriched

#EAS  Comparison®
90

#Total
340

Subtype
GBM

Data source?

Study

MAPK and p53 pathways

TCGA

South Korea

Koo (2020)

Triple-negative gliomas

459 TCGA

459

LGG

China

Chan (2016)

/

TERT mutation, EGFR,

H3F3A mutation, MET amplification

MSKCC

83

83

HGG+LGG

China

Zeng (2021)

and CDKN2A/B CNV

Hypermutation

108 TCGA

188

sGBM

China & South Korea

Hu (2018)

EGFR amplification

/

Enrolled
White

484

3150

GBM

China, Singapore,

South Korea

Lassman (2019)

Three-fourths IDHI1 mutation

SETDZ2 somatic mutation

335 TCGA

760

LGG

Japan

Suzuki (2015)

aCountry where the samples were collected.
bPopulation compared with East Asians.

Note: LGG, lower grade glioma; HGG, high-grade glioma; sGBM, secondary GBM
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no significant age distribution differences stratified by disease
stage. Meanwhile, as described by Chan et al.?%, for LGG, tri-
ple-negative (1p/19q non-codeletion, IDH, and TERT wild-
type) glioma showed a higher frequency in the Chinese pop-
ulation (17.4%) than that in the TCGA population (7.0%)
(Table 1)%. Among the triple-negative gliomas within the
Chinese population, both TP53 and H3F3A wild-type patients
have been predicted to have significantly better survival than
the TP53 and H3F3A mutant patients; therefore, further
examination of the somatic status might help achieve better
prognosis or therapy strategies.

GBM has also been evaluated in a large cohort of 3303
patients initially recruited for EGFR amplification screening
for an EGFR antibody clinical trial. EGFR amplification, as
detected by fluorescence in situ hybridization, had a higher
frequency in the overall population (approximately 56%)
and a significantly lower frequency in East Asians (approx-
imately 35%); this finding was independently validated in a
self-reported cohort of 153 Japanese individuals (33% EGER
amplification) (Table 2)%. The classical glioma subtype in the
Chinese population does not show consistent strong EGFR
expression®”. By focusing on GBM whole exome sequenc-
ing data in 90 Korean patients, Harim et al.?! have identified
greater enrichment of the P53 pathway with respect to that in
TCGA cohort (n = 250), although EGFR amplification was not
described (Table 2). Overall, the weakness of EGFR-associated
features may be unique to East Asian populations. Moreover,
a study of 188 patients with secondary GBM has indicated
enriched hypermutation in the White group, an effect possibly
associated with broad TMZ treatment in that group’®.

Discussion and future directions

Although the differences in glioma incidence, mortality, and
survival outcomes between East Asian and White/NHW
patients might have been confounded by different environ-
mental factors, the difference persists and remains valid,
according to results from East Asian populations living in the
USA and the UK, thus partially controlling for environmental
factors*.

Although glioma-associated factors have been well sum-
marized in Whites®, factors specific to East Asians have not
been well addressed. It was reported that smoking and height
might be associated with glioma onset in Korean studies®*-%,
and the atomic bomb was reported to be associated with gli-

oma risk by Radiation Effects Research Foundation in Japan®2.
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However, whether these environmental or behavioral factors
are associated with glioma exclusively in East Asians remained
to be determined.

Mortality rate is a critical indicator of the effects of treat-
ment intervention. The glioma incidence-based mortality
rates during 1995-2018 were calculated for White populations
independently each year, and the median value was 5.155.
However, the diffuse glioma mortality rate among East Asians
has rarely been precisely determined, and most studies have
evaluated mortality for malignant brain cancer and other CNS
tumors as a whole® and reported a mortality of 4.42 and 4.43
per 100,000 per year?¢. Because GBM is the most malignant
subtype, with a 5%-12% 5-year RS, and accounts for 58.4%
of gliomas', the incidence data might be a crude estimate of
the mortality data?’. Nonetheless, for other low-grade sub-
types, detailed statistics of mortality by race are needed for
disease surveillance and policymaking. Future inclusion of the
Chinese database might provide a more comprehensive por-
trayal of adult diffuse glioma mortality among East Asians.

In reviewing the overall incidence rate for “adult diffuse
glioma”, for which data stratified by race are unavailable, a
comprehensive estimation has been conducted for “glioma”
instead. Considering that TMZ treatment is a known fac-
tor of better survival outcomes, it should be considered as
a confounding factor when comparing survival differences
between East Asians and Whites®. In another study based on
205 Chinese individuals (median survival time: 12.0 months)
from 1999-2004, no additional survival benefit was observed
beyond that in Western patients (median survival time: 12.1
months) in a clinical trial. This finding might have been due to
a lack of access to temozolomide or other chemotherapy treat-
ment. Furthermore, the lower age distribution (MAD = 57) of
the Western patients enrolled in the clinical trial might have
prolonged the survival®*>. In Hong Kong, China the 5-year RS
of 3% (n = 1,010, 2006-2019) requires further verification®.
Future hospital-based registries might help eliminate poten-
tial confounding factors such as TMZ treatment in addressing
racial survival differences. Because most enrolled studies were
from the TMZ era (after 2004), TMZ treatment might not be
sufficient to explain the survival differences between races?.
Even among studies based on records before 2004, the 5-year
RS of East Asians [8.9% in Korea (1999-2004)] exceeded that
among Whites [4.9% in White (1995-2002); 3.9% in NHW
from the USA (2000—2004)] 164346,

