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Adult diffuse glioma GWAS by molecular subtype 
identifies variants in D2HGDH and FAM20C
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Abstract
Background. Twenty-five germline variants are associated with adult diffuse glioma, and some of these variants 
have been shown to be associated with particular subtypes of glioma. We hypothesized that additional germline 
variants could be identified if a genome-wide association study (GWAS) were performed by molecular subtype.
Methods.  A total of 1320 glioma cases and 1889 controls were used in the discovery set and 799 glioma cases and 
808 controls in the validation set. Glioma cases were classified into molecular subtypes based on combinations of 
isocitrate dehydrogenase (IDH) mutation, telomerase reverse transcriptase (TERT) promoter mutation, and 1p/19q 
codeletion. Logistic regression was applied to the discovery and validation sets to test for associations of variants 
with each of the subtypes. A meta-analysis was subsequently performed using a genome-wide P-value threshold 
of 5 × 10−8.
Results.  Nine variants in or near D-2-hydroxyglutarate dehydrogenase (D2HGDH) on chromosome 2 were genome-
wide significant in IDH-mutated glioma (most significant was rs5839764, meta P = 2.82 × 10−10). Further stratifying 
by 1p/19q codeletion status, one variant in D2HGDH was genome-wide significant in IDH-mutated non-codeleted 
glioma (rs1106639, meta P = 4.96 × 10−8). Further stratifying by TERT mutation, one variant near FAM20C (family 
with sequence similarity 20, member C) on chromosome 7 was genome-wide significant in gliomas that have IDH 
mutation, TERT mutation, and 1p/19q codeletion (rs111976262, meta P = 9.56 × 10−9). Thirty-six variants in or near 
GMEB2 on chromosome 20 near regulator of telomere elongation helicase 1 (RTEL1) were genome-wide signifi-
cant in IDH wild-type glioma (most significant was rs4809313, meta P = 2.60 × 10−10).
Conclusions.  Performing a GWAS by molecular subtype identified 2 new regions and a candidate independent 
region near RTEL1, which were associated with specific glioma molecular subtypes.
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Key Points

1. � We performed a GWAS of molecular subtypes of adult diffuse glioma and 
identified 2 new regions that are associated with particular glioma subtypes.

2. � One of the regions is in D2HGDH, a region that is also associated with allergy and 
asthma.

Genome-wide association studies (GWAS) identified vari-
ants in 25 regions that are associated with development 
of adult diffuse glioma.1–9 Recently, GWAS by histological 
subtype identified novel germline variants that were asso-
ciated specifically with glioblastoma (GBM; World Health 
Organization [WHO] grade IV) and non-GBM (grades II–III).2,3 
Importantly, these newly identified GBM and non-GBM 
germline variants did not reach genome-wide significance 
when a GWAS was performed on overall glioma; they only 
reached genome-wide significance when a GWAS was per-
formed within a more homogeneous subgroup of glioma. 
As highlighted by the 2016 WHO classification criteria,10 
which include genetic tumor testing of isocitrate dehy-
drogenase (IDH) mutation and 1p/19q codeletion, glioma 
can more accurately be subtyped by somatic alterations. 
Telomerase reverse transcriptase (TERT) promoter mutation 
has also been reproducibly shown to be associated with age 
at diagnosis, patient outcome, and specific germline associ-
ations.11–14 However, a GWAS by these molecular subtypes 
has not been reported. Thus, we hypothesized that novel 
germline variants might be identified by GWAS performed 
by clinically relevant molecular subtypes. Here, we describe 
the results of performing a GWAS within molecular sub-
types defined by combinations of IDH mutation, TERT pro-
moter mutation, and 1p/19q codeletion.

