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Abstract: In this study, we conducted a genome-wide scan of single nucleotide polymorphisms (SNPs) to identify
coding variants that is associated with the risk of glioblastoma (GBM), the most common and most malignant
subtype of glioma. We genotyped 1038 GBM cases and 1008 controls in a Chinese Han population using lllumina
HumanExome Beadchip v1.0. A missense variant, rs8957 (E[GAG]233D[GAU], SLC2A4RG, 20g13.33), was found
being associated with GBM risk, with an odd ratio (OR) of 1.43 (95% confidence interval (Cl) = 1.25-1.64, P= 1.72E-
07). The G>T transversion at rs8957 leading to changes of subcellular localization of SLC2A4RG, possibly due to
the impairment of its nuclear export signal or protein folding. Moreover, the amino acid substitution compromised
the function of SLC2A4RG as a cancer suppressor by promoting cell growth through de-inhibition of CDK1 in U87
and U251 cell lines. These results suggest SLC2A4RG plays an important role in the etiology of GBM and may be a
potential therapeutic target.

Keywords: Glioblastoma (GBM), rs8957 (E[GAG]233D[GAU]), SLC2A4RG, coding variants, cyclin dependent kinase
1 (CDK1)

Introduction

Genome-wide association study (GWAS) have
identified 15 common SNPs in 7 loci to be
associated glioma risk till recently [1-6] and
most of the SNPs were consistently confirmed
by each another GWAS or by following replica-
tion studies [7, 8]. These findings advanced our
understandings of glioma etiology. However,
common SNPs identified by GWAS altogether
only accounted for a fraction of glioma herita-
bility, leaving the majority unexplained [9-11].
Furthermore, all of these variants map to non-
coding intergenic and intronic regions [12] leav-
ing their functional nature a great challenging
to assess. Coding variants, on the other hand,
affecting either protein sequence, translation

rate, or alternative splicing, would possibly influ-
ence protein function directly. As a result, they
may cause a more severe outcome [13, 14].

Glioma is a highly heterogeneous cancer. It can
be categorized into different subtypes, which
have their distinct molecular profiles [15-17].
GBM, accounted for ~50% of all gliomas, is the
most common and most malignant CNS (cen-
tral nervous system) tumor (WHO grade IV) with
a median survival of 12-14 months [9]. The dis-
mal prognosis is partly caused by functional
alterations of crucial molecules, which are
induced by certain high penetrant mutations
including coding variants [9]. However, the role
of the coding variant has not yet been system-
atically investigated. Therefore, in this study we
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conducted a genome-wide interrogation of
the associations of variants, over 50% of which
lie in coding regions, with GBM risk. We carried
out an exome array-based genotyping using
Illumina HumanExome chip v1.0 on 1038 ca-
ses and 1008 controls in a Chinese popu-
lation.

Materials and methods
Study population

Cases were pathologically confirmed GBM pa-
tients, newly diagnosed and previously untreat-
ed (no tumor resection, chemotherapy, or radio-
therapy) who were consecutively recruited from
the Department of Neurosurgery at Huashan
Hospital (Shanghai, China) from March 2005 to
August 2011. Those who reported spinal glio-
mas, previous cancer history and metastasized
cancer from other organs were excluded. In
total, we recruited 1038 case subjects.
Detailed recruitment criteria were defined pre-
viously [11, 18, 19].

The 1008 control subjects were recruited from
four districts and counties in Shanghai between
April and November in 2010. The detailed
recruit criteria was described elsewhere [20,
21]. Briefly, all controls had no known central
nervous system-related diseases, self-reported
history of any cancer or history of radiotherapy/
chemotherapy at the time of recruitment. All
participants were genetically unrelated ethnic
Han Chinese, most of whom are from the south-
ern part of China. Written informed consents
were given by all participants. This study was
approved by the Ethics Board of School of Life
Sciences, Fudan University.