Although we compared East Asians mainly with NHW or

Whites, compromises were necessary when data for NHW
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or Whites were unavailable. For example, the MAD from the
entire SEER database (comprising approximately 90% White
individuals) have been presented as an estimation of astro-
cytoma and oligodendroglial tumors among Whites; such
estimation should be feasible when the database records are
large!. However, no explicit conclusion can be drawn. Future
studies excluding non-adult samples remain needed to make
further claims. Moreover, the 5-year RS among Whites was
included for all subtypes and compared with that among East
Asians (Figure 2D). Racial differences have been observed for
different groups within the USA and UK. Populations of East
Asian descent and those of White ancestry show homogeneity
in different countries. These findings should be informative in
addressing racial differences. To provide quantitative compar-
isons, examination of only East Asians in the SEER database
might help verify the differences by considering confounding
factors. Nonetheless, in GBM, consistent evidence supports a
lower incidence rate, early onset age, and prolonged survival
for East Asians than that in the White ancestry.

Multiple glioma risk loci have been identified; however, the
potential molecular mechanisms underlying these associa-
tions remain unclear, indicating the critical role of functional
genomics in the post-GWAS era °>7. Many of these risk SNPs
are located in non-coding regions, thus suggesting that genetic
effects may arise from regulation of the expression of nearby
genes®®. Therefore, exploration of which genes are affected by
the germline variants and how changes in the function or reg-
ulation of the target genes lead to the development of glioma
is urgently needed.

The genetic architecture of glioma between White and East
Asian populations may differ. Most of the glioma GWASs pub-
lished to date have been performed to identify glioma risk loci
in White populations. However, GWASs in non-White (par-
ticularly East Asian) populations remain lacking. As evidenced
in this review, only 6 risk loci (i.e., 5p15.33, 11q23.3,20q13.33,
12p11.23,15q15-21.1, and 19p13.12) have been reported to be
associated with glioma risk at a genome-wide significant level
in East Asian (i.e., Chinese) population, of which 3 (5p15.33,
11q23.3, and 20q13.33) were also derived from White popula-
tions. Further overall and subtype-specific glioma GWASs in
non-White populations, including East Asian populations, are
thus needed.

Cumulative evidence has confirmed the utility of germline
variants in clinical practice; these variants may serve as a more
robust and cost-efficient tool for disease risk stratification

than other risk factors or biomarkers®*!%. For example, SNPs
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do not change over time and thus require measurement only
once. Previous studies in White populations have demon-
strated that GWAS-identified SNPs have sufficient predictive
power to identify individuals at high risk of developing gli-
oma and their molecular subtypes’*. However, whether these
germline variants derived from White populations can be
used in East Asian populations remains to be determined!°!.
Importantly, White-specific germline SNPs have shown less
discriminatory ability in non-White populations!'%?; therefore,
further studies on the development and independent valida-
tion of a genetic risk prediction model for glioma in East Asian
populations are needed.

Multiple studies have identified the potential inherited
genetic architecture in somatic alterations'®®. For example,

Carter et al.104

have applied a pan-cancer analysis to validate
more than 400 genetic interactions between germline SNPs
and somatic events (e.g., somatic alteration of specific cancer
genes). Sun et al.!% have identified multiple germline genetic
variants associated with tumor mutational burden, particu-
larly cancer types. Therefore, whether some somatic altera-
tions in glioma, such as IDH mutation and 1p/19q co-dele-
tion, are correlated with germline variants must be explored in
the future, to help researchers better understand the molecular
mechanisms of tumorigenesis.

Identifying potential divergent somatic profiles between
East Asians and White populations might aid in identifying
new markers and delineating glioma tumorigenesis and devel-
opment, and enabling personalized treatments. Meanwhile,

106-111

several studies based on East Asian populations and

other studies involving White-only populations!!2-120

are
available for further evaluation. The majority of these studies
were performed independently either in East Asian or White
populations. Thus a comprehensive integration of DNA/RNA
sequencing data from these studies is needed to investigate
the differences between East Asians and other racial groups
after controlling for confounding factors, such as disease stage,
subtype, sequencing protocols, or batch effects. Future repur-
posing of these independent large-scale data might ultimately
pave the way to innovative discoveries that may help explain
the divergence in onset age, and survival differences among
ancestries, and elucidate disease mechanisms.

Several study limitations must be noted. First, we could
not ensure that all patients registered in East Asian countries
or regions were of Asian ancestry, although the likelihood of
inclusion of non-East Asians is very low in these countries.

In addition, because East Asian, Southeast Asian, and Indian
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populations showed similar diffuse glioma incidence rates
lower than those in Whites, we believe that, despite the unknown
proportion of East Asians in the API group, high homogene-
ity within these different Asian groups exists, thus suggesting
that API provide an acceptable representation of East Asians*%.
Second, although Taiwan, China, and Hong Kong, China
should represent the Chinese population well, the mainland
China cohort was under-represented because of the lack of
a comprehensive prospective national-wide glioma database.
Only retrospective studies were retrieved for this review, but
the National Brain Tumor Registry of China is collecting data
from 2019 to 2024; a future large-scale database could aid in
the delineation of glioma in the Chinese population'?!. The
upcoming China brain registry, with a detailed record of CNS
tumors in the Global Burden of Disease and the Global Cancer
Observatory, might also help address this problem. Third, the
NHW/White population epidemiological data might not have
completely corresponded to the White ancestry data reviewed
in the GWAS and somatic analyses. In addition, because var-
ious studies used different subgrouping criteria for diffuse
glioma, drawing direct comparisons across populations was
difficult. Finally, the most recent 5% edition of the WHO clas-
sification of CNS tumors highlights the deficiencies in relying
on incomplete historical glioma molecular data to draw defin-
itive conclusions®. Population-based brain tumor registries
should contain as much molecular information as possible to
accommodate subsequent new diagnostic criteria to enable

more reliable comparisons.
Conclusions

This study comprehensively reviewed the epidemiology and
genomic data of adult diffuse gliomas among East Asian
populations. We summarized the features of diffuse glioma
among East Asians and compared them with those in existing
population studies predominantly in people of White ances-
try. We demonstrated a lower incidence rate of adult diffuse
glioma, earlier onset age for GBM, and prolonged overall sur-
vival in East Asian populations with GBM than NHW/White
populations. Apart from several GWAS SNPs found only in
East Asians, we identified several somatic mutations enriched
or depleted in the East Asian group. Despite several inde-
pendent studies on East Asians, the differences between East
Asians and other races remain poorly surveyed. Uncovering
and characterizing the characteristics of diverse popula-

tions may help pave the way to further investigation of how
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ancestral background contributes to gliomagenesis and clin-

ical outcomes.
Grant support

This work was supported by the Excellent Young Scientists
Fund (Hong Kong, China and Macau, China) (Grant No.
31922088); RGC grant (Grant No. 26102719); ITC grant
(Grant Nos. MHP/004/19, ITCPD/17-9); and a grant from
the Department of Science and Technology of Guangdong
Province (Grant No. 2020A0505090007). This work was sup-
ported partly by the Project of Hetao Shenzhen-Hong Kong
Science and Technology Innovation Cooperation Zone (Grant
No. HZQB-KCZYB-2020083).

Conflict of interest statement
No potential conflicts of interest are disclosed.
Author contributions

Conceived and designed the analysis: Jiguang Wang.
Collected the data: Zongchao Mo, Junyi Xin.

Contributed data or analysis tools: Zongchao Mo, Junyi Xin,
Ruichao Chai.

Performed the analysis: Zongchao Mo, Junyi Xin.

Wrote the paper: Zongchao Mo, Junyi Xin.

Revised the paper: Jiguang Wang, Ruichao Chai, Peter Y.M.
Woo, Danny T.M. Chan.

References

1. Ostrom QT, Cioffi G, Waite K, Kruchko C, Barnholtz-Sloan JS.
CBTRUS statistical report: primary brain and other central nervous
system tumors diagnosed in the United States in 2014-2018. Neuro
Oncol. 2021; 23: I111-105.

2. Louis DN, Ohgaki H, Wiestler OD, Cavenee WK, Burger PC, Jouvet
A, et al. The 2007 WHO classification of tumours of the central
nervous system. Acta Neuropathol. 2007; 114: 97-109.

3. 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: 803-20.

4, Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-Branger
D, et al. The 2021 WHO classification of tumors of the central
nervous system: a summary. Neuro Oncol. 2021; 23: 1231-51.

5. Cote DJ, Ostrom QT. Epidemiology and etiology of glioblastoma

BT - precision molecular pathology of glioblastoma. In: Otero JJ,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

1455

Becker AP, editors. Cham: Springer International Publishing; 2021.
p.3-19.

Braganza MZ, Kitahara CM, de Gonzélez AB, Inskip PD, Johnson
KJ, Rajaraman P. Ionizing radiation and the risk of brain and
central nervous system tumors: a systematic review. Neuro Oncol.
2012; 14: 1316-24.

Lan YL, Zhu Y, Chen G, Zhang J. The promoting effect of traumatic
brain injury on the incidence and progression of glioma: a review
of clinical and experimental research. J Inflamm Res. 2021; 14:
3707-20.

Ostrom QT, Edelson J, Byun J, Han Y, Kinnersley B, Melin B, et al.
Partitioned glioma heritability shows subtype-specific enrichment
in immune cells. Neuro Oncol. 2021; 23: 1304-14.

Rice T, Lachance DH, Molinaro AM, Eckel-Passow JE, Walsh KM,
Barnholtz-Sloan J, et al. Understanding inherited genetic risk of
adult glioma - a review. Neurooncol Pr. 2016; 3: 10-6.

Buniello A, MacArthur JAL, Cerezo M, Harris LW, Hayhurst J,
Malangone C, et al. The NHGRI-EBI GWAS Catalog of published
genome-wide association studies, targeted arrays and summary
statistics 2019. Nucleic Acids Res. 2019; 47: D1005-12.

Visscher PM, Brown MA, McCarthy MI, Yang J. Five years of GWAS
discovery. Am ] Hum Genet. 2012; 90: 7-24.

Kinnersley B, Houlston RS, Bondy ML. Genome-wide association
studies in Glioma. Cancer Epidemiol Biomarkers Prev. 2018; 27:
418-28.

Brennan CW, Verhaak RGW, McKenna A, Campos B, Noushmehr
H, Salama SR, et al. The somatic genomic landscape of
glioblastoma. Cell. 2013; 155: 462-77.