Genotyping and quality control

Genomic DNA were extracted from blood sam-
ples and were genotyped using the lllumina
HumanExome Beadchip v1.0 (N = 247,870 vari-
ants). Detailed description about SNP contents
and selection strategies for this array is avail-
able at http://genome.sph.umich.edu/wiki/
Exome_Chip_Design. lllumina’s GenTrain ver-
sion 2.0 clustering algorithm within Genome-
Studio v2011.1 was used for genotyping
calling.

For quality control (QC), we first excluded sam-
ples with < 97% genotype call rate (No = 29 for
cases, No = 2 for controls), evidence of dupli-
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cates, contamination or genetic relationship
determined by identity-by-decent (No = 43 for
cases, No = 33 for controls), population outliers
determined by identity-by-state based on com-
mon SNPs (minor allele frequency [MAF] >0.05)
(No = 0). Next, we excluded monomorphic vari-
ants (No = 199,530), variants with a genotype
call rate < 0.97 (No = 803), MAF < 0.01 (With a
relatively small sample size, we might not have
sufficient power to detect the associations of
rare variants with GBM risk. No = 16,568),
located in X and Y chromosomes (No = 76),
deviation from Hardy-Weinberg equilibrium
(HWE) (P < 1.0E-4, No = 74). See Supplementary
Figure 1 for detailed QC step.

Cell culture and transfection

Hela cell line, and two Human GBM cell lines,
U87 and U251 were obtained from the
Japanese Cancer Research Resources Bank.
All cell lines were cultured in DMEM with 10%
fetal bovine serum (FBS) and penicillin (100
units/ml)/streptomycin (100 pg/ml) (Life Te-
chnologies), at 37°C in 5% CO,. Detailed trans-
fection procedures were described previously
[22]. Briefly, plasmids were introduced into
appropriate cells using Lipofectamine 2000
(Invitrogen) according to manufacturer’s ins-
tructions.

Plasmid construction

The cDNA of SLC2A4RG (RefSeqNG_046992.1)
containing rs8957[G] allele was amplified from
U251 cell line by PCR. Site-specific mutation
was performed on the resulting plasmid (desig-
nated p-G, wild type SLC2A4RG) to generate
the p-T construct (mutated SLC2A4RG), which
contains the rs8957[T] allele. Both plasmids
were confirmed by DNA sequencing analyses.
All plasmid construction primers are shown in

Supplementary Table 3.
Cell proliferation assay and cell cycle analysis

Transfected cell lines were seeded in 96-well
plates (10000 cells/well) in sextuple and cell
proliferation analysis were evaluated by Cell
Counting Kit-8 (CCK-8; Dojindo Laboratories)
assay at different time points according to the
manufacturer’s instructions. Cell cycle analysis
was analyzed as described previously [23].
Briefly, glioma cells were harvested, washed
with 1 x PBS and fixed with 70% ice-cold etha-
nol. Before being analyzed by flow cytometry,
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Table 1. Top SNPs of exome chip-wide analyses survived in Bonferroni correction

) Alleles MAF P
SNP Location Context Position  Minor Logistic ~ Bonferroni  OR (95% Cl)
(nearest Gene) . Cases Controls )
major regression  corrected
rs331537 11p15.4 (OR52K2) Exon 4471276 A/G 0.013 0.049 3.94E-08 1.22E-03  0.26 (0.16-0.41)
rs2315008 20913.3 (ZGPAT) Intron 62343956 C/A 0.428 0.342 2.99E-07 9.22E-03 1.44(1.26-1.65)
rs4809330 20q13.3 (ZGPAT) Intron 62349586 G/A  0.427  0.342 3.91E-07 0.012 1.44 (1.26-1.64)
rs12325410 16p13.2 (LOC101927026) Intron 9675246 A/C 0.518 0.434 4.64E-07 0.014 1.40 (1.23-1.60)
rs2853676° 5p15.33 (TERT) Intron 1288547 A/G 0.228 0.163 5.16E-07 0.016 1.52 (1.29-1.79)
rs8957 22013.33 Exon 62373707 G/T 0.436 0.352 1.72E-07 0.005 1.42 (1.25-1.64)

a, reported by previous GWAS. The logistic P value and OR, 95CI were adjusted for age, sex and first 4 principal components.

fixed cells were incubated with propidium iodide
(PI, 25 pg/ml) containing 10 mg/mL RNase for
30 min in the dark.

All assays were performed in three indepen-
dent experiments.

Quantitative real-time RT-PCR and western blot

Total RNA was isolated from U87 and U251 cell
lines using Trizol reagent (Invitrogen) according
to manufacturer’s instructions and converted
to cDNA using ReverTra Ace (Toyobo). Quan-
titative RT-PCR was performed in triplicate
using SYBR-Green dye (Toyobo) on ABI 7900HT
Sequence Detection System (Applied Biosy-
stems). Melting curve analysis was used to
check the specificity of amplification. Actin was
used as the internal reference gene. Relative
genes expression level of each sample was cal-
culated using the 222°T method. Total proteins
were extracted by radio-immunoprecipitation
assay (RIPA) buffer containing protease inhibi-
tors cocktail (Sigma). Equal amounts of pro-
teins were separated on 8% or 10% SDS-PAGE
and were electrotransferred onto PVDF mem-
branes (Millipore). After blocking with 5% non-
fat milk for 1 hour at room temperature, mem-
branes blotted with primary antibodies at 4°C
overnight. Next, membranes incubated with
horseradish peroxidase-labeled anti-rabbit 1gG
or anti-mouse IgM as the secondary antibody
(Epitomics; 1:1000). Antibody against actin
(1:3000; Vazyme) was used as a loading con-
trol. Antibodies against CDK1, CDK2, E2F1,
Myc and Actin were purchased from Proteintech
(1:1000).

Immunofluorescence assay

To investigate the subcellular localization of
SLC2A4RG, Hela cells were transiently trans-
fected with p-G or p-T expression plasmids and
were fixed with 4% paraformaldehyde 36 hours
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after transfection. Then cells were analyzed for
subcellular localization of EGFP fusion protein
with a LSM700 confocal microscope (Carl
Zeiss).

Statistical analysis

For each of the 30,819 SNPs, we performed
unconditional logistic regression analysis as
implemented in PLINK v. 1.07 assuming an
additive genetic model with adjustment for sex,
age and the first 4 principal components.
Bonferroni correction was employed to control
for multiple testing issues. Therefore, the sig-
nificant level for this study was 1.62 x 10°. To
avoid performing a large number of underpow-
ered tests due to relative small sample size, we
excluded all variants with MAF < 0.01 from fur-
ther analyses in QC step. The power to detect
associations between variants and GBM risk
under an additive model was estimated using
the Quanto software (http://biostats.usc.edu/
software). Assuming alpha level of 10° (2-si-
ded), sample size of 1000 cases and 1000
controls, we can have an 88% power to detect
an odds ratio (OR) of 4.0, for variants with a
MAF of 0.01 and a 99% power to detect an OR
of 2.4, for variants with a MAF of 0.05

(Supplementary Table 1).

Pairwise Multi-dimensional scaling (MDS) anal-
ysis implemented in PLINK was used to calcu-
late the 1-10 principal components derived
from common variants. All biochemical experi-
ments were performed in triplicate with means
and standard error subjected to Student’ t test
for multivariate analyses.

Results

GWAS for GBM risk

After QC, a total of 30819 SNPs with a minor
allele frequency (MAF) >0.01 in 878 cases and
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973 controls remained for further analyses,
with an average genotype call rate of 99.4% for
cases and 99.8% for controls, respectively.
Over 50% of the SNPs located in coding region
(Supplementary Table 2). MDS analysis indicat-
ed that the cases and controls were genetically
well matched for all samples (Supplementary
Figure 2). The genomic inflation factor (A,.) was
1.04, indicating that there was a low possibility
of false positive associations resulting from

population stratification (Supplementary Figure
3).