McLendon R, Friedman A, Bigner D, Van Meir EG, Brat

DJ, Mastrogianakis GM, et al. Comprehensive genomic
characterization defines human glioblastoma genes and core
pathways. Nature. 2008; 455: 1061-8.

Parsons DW, Jones S, Zhang X, Lin JCH, Leary R]J, Angenendt

P, et al. An integrated genomic analysis of human glioblastoma
multiforme. Science. 2008; 321: 1807-12.

Ostrom QT, Cote DJ, Ascha M, Kruchko C, Barnholtz-Sloan JS.
Adult glioma incidence and survival by race or ethnicity in the
United States from 2000 to 2014. JAMA Oncol. 2018; 4: 1254-62.
Maile EJ, Barnes I, Finlayson AE, Sayeed S, Ali R. Nervous system
and intracranial tumour incidence by ethnicity in England, 2001-
2007: a descriptive epidemiological study. PLoS One. 2016; 11:
2001-7.

Kang H, Song SW, Ha J, Won Y], Park CK, Yoo H, et al. A
nationwide, population-based epidemiology study of primary
central nervous system tumors in Korea, 2007-2016: a comparison
with United States Data. Cancer Res Treat. 2021; 53: 355-66.
Chien LN, Gittleman H, Ostrom QT, Hung KS, Sloan AE, Hsieh
YC, et al. Comparative brain and central nervous system tumor
incidence and survival between the United States and Taiwan based
on population-based registry. Front Public Heal. 2016; 4: 1-8.
Narita Y, Shibui S. Trends and outcomes in the treatment of
gliomas based on data during 2001-2004 from the brain tumor
registry of Japan. Neurol Med Chir (Tokyo). 2015; 55: 286-95.



1456

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Koo H, Choi SW, Cho H]J, Lee IH, Kong DS, Seol HJ, et al. Ethnic
delineation of primary glioblastoma genome. Cancer Med. 2020; 9:
7352-9.

Suzuki H, Aoki K, Chiba K, Sato Y, Shiozawa Y, Shiraishi Y, et al.
Mutational landscape and clonal architecture in grade II and III
gliomas. Nat Genet. 2015; 47: 458-68.

Chan AK, Mao Y, Ng HK. TP53 and Histone H3.3 mutations in triple-
negative lower-grade gliomas. N Engl ] Med. 2016; 375: 2206-8.

Zeng C, Wang J, Li M, Wang H, Lou F, Cao S, et al. Comprehensive
molecular characterization of chinese patients with glioma by
extensive next-generation sequencing panel analysis. Cancer Manag
Res. 2021; 13: 3573-88.

Low JT, Ostrom QT, Cioffi G, Neff C, Waite KA, Kruchko C, et al.
Primary brain and other central nervous system tumors in the
United States (2014-2018): a summary of the CBTRUS statistical
report for clinicians. Neurooncology Pract. 2022; 9: 165-82.
Ostrom QT, Cioffi G, Gittleman H, Patil N, Waite K, Kruchko C,

et al. CBTRUS Statistical report: primary brain and other central
nervous system tumors diagnosed in the United States in 2012-
2016. Neuro Oncol. 2019; 21: V1-100.

Lin D, Wang M, Chen Y, Gong J, Chen L, Shi X, et al. Trends in
intracranial glioma incidence and mortality in the United States,
1975-2018. Front Oncol. 2021; 11: 748061.

Chang L, Su J, Jia X, Ren H. Treating malignant glioma in Chinese
patients: update on temozolomide. Onco Targets Ther. 2014; 7:
235-44.

Nakamura H, Makino K, Yano S, Kuratsu JI. Epidemiological study
of primary intracranial tumors: a regional survey in Kumamoto
prefecture in southern Japan-20-year study. Int J Clin Oncol. 2011;
16: 314-21.

Matsumoto F, Takeshima H, Yamashita S, Yokogami K, Watanabe T,
Ohta H. Epidemiologic study of primary brain tumors in Miyazaki
prefecture: a regional 10-year survey in southern Japan. Neurol
Med Chir (Tokyo). 2021; 61: 492-8.

Dho YS, Jung KW, Ha J, Seo Y, Park CK, Won Y], et al. An updated
nationwide epidemiology of primary brain tumors in Republic of
Korea, 2013. Brain Tumor Res Treat. 2017; 5: 16.

Brodbelt A, Greenberg D, Winters T, Williams M, Vernon S, Collins
VP. Glioblastoma in England: 2007-2011. Eur J Cancer. 2015; 51:
533-42.

Wohrer A, Waldhor T, Heinzl H, Hackl M, Feichtinger J, Gruber-
Mgsenbacher U, et al. The Austrian Brain Tumour Registry: a
cooperative way to establish a population-based brain tumour
registry. ] Neurooncol. 2009; 95: 401-11.

Gramatzki D, Dehler S, Rushing EJ, Zaugg K, Hofer S, Yonekawa Y,
et al. Glioblastoma in the Canton of Zurich, Switzerland revisited:
2005 to 2009. Cancer. 2016; 122: 2206-15.

Korja M, Raj R, Seppi K, Luostarinen T, Malila N, Seppild M, et al.
Glioblastoma survival is improving despite increasing incidence
rates: a nationwide study between 2000 and 2013 in Finland. Neuro
Oncol. 2019; 21: 370-9.