Six variants exceeded the predefined Bon-
ferroni-corrected significance threshold as
shown in Table 1. Besides the well-established
GWAS common SNP rs2853676, we identified
one novel low-frequency coding variants
(rs331537) and four common SNPs that were
associated with GBM risk. Of the four common
SNPs, three were intronic SNPs (rs2315008,
rs4809330 and rs12325410) and one, rs8957,
lied in the exonic region of SLC2A4RG.

Among all the SNPs, rs331537 showed the
strongest association (P = 3.94 x 10%, OR =
0.26, 95% Cl 0.16-0.41). Although we have
>99% power to detect such an association sig-
nal, this is a protective low-frequent mutation
with the minor allele A decreasing GBM risk by
74% compared with the major allele G (OR =
0.26, 95% CI [0.16-0.41]), which goes against
the hypothesis that rare/low frequent mutation
aretendto be deleterious. Therefore, rs331537
and other rare/low frequent mutation with GBM
risk needs further validation in larger popula-
tions. We then focused on the genomic reg-
ion encompassing rs8957 (E[GAG]233D[GAU])),
20q13.33 (RTEL1), for further deep and refined
analysis.

Deep and refined analysis at 22q13.33
(RTEL1)

There are 28 SNPs at 22q13.33 (RTEL1),
detailed information and their association
results with GBM risk are presented in Table 2.
Two GWAS variants, rs6010620 and rs380-
9324 were in moderate LD (pairwise D’ = 0.96,
r2 = 0.30), and their associations with GBM
were confirmed in our dataset (P = 3.40E-07 for
rs6010620, P = 2.02E-03 for rs3809324).
Conditioned on rs6010620, the association of
rs4809324 was not significant any more
0.765). While conditioned on

(Pconditional

1940

rs4809324, the association of rs6010620
remains significant (P = 7.18E-05), sug-
gesting rs4809324 was actually a tag for GBM
risk in Chinese population and rs6010620 was
causal or causal variant was in strong LD with
rs6010620. Hereinafter, we conducted condi-
tional analysis on rs6010620 for variants
encompassing RTEL1. The association of two
novel variants, rs2315008 and rs4809330,
exceeded the genome-wide significance thresh-
old (P = 3.79E-08 and 4.77E-08, respectively).
They are in strong-to-complete LD (pair-wise D’
=0.99, r? = 0.98). In conditional analysis, asso-
ciation significances reduced to 9.12E-03 and
0.011 for rs2315008 and rs4809330, respec-
tively, while the association of rs6010620 was
no more significant (P .~ = 0.161 and
0.139). Rs6010620 was in moderate-to-high
LD with rs2315008 and rs4809330 (D’ = 0.89,
r2 = 0.55 for both pairs). These results indicat-
ed the GWAS variants identified in Caucasian
population were tag signals in Chinese popula-
tion. Rs8957 and rs6010620 were in moder-
ate-to-high LD (pair-wise D’ = 0.83, r?2 = 0.406).
When conditioned on rs6010620, the associa-
tion signal of rs8957 remained significant
(P =0.011).

conditional

Three rare variants were also detected for
association with GBM risk in RETL1 coding
region, rs114497943, rs200473388 and
rs199550529, each with a MAF less than 0.01.
The small sample size of our study and the rare-
ness of these variants limited statistical power
for firm conclusions.

Therefore, based on the association strength,
the significance after conditioning on rs60-
10620 and the potential functional plausibility,
we hereinafter focused on rs8957 for further
functional analysis.

G>T at SLC2A4RG-rs8957 E[GAG]233D[GAU]
alters the distribution pattern of SLC2A4RG

SLC2A4RG is a transcriptional activator shut-
tling between nucleus and cytoplasm [24]. And
the localization of nucleus-cytoplasm shuttling
proteins play a key role in tumorigenesis [25,
26]. To investigate the role of SLC2A4RG in
GBM cells, we first examined whether the G>T
transversion at rs8957 could change the sub-
cellular localization of SLC2A4RG. To this end,
we generated N terminal fusion of SLC2A4RG-
rs8957-G and SLC2A4RG-rs8957-T to N2-EGFP

Am J Cancer Res 2017;7(9):1937-1947
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Conditional analysis

SNP Position  SNP Type M'”Xlrlé 'I\gajor MAF Unadjusted Conditioned on rs6010620 , ., Association
Cases  Controls P OR (95% Cl) Conditional P P for rs6010620 f Pattern
rs3827022 62195220  Missense G/A 0420 0412 0647  1.03(0.91-1.17) 0.300 487E07 036 008
15114497943 62195426  Missense G/C 0.0054 0.0005 4.33E-03 10.89(1.39-85.15)  0.013 1.86E-07 NA  NA Ipair
rs115211910 62195617  Missense A/G 00016 00010 0586  1.64(0.27-9.80) 0.588 5.24E-07 NA  NA
rs3810487 62196033  Missense G/A 0465 0475 0531  0.96(0.85-1.09) 0.031 5.46E:08 038 007
rs117986816 62196096  Missense A/G 0011 0012 0958  0.98(0.54-1.78) 0.469 3.09E07 074 002
r$310631 62196253  Missense A/C 0143 0148 0616  0.95(0.80-1.14) 0.892 12406 027 001
rs201951872 62196600  Missense C/A 00011 00036 0114 0.3 (0.06-1.46) 0.200 129E06  1.00 0.00
r$310632 62196807  Missense A/G 0.0005 0.0005 0.951  1.09 (0.07-17.46) 0.971 5.80E-07  0.00
rs200473388 62200017  Missense A/G 00044 00104 0030  0.42(0.18-0.94) 0.012 440E07 086 001  fpair
rs6090457 62200576  Missense G/A 0442 0448 0690 0.7 (0.86-1.11) 0.052 119607 038 0.08
1s2039369 62253821 Intron G/A 0417 0416 0980  1.00(0.88-1.14) 0.803 6.02607  0.07 0.0
rs3848668 62293272  Missense G/A 00027 00005 0081 547(0.64-46.89)  0.202 1.12E-06 NA  NA
rs199685200 62294237  Missense G/A 00016 00005 0276  3.28(0.34-31.56)  0.359 7.10E-07 NA  NA
rs6010620° 62309839 Intron G/A 0340 0265 3.40E07 1.43(1.25-1.64) NA NA
rs4809324° 62318220 Intron G/A 0140 0407 2.02E-03 1.35(1.12-1.64) 0.765 718E:05 096 0.30
rs141717966 62324183  Missense A/G 00016 00035 0259  0.47(0.12-1.81) 0.143 3.68E-07 100 0.01
rs3208008 62326110  Missense C/A 0406 0334 3.75E-06  1.36 (1.20-1.55) 0.232 0.026 090 0.59
rs115303435 62326159  Missense A/G 0047 0028 203E03 1.71(1.21-2.42) 0.059 125605 085 0.7
rs137950052 62329672  Missense A/G 0.0005 0.0005 0951  1.09 (0.07-17.46) 0.832 4.5TE-07 NA  NA
rs2315008 62343956 Intron C/A 0426 0340 3.79E08 1.44(1.27-1.64)  9.12E-03 0.161 089 0.55
rs4809330 62349586 Intron G/A 0425 0340 477608 1.44 (1.26-1.64) 0.011 0.139 089 055
rs199550529 62364653  Missense A/C 00044 00119 0011  0.37(017-0.83)  4.12E03 8ATEO7 094 002  fpair
rs200051356 62366916  Missense A/G 0.0005 0.0005 0950  1.09 (0.07-17.47) 0.833 6.08E-07 NA  NA
rs116980580 62372798 Synonymous  A/G 00016 00040 0172  0.41(0.11-154) 0.104 3.66E07  1.00 001
rs8957 62373707  Missense A/C 0436 0352 O58E-08 1.43(1.25-1.63) 0.011 0.032 083 046 |pair
1$932826 62380516 Intron A/C 0322 0279 378603 1.23(1.07-1.41) 0477 124605 031 0.0
(s2281929 62422080  Missense G/A 0407 0446 0013  0.85(0.75-0.9) 0.356 8.43E06 054 0.09
1s2281534 62492922  Missense /A 0431 0434 0784  0.97(0.81-1.17) 0.287 3.30E-07 0.6 0.02