Fabbro-Peray P, Zouaoui S, Darlix A, Fabbro M, Pallud J, Rigau V,

et al. Association of patterns of care, prognostic factors, and use of

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

Mo et al. Diffuse glioma in East Asia

radiotherapy—temozolomide therapy with survival in patients with
newly diagnosed glioblastoma: a French national population-based
study. ] Neurooncol. 2019; 142: 91-101.

Ho VKY, Reijneveld JC, Enting RH, Bienfait HP, Robe P, Baumert
BG, et al. Changing incidence and improved survival of gliomas.
Eur J Cancer. 2014; 50: 2309-18.

He Z, Wong ST, Yam KY. Newly-diagnosed, histologically-
confirmed central nervous system tumours in a regional hospital in
hong kong: an epidemiological study of a 21-year period. ] Korean
Neurosurg Soc. 2019; 63: 119-35.

‘Woo PYM, Yau S, Lam TC, Pu JKS, Li LFE, Lui LCY, et al. Patterns

of care and survival of Chinese glioblastoma patients in the
temozolomide era: a Hong Kong population-level analysis over a
14-year period. Neurooncology Pract. Published online first: Sep
10, 2022. DOI: 10.1093/nop/npac069.

Pu JKS, Ng GKB, Leung GKK, Wong CK. One-year review of the
incidence of brain tumours in Hong Kong Chinese patients as part
of the Hong Kong Brain and Spinal Tumours Registry. Surg Pract.
20125 16: 133-6.

Lee CH, Jung KW, Yoo H, Park S, Lee SH. Epidemiology of primary
brain and central nervous system tumors in Korea. ] Korean
Neurosurg Soc. 2010; 48: 145-52.

Jung KW, Ha J, Lee SH, Won Y], Yoo H. An updated nationwide
epidemiology of primary brain tumors in republic of Korea. Brain
tumor Res Treat. 2013; 1: 16-23.

Crocetti E, Trama A, Stiller C, Caldarella A, Soffietti R, Jaal J, et al.
Epidemiology of glial and non-glial brain tumours in Europe. Eur J
Cancer. 2012; 48: 1532-42.

Leece R, Xu J, Ostrom QT, Chen Y, Kruchko C, Barnholtz-Sloan JS.
Global incidence of malignant brain and other central nervous system
tumors by histology, 2003-2007. Neuro Oncol. 2017; 19: 1553-64.
Hansen S, Rasmussen BK, Laursen R]J, Kosteljanetz M, Schultz H,
Norgird BM, et al. Treatment and survival of glioblastoma patients
in Denmark: the Danish Neuro-Oncology Registry 2009-2014. ]
Neurooncol. 2018; 139: 479-89.

Jung KW, Yoo H, Kong HJ, Won Y], Park S, Lee SH. Population-based
survival data for brain tumors in Korea. ] Neurooncol. 2012; 109: 301-7.
Yang P, Wang Y, Peng X, You G, Zhang W, Yan W, et al. Management
and survival rates in patients with glioma in China (2004-2010): a
retrospective study from a single-institution. ] Neurooncol. 2013;
113: 259-66.

Hodges TR, Labak CM, Mahajan UV, Wright CH, Wright J, Cioffi
G, et al. Impact of race on care, readmissions, and survival for
patients with glioblastoma: an analysis of the National Cancer
Database. Neurooncology Adv. 2021; 3: 1-12.

Wang P, Liu Y, Zhi L, Qiu X. Integrated analysis of the clinical and
molecular characteristics of IDH wild-type gliomas in the Chinese
glioma genome atlas. Front Oncol. 2021; 11: 1-9.

Lin Z, Yang R, Li K, Yi G, Li Z, Guo J, et al. Establishment of age
group classification for risk stratification in glioma patients. BMC
Neurol. 2020; 20: 1-11.

Pekmezci M, Rice T, Molinaro AM, Walsh KM, Decker PA, Hansen
H, et al. Adult infiltrating gliomas with WHO 2016 integrated



Cancer Biol Med Vol 19, No 10 October 2022

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

diagnosis: additional prognostic roles of ATRX and TERT. Acta
Neuropathol. 2017; 133: 1001-16.

Aizer AA, Ancukiewicz M, Nguyen PL, Shih HA, Loeffler JS, Oh KS.
Underutilization of radiation therapy in patients with glioblastoma:
predictive factors and outcomes. Cancer. 2014; 120: 238-43.

Bohn A, Braley A, de la Vega PR, Carlos Zevallos J, Barengo NC.
The association between race and survival in glioblastoma patients
in the US: a retrospective cohort study. PLoS One. 2018; 13: 1-10.
Xu H, Chen J, Xu H, Qin Z. Geographic variations in the incidence
of glioblastoma and prognostic factors predictive of overall survival
in US adults from 2004-2013. Front Aging Neurosci. 2017; 9: 1-9.
Haque W, Verma V, Butler EB, Teh BS. Definitive chemoradiation

at high volume facilities is associated with improved survival in
glioblastoma. ] Neurooncol. 2017; 135: 173-81.

Hauser A, Dutta SW, Showalter TN, Sheehan JP, Grover S, Trifiletti
DM. Impact of academic facility type and volume on post-surgical
outcomes following diagnosis of glioblastoma. J Clin Neurosci.
2018;47: 103-10.

Thumma SR, Fairbanks RK, Lamoreaux WT, Mackay AR, Demakas
JJ, Cooke BS, et al. Effect of pretreatment clinical factors on overall
survival in glioblastoma multiforme: a Surveillance Epidemiology
and End Results (SEER) population analysis. World J Surg Oncol.
2012; 10: 1-12.