a and b, SNP reported by published GWAS; NA, MAF too small to calculate accurate D’ or r%; 3, down arrow indicates a SNP pair for which significance decreases after conditioning on the other SNP.
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Figure 1. G>T transition at rs8957 E[GAG]233D[GAU] alters the subcellular distribution pattern of SLC2A4RG. (A)
Subcellular localization of SLC2A4RG-rs8957-EGFP polymorphism expressed transiently in Hela cells. Scale bars,
15 pum. (B) Percentage of cells with nuclear speckles after Hela cells were transiently transfected with expression
plasmids of SLC2A4RG-rs8957-G-EGFP and SLC2A4RG-rs8957-T-EGFP. Values are means + SD. All images were
obtained at a magnification of x 630 (A). *, p < 0.05; **, p < 0.01, ***, p < 0.001.
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Figure 2. G>T at SLC2A4RG-rs8957 E[GAG]233D[GAU] increases GBM cell proliferation rate. The cell growth curves
of U7 and U251 cells with empty vector, SLC2A4RG-rs8957-G-EGFP (p-G) and SLC2A4RG-rs8957-T-EGFP (p-T) over-
expression were determined by CCK-8 assays. Values are means + SD. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

(p-G and p-T). Immunofluorescence staining
demonstrates that both fusion proteins localize
in cytoplasm and in nuclei and the majority is
nuclear localization (Figure 1A), which is con-
sistent with published findings that SLC2A4RG
acts as a transcriptional factor [24, 27, 28].
Furthermore, SCL2A4RG occasionally aggre-
gated in foci within nuclei in cells transfected
with p-G, whereas the number of nuclear foci
was significantly increased in cells transfected
with p-T (Figure 1B).

G>T at SLC2A4RG-rs8957 E[GAG]233D[GAU]
increases GBM cell proliferation rate

According to gene expression data of The
Cancer Genome Atlas (TCGA), SLC2A4RG was
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upregulated in GBM specimens. Hence, we
postulate that SLC2A4RG may influence GBM
cell growth. Moreover, we further evaluated the
changes of cell proliferation upon amino acid
substitution of G>T at rs8957. We found that
overexpression of p-G and p-T in both U87 and
U251 cell lines markedly inhibited cell growth
compared with the empty vector controls
(Figure 2A). This result indicates that SLC2A-
4RG may function as a tumor suppressor gene
in GBM etiology. In addition, we then studied
the impact of G>T at rs8957 on GBM cell prolif-
eration using Cell Counting Kit 8 assay within a
4-day period monitoring. The results showed
that cells transfected with p-T significantly pro-
moted the U87 and U251 cells proliferation

Am J Cancer Res 2017;7(9):1937-1947
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compared with cells transfected with p-G at day
3 and day 4 after plating, which suggested that
the transversion at rs8957 compromised the
tumor suppressor role of SLC2A4RG in GBM
(Figure 2A).

SLC2A4RG regulates cell cycle progression in
GBM cell lines

To gain further insight of SLC2A4RG-regulated
glioma cell proliferation, we next examined
whether proliferation changes were associated
with specific cell cycle distribution using flow
cytometric analyses. When compared with cells
transfected with wild type p-G, both U87 and

1943

U251 cells lines showed dramatic increase in
the percentage of S phase and decrease in
G2/M phase after overexpression of p-T (Figure
3A). To further explore this finding, we mea-
sured the expression levels of several impor-
tant cell cycle related genes and proteins by
gRT-PCR and western blot in U87 cells. While
the expression levels of CDK2, E2F1 and Myc
had no significant changes, CDK1, which plays
vital roles in both regulating the progression
of the cell cycle and oncogenesis [29, 30],
is dramatically down-regulated in cells with
SLC2A4RG overexpression (Figure 3B and 3C).
However, the overexpression of the mutated
SLC2A4RG partly failed to suppress the expres-
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sion of CDK1, which may explain their higher
cell proliferation rates (Figure 3B and 3C).

Discussion

To investigate the contributions of coding vari-
ants to GBM susceptibility, we evaluated 30819
variants across the genome for their associa-
tions with GBM risk. A novel common missense
SNP, rs8957, encoding E(GAG)233D(GAU) of
SLC2A4RG at 20q13.33 was identified at
genome-wide significance level. Subsequent
functional study demonstrate the G>T transver-
sion at rs8957 changed the subcellular local-
ization of SLC2A4RG. Moreover, the amino acid
substitution compromised the tumor suppres-
sor role of SLC2A4RG in GBM, which resulted in
a higher cell proliferation rate probably due to
de-inhibition of CDK1 expression.

SLC2A4RG encodes a nuclear transcription
factor involved in the activation of the solute
carrier family 2 member 4 gene, whereas its
involvement in tumorigenesis was rarely stud-
ied and understood. CDK1 is a cyclin-depen-
dent kinase, which plays a vital role in the tran-
sition phases of the cell cycle [31]. In the
present study, we found that overexpression of
SLC2A4RG could downregulate CDK1 expres-
sion and inhibit GBM cell growth. Besides,
recent studies reveal that the up-regulation of
CDK1 is associated with the development of
various cancer including GBM [32-34], while it
keeps a low detectable level in non-cancerous
tissues. Therefore, we postulate that SLC2A4RG
functions as a tumor suppressor in GBM etiol-
ogy and as is illustrated here in this study, dys-
function of SLC2A4RG caused by missense
mutation could increase the risk of GBM.
Moreover, we found the missense mutation at
rs8957 caused subcellular distribution altera-
tion of SLC2A4RG, resulting in excess accumu-
lation of unphysiological SLC2A4RG in nuclear.
We implicated that it was because the
E(GAG)233D(GAU) damaged the nuclei export-
ing signal and folding of SLC2A4RG, which
led to nuclear accumulation of unphysiolo-
gical SLC2A4RG. And it was possibly the nucle-
ar accumulation of unphysiological SLC2A4RG
that abated the suppression of CDK1 ex-
pression.

In this study, we used the exome chip launched
by lllumina as the research tool. In fact, this
chip was the earliest version and was not
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designed specifically for Chinese population.
Therefore, coding variants represented in
Chinese population may not be adequately cap-
tured. Moreover, common coding variants only
constitute a fraction of this chip, most of which
are low-frequent and rare coding variants.
Taken together, it may be not an ideal tool to
investigate the associations between common
coding variants and GBM risk, highlighting the
needs for an exhaustive interrogation of coding
variants in larger samples through whole exome
sequencing. However, taken the cost into con-
sideration, the exome chip is still a valuable
interim.

Glioma is highly heterogeneous, encompassing
a wide spectrum of subtypes (astrocytoma, oli-
godendroglioma, mixed oliogoastrocytoma,
ependymoma and GBM) [35]. Studies have
suggested different subgroups of glioma may
represent distinct pathological entities [15-17,
36]. In this study, we focused on GBM, the most
common and most malignant subtype of glio-
ma and recruited 1038 GBM cases and 1008
controls in a Chinese Han population for the
initial genome-wide association stage. GBM
accounted for approximately 40% of all malig-
nant brains tumors, which rank 10th in malig-
nant tumor incidences (5.03 per 100,000 indi-
viduals) according to Cancer registration center
in China, 2011 [37]. Taken the relative rareness
into consideration, it is a great effort to recruit
such a large sample. Moreover, it is the largest
in Chinese population.