Bakirarar B, Egemen E, Yakar E. Machine learning model to identify
prognostic factors in glioblastoma: a SEER-Based analysis. Published
online first: Feb, 2022. DOI: 10.21203/rs.3.rs-1327181/v1.

Gittleman H, Boscia A, Ostrom QT, Truitt G, Fritz Y, Kruchko C, et al.
Survivorship in adults with malignant brain and other central nervous
system tumor from 2000-2014. Neuro Oncol. 2018; 20: VII6-16.

Visser O, Ardanaz E, Botta L, Sant M, Tavilla A, Minicozzi P.
Survival of adults with primary malignant brain tumours in
Europe; Results of the EUROCARE-5 study. Eur ] Cancer. 2015; 51:
2231-41.

Sanson M, Hosking FJ, Shete S, Zelenika D, Dobbins SE, Ma Y, et al.
Chromosome 7p11.2 (EGFR) variation influences glioma risk.
Hum Mol Genet. 2011; 20: 2897-904.

Shete S, Hosking FJ, Robertson LB, Dobbins SE, Sanson M, Malmer
B, et al. Genome-wide association study identifies five susceptibility
loci for glioma. Nat Genet. 2009; 41: 899-904.

LiN, Shi H, Hou P, Gao L, Shi Y, Mi W, et al. Genetic variants

of CYP4F12 gene are associated with glioma susceptibility. Int J
Cancer. 2021; 149: 1910-5.

Stacey SN, Sulem P, Jonasdottir A, Masson G, Gudmundsson

J, Gudbjartsson DF, et al. A germline variant in the TP53
polyadenylation signal confers cancer susceptibility. Nat Genet.
2011; 43: 1098-103.

Jenkins RB, Xiao Y, Sicotte H, Decker PA, Kollmeyer TM, Hansen
HM, et al. A low-frequency variant at 8q24.21 is strongly associated
with risk of oligodendroglial tumors and astrocytomas with IDH1
or IDH2 mutation. Nat Genet. 2012; 44: 1122-5.

Chen H, Chen G, Li G, Zhang S, Chen H, Chen Y, et al. Two novel
genetic variants in the STK38L and RAB27A genes are associated
with glioma susceptibility. Int ] Cancer. 2019; 145: 2372-82.

67.

68.

69.

70.

71.

72.

73.

75.

76.

7.

78.

79.

80.

81.

82.

1457

LiuY, Zhou Y, Zhu K. Inhibition of glioma cell lysosome exocytosis
inhibits glioma invasion. PLoS One. 2012; 7: €45910.

Wu X, Hu A, Zhang M, Chen Z. Effects of Rab27a on proliferation,
invasion, and anti-apoptosis in human glioma cell. Tumour Biol.
2013; 34: 2195-203.

Stark K, Schauer L, Sahlen GE, Ronquist G, Oliw EH. Expression
of CYP4F12 in gastrointestinal and urogenital epithelia. Basic Clin
Pharmacol Toxicol. 2004; 94: 177-83.

TianY, Yang T, Yu S, Liu C, He M, Hu C. Prostaglandin E2 increases
migration and proliferation of human glioblastoma cells by
activating transient receptor potential melastatin 7 channels. J Cell
Mol Med. 2018; 22: 6327-37.

Walsh KM, Codd V, Smirnov IV, Rice T, Decker PA, Hansen HM,
et al. Variants near TERT and TERC influencing telomere length
are associated with high-grade glioma risk. Nat Genet. 2014; 46:
731-5.

Kinnersley B, Labussiere M, Holroyd A, Di Stefano AL, Broderick
P, Vijayakrishnan J, et al. Genome-wide association study identifies
multiple susceptibility loci for glioma. Nat Commun. 2015; 6: 1-9.
Melin BS, Barnholtz-Sloan JS, Wrensch MR, Johansen C, II'’yasova
D, Kinnersley B, et al. Genome-wide association study of glioma
subtypes identifies specific differences in genetic susceptibility to
glioblastoma and non-glioblastoma tumors. Nat Genet. 2017; 49:
789-94.

Eckel-Passow JE, Decker PA, Kosel ML, Kollmeyer TM, Molinaro
AM, Rice T, et al. Using germline variants to estimate glioma and
subtype risks. Neuro Oncol. 2019; 21: 451-61.

Eckel-Passow JE, Drucker KL, Kollmeyer TM, Kosel ML, Decker
PA, Molinaro AM, et al. Adult diffuse glioma GWAS by molecular
subtype identifies variants in D2ZHGDH and FAM20C. Neuro
Oncol. 2020; 22: 1602-13.

Eckel-Passow JE, Lachance DH, Decker PA, Kollmeyer TM, Kosel
ML, Drucker KL, et al. Inherited genetics of adult diffuse glioma
and polygenic risk scores—a review. Neurooncology Pract. 2022; 9:
259-270.

Choi ], Jia G, Wen W, Long J, Zheng W. Evaluating polygenic risk
scores in assessing risk of nine solid and hematologic cancers in
European descendants. Int ] Cancer. 2020; 147: 3416-23.

Hu H, Mu Q, Bao Z, Chen Y, Liu Y, Chen J, et al. Mutational
landscape of secondary glioblastoma guides MET-targeted trial in
brain tumor. Cell. 2018; 175: 1665-78.¢18.