To the best of our knowledge, this is the first
genome-wide interrogation of the coding vari-
ant for GBM risk. We have identified a novel
functional missense variant, rs8957, E(GAG)
233D(GAU), located in the exon region of
SLC2A4RG as genetic risk factor affecting GBM
tumorigenesis. Functional study indicates this
missense mutation caused the subcellular
localization alterations of SLC2A4RG and di-
minished its tumor suppressor role via abolish-
ing the downregulation of CDK1.
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Supplementary Figure 1. Flowchart of data quality control (QC) steps in the exome-wide association analysis. The
flowchart shows the steps used to filter study subjects and variants based on variants genotyped by Illumina Hu-
manExome Beadchip v1.0.
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Supplementary Table 1. Power for detecting
associations in 1,000 cases vs 1,000 con-
trols, P = 10E-06

OR
20 24 28 3.2 3.6 4.0
0.01 0.01 0.07 0.23 0.48 0.72 0.88
0.02 0.10 0.45 0.82 0.97 >0.99 >0.99
0.03 0.31 0.81 0.98 >0.99 >0.99 >0.99
0.04 0.55 0.95 >0.99 >0.99 >0.99 >0.99
0.05 0.74 0.99 >0.99 >0.99 >0.99 >0.99

MAF

Supplementary Table 2. Constitutions of
SNP passing QC according to their genomic

contexts

SNP Type Number Percentage
Missense 15,467 50.19
Intergenic 7,585 24.61
Intron 5,382 17.46
Silent 1,042 3.38
Coding 383 1.24
3'UTR 379 1.23
Non_coding_exon 140 0.45
5'UTR 125 0.41
Nonsense 121 0.39
Splicing 94 0.31
Missing data 92 0.30
Upstream gene variant 4 0.01
Downstream gene variant 2 0.01
5 prime UTR variant 1 0.00
Regulatory region variant 1 0.00

Synonymous variant 1 0.00
Total 30,819 100.00
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Supplementary Table 3. Sequences of primers and oligonucleotides used for real-time PCR and plas-
mid construction

Primer name Sense (5’-3") Antisense (5’-3’)

Primers for real-time PCR
CDK2-gPCR CATTCCTCTTCCCCTCATCA TTTAAGGTCTCGGTGGAGGA
CDK6-gPCR GAACTAGGCAAAGACCTACTTCTGA GGTGGGAATCCAGGTTTTCT
E2F1-qPCR TCTATGACATCACCAACGTCCT CTGGGTCAACCCCTCAAG
Myc-qPCR CACCAGCAGCGACTCTGA GATCCAGACTCTGACCTTTTGC
Actin-gPCR AGGCACCAGGGCGTGAT GCCCACATAGGAATCCTTCTGAC

Primers for plasmid construction
SLC2A4RG-rs8957-T-overlap GGGAGGCAGGCAGAGCCTGATCAGAGTGATGGTGAGGAGGA TCCTCCTCACCATCACTCTGATCAGGCTCTGCCTGCCTCCC
SLC2A4RG-N2-EGFP-OV CCGCTCGAGGAGTCAGCCCTCGCCGCTGCA CCGGAATTCGTCCAGGAACCGCTGGCAGGCT
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Supplementary Figure 2. Pairwise MDS (multi-dimentional scaling) plot of the first 4 principal components.
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Supplementary Figure 3. Quantile-Quantile (Q-Q) plot of observed versus expected P values in GBM exome chip-
wide association analyses. The analysis was adjusted by the first 4 principal conponents. The genomic control
lambda is 1.044.