Wang J, Cazzato E, Ladewig E, Frattini V, Rosenbloom DIS, Zairis
S, et al. Clonal evolution of glioblastoma under therapy. Nat Genet.
2016; 48: 768-76.

Lee JK, Wang J, Sa JK, Ladewig E, Lee HO, Lee IH, et al.
Spatiotemporal genomic architecture informs precision oncology
in glioblastoma. Nat Genet. 2017; 49: 594-9.

Zhao Z, Zhang KN, Wang Q, Li G, Zeng F, Zhang Y, et al. Chinese
glioma genome atlas (CGGA): a comprehensive resource with
functional genomic data from Chinese glioma patients. Genomics
Proteomics Bioinformatics. 2021; 19: 1-12.

Carrot-Zhang J, Soca-Chafre G, Patterson N, Thorner AR, Nag A,

Watson J, et al. Genetic ancestry contributes to somatic mutations



1458

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

in lung cancers from admixed latin American populations. Cancer
Discov. 2021; 11: 591-8.

Chen P, Aldape K, Wiencke JK, Kelsey KT, Miike R, Davis RL,

et al. Ethnicity delineates different genetic pathways in malignant
glioma. Cancer Res. 2001; 61: 3949-54.

Das A, Tan WL, Teo J, Smith DR. Glioblastoma multiforme in

an Asian population: evidence for a distinct genetic pathway. J
Neurooncol. 2002; 60: 117-25.

Eckel-Passow JE, Lachance DH, Molinaro AM, Walsh KM, Decker
PA, Sicotte H, et al. Glioma groups based on 1p/19q, IDH, and
TERT promoter mutations in tumors. N Engl ] Med. 2015; 372:
2499-508.

Lassman AB, Aldape KD, Ansell PJ, Bain E, Curran WJ, Eoli M,

et al. Epidermal growth factor receptor (EGFR) amplification

rates observed in screening patients for randomized trials in
glioblastoma. ] Neurooncol. 2019; 144: 205-10.

Yan W, Zhang W, You G, Zhang J, Han L, Bao Z, et al. Molecular
classification of gliomas based on whole genome gene expression:
a systematic report of 225 samples from the Chinese Glioma
Cooperative Group. Neuro Oncol. 2012; 14: 1432-40.

Ostrom QT, Cote DJ. Epidemiology and Etiology of Glioblastoma.
In: Otero JJ, Becker AP, editors. Precision Molecular Pathology of
Glioblastoma. 1st ed. Cham: Springer; 2021. p. 3—19.

Hou L, Jiang J, Liu B, Han W, Wu Y, Zou X, et al. Smoking and adult
glioma: a population-based case-control study in China. Neuro
Oncol. 2016; 18: 105-13.

Ahn S, Han KD, Park YM, Bae JM, Kim SU, Jeun S8, et al. Cigarette
smoking is associated with increased risk of malignant gliomas: a
nationwide population-based cohort study. Cancers (Basel). 2020;
12: 1-10.

Ahn S, Han K, Lee JE, Jeun SS, Park YM, Joo W, et al. Association
between height and the risk of primary brain malignancy in adults:
a nationwide population-based cohort study. Neurooncology Adv.
2021; 3: vdab098.

Brenner AV, Sugiyama H, Preston DL, Sakata R, French B, Sadakane
A, et al. Radiation risk of central nervous system tumors in the Life
Span Study of atomic bomb survivors, 1958-2009. Eur J Epidemiol.
20205 35: 591-600.

Jiang B, Liu H, Sun D, Sun H, Ru X, Fu J, et al. Mortality due to
primary brain tumours in China and detection rate in people with
suspected symptoms: a nationally representative cross-sectional
survey. World ] Surg Oncol. 2021; 19: 1-12.

Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B,
Taphoorn MJB, et al. Radiotherapy plus concomitant and
adjuvant temozolomide for glioblastoma. N Engl ] Med. 2005;
352:987-96.

Ma X, Lv, Liu J, Wang D, Huang Q, Wang X, et al. Survival
analysis of 205 patients with glioblastoma multiforme: clinical
characteristics, treatment and prognosis in China. J Clin Neurosci.
2009; 16: 1595-8.

Zhang X, Bailey SD, Lupien M. Laying a solid foundation for
Manhattan--‘setting the functional basis for the post-GWAS era’.
Trends Genet. 2014; 30: 140-9.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Mo et al. Diffuse glioma in East Asia

Gallagher MD, Chen-Plotkin AS. The post-GWAS era: from
association to function. Am ] Hum Genet. 2018; 102: 717-30.
Umans BD, Battle A, Gilad Y. Where are the disease-associated
eQTLs? Trends Genet. 2021; 37: 109-24.

Torkamani A, Wineinger NE, Topol EJ. The personal and clinical
utility of polygenic risk scores. Nat Rev Genet. 2018; 19: 581-90.
Lambert SA, Abraham G, Inouye M. Towards clinical utility of
polygenic risk scores. Hum Mol Genet. 2019; 28: R133-42.

ZhaoY, Chen G, Yu H, Hu L, Bian Y, Yun D, et al. Development

of risk prediction models for glioma based on genome-wide
association study findings and comprehensive evaluation of
predictive performances. Oncotarget. 2018; 9: 8311-25.

Duncan L, Shen H, Gelaye B, Meijsen J, Ressler K, Feldman M, et al.
Analysis of polygenic risk score usage and performance in diverse
human populations. Nat Commun. 2019; 10: 3328.

Ramroop JR, Gerber MM, Toland AE. Germline variants impact
somatic events during tumorigenesis. Trends Genet. 2019; 35:
515-26.

Carter H, Marty R, Hofree M, Gross AM, Jensen J, Fisch KM, et al.
Interaction landscape of inherited polymorphisms with somatic
events in cancer. Cancer Discov. 2017; 7: 410-23.

Sun X, Xue A, Qi T, Chen D, Shi D, Wu Y, et al. Tumor mutational
burden is polygenic and genetically associated with complex traits
and diseases. Cancer Res. 2021; 81: 1230-9.

Bao ZS, Chen HM, Yang MY, Zhang CB, Yu K, Ye WL, et al. RNA-
seq of 272 gliomas revealed a novel, recurrent PTPRZ1-MET fusion
transcript in secondary glioblastomas. Genome Res. 2014; 24:
1765-73.

ZhangY, Ma W, Fan W, Ren C, Xu ], Zeng F, et al. Comprehensive
transcriptomic characterization reveals core genes and module
associated with immunological changes via 1619 samples of brain
glioma. Cell Death Dis. 2021; 12: 1140.

Oldrini B, Vaquero-Siguero N, Mu Q, Kroon P, Zhang Y, Galén-
Ganga M, et al. MGMT genomic rearrangements contribute to
chemotherapy resistance in gliomas. Nat Commun. 2020; 11: 3883.
Kim J, Lee IH, Cho HJ, Park CK, Jung YS, Kim Y, et al.
Spatiotemporal evolution of the primary glioblastoma genome.
Cancer Cell. 2015; 28: 318-28.

Kim H, Zheng S, Amini SS, Virk SM, Mikkelsen T, Brat DJ, et al.
Whole-genome and multisector exome sequencing of primary and
post-treatment glioblastoma reveals patterns of tumor evolution.
Genome Res. 2015; 25: 316-27.

Xu PE, Li G, Xi SY, Chen FR, Wang ], Zhang ZQ, et al. Whole exome
sequencing reveals the genetic heterogeneity and evolutionary
history of primary gliomas and matched recurrences. Comput
Struct Biotechnol J. 2022; 20: 2235-46.

Korber V, Yang J, Barah P, Wu Y, Stichel D, Gu Z, et al. Evolutionary
trajectories of IDHWT glioblastomas reveal a common path of
early tumorigenesis instigated years ahead of initial diagnosis.
Cancer Cell. 2019; 35: 692-704.e12.

Wang LB, Karpova A, Gritsenko MA, Kyle JE, Cao S, Li Y, et al.
Proteogenomic and metabolomic characterization of human
glioblastoma. Cancer Cell. 2021; 39: 509-28.¢20.



Cancer Biol Med Vol 19, No 10 October 2022

114.

115.

116.

117.

118.

Touat M, Li YY, Boynton AN, Spurr LF, Iorgulescu JB, Bohrson CL,
et al. Mechanisms and therapeutic implications of hypermutation
in gliomas. Nature. 2020; 580: 517-23.

van de Geer WS, Hoogstrate Y, Draaisma K, Robe PA, Bins S,
Mathijssen RHJ, et al. Landscape of driver gene events, biomarkers,
and druggable targets identified by whole-genome sequencing of
glioblastomas. Neurooncology Adv. 2022; 4: vdab177.

Stasik S, Juratli TA, Petzold A, Richter S, Zolal A, Schackert G, et al.
Exome sequencing identifies frequent genomic loss of TET1 in
IDH-wild-type glioblastoma. Neoplasia. 2020; 22: 800-8.

Cancer Genome Atlas Research Network, Brat DJ, Verhaak RGW,
Aldape KD, Alfred Yung WK, Salama SR, Cooper LAD, et al.
Comprehensive, integrative genomic analysis of diffuse lower-grade
gliomas. N Engl ] Med. 2015; 372: 2481-98.

Barthel FP, Johnson KC, Varn FS, Moskalik AD, Tanner G,
Kocakavuk E, et al. Longitudinal molecular trajectories of diffuse
glioma in adults. Nature. 2019; 576: 112-20.

119.

120.

121.

1459

Noroxe DS, Yde CW, @strup O, Michaelsen SR, Schmidt AY,
Kinalis S, et al. Genomic profiling of newly diagnosed glioblastoma
patients and its potential for clinical utility — a prospective,
translational study. Mol Oncol. 2020; 14: 2727-43.

Zheng S, Alfaro-Munoz K, Wei W, Wang X, Wang F, Eterovic AK,

et al. Prospective clinical sequencing of adult glioma. Mol Cancer
Ther. 2019; 18: 991-1000.

Zhang L, Jia W, Ji N, Li D, Xiao D, Shan GL, et al. Construction

of the National Brain Tumor Registry of China for better
management and more efficient use of data: a protocol. BMJ Open.
2021; 11: e040055.

Cite this article as: Mo Z, Xin J, Chai R, Woo PYM, Chan DTM, Wang
J. Epidemiological characteristics and genetic alterations in adult diffuse
glioma in East Asian populations. Cancer Biol Med. 2022; 19: 1440-1459.
doi: 10.20892/j.issn.2095-3941.2022.0418