Methods

Subjects

Mayo Clinic glioma  cases.—Mayo Clinic glioma cases 
have been previously described.3,8,11,15 The study was ap-
proved by the Mayo Clinic Office for Human Research 
Protection. Histologically confirmed grades II, III, and IV 
glioma cases were identified at diagnosis (at Mayo Clinic) 
or at the time of pathologic confirmation (diagnosed else-
where and treated at Mayo Clinic). Included subjects were 

at least 18 years of age and had a surgical resection or bi-
opsy between 1973 and 2014. A total of 653 cases that were 
run on the OncoArray genotyping assay had necessary 
molecular data.3

UCSF glioma cases.—UCSF glioma cases include partici-
pants of the San Francisco Bay Area Adult Glioma Study 
(AGS). This study was approved by the UCSF Committee 
on Human Research. Details of subject recruitment for AGS 
have been reported previously.1,3,8,11,16–18 Cases were adults 
(>18 y of age) with newly diagnosed, histologically con-
firmed grade II, III, or IV glioma. Population-based cases 
diagnosed between 1991 and 2009 and residing in the 6 
San Francisco Bay Area counties were ascertained using 
the Cancer Prevention Institute of California’s early case 
ascertainment system. Clinic-based cases diagnosed be-
tween 2002 and 2012 were recruited from the UCSF Neuro-
oncology Clinic, regardless of place of residence. A  total 
of 667 cases that were run on the OncoArray genotyping 
assay had necessary molecular data.3

TCGA glioma cases.—A total of 799 glioma cases from 
The Cancer Genome Atlas (TCGA) obtained from Database 
of Genotypes and Phenotypes (dbGaP) (phs000178) had 
necessary molecular data. All samples were run on the 
Affymetrix 6.0 genotyping array. IDH mutation, TERT 
promoter mutation, and 1p/19q codeletion status were 
obtained from supplementary table 1 in Ceccarelli et al,19 
and D-2-hydroxyglutarate dehydrogenase (D2HGDH) 
copy number calls were downloaded from cBioPortal on 
February 19, 2019.

International Glioma Case-Control (GICC) Study 
controls.—A total of 1907 GICC controls that were ap-
proved for “General Research Use” and “Brain Tumors” 

Importance of the Study

Twenty-five germline variants have been associated with 
adult diffuse glioma, and some of these variants have sub-
sequently been shown to be associated with particular 
subtypes of glioma. By performing a GWAS by molecular 
subtype, we identified 2 new regions that are associ-
ated with specific molecular subtypes of glioma. Variants 
in D2HGDH on chromosome 2 were associated with 

IDH-mutated glioma. A variant near FAM20C on chro-
mosome 7 was associated with gliomas that have IDH 
mutation, TERT mutation, and 1p/19q codeletion. One of 
the regions, D2HGDH, is a region that is also associated 
with allergy and asthma. The identification of additional 
novel germline variants will help to further understand 
the etiology of adult diffuse glioma.
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were obtained from dbGaP (phs001319); 1889 passed 
quality control metrics and were included in the ana-
lyses. All samples were run on the OncoArray genotyping 
assay.3

Mayo Clinic Biobank controls.—A total of 808 Mayo Clinic 
Biobank controls were utilized.20 All samples were run on 
the Illumina Omni Express genotyping array.

Statistical Methods

GWAS analyses.—Prior to imputation, the following 
quality control procedures were applied to the discovery 
and validation sets: tests of Hardy–Weinberg equilibrium 
(P  <  10−6), duplicate and relatedness checks, sex checks, 
variant call rates (>95%), and subject call rates (>95%). For 
the validation set, because cases and controls were run on 
different genotyping platforms, quality control was per-
formed on cases and controls separately. Imputation was 
performed using the Michigan Imputation Server, utilizing 
the 1000 Genome V3 data and the Haplotype Reference 
Consortium. Structure21 was applied to determine racial 
groups, using 1000 Genome samples to anchor the ra-
cial groups. Population stratification was assessed using 
Eigenstrat and principal components (Supplementary 
Figure 1).22 Principal components that were signifi-
cantly associated with overall glioma cases versus con-
trol (P < 0.05) were included as covariates in each of the 
subtype-specific GWAS analyses. Subtype-specific GWAS 
analyses were performed with cases defined by somatic 
alterations and corresponding cases being compared with 
controls. GWAS was first performed stratified by IDH mu-
tation: IDH-mutated glioma and IDH wild-type glioma were 
each compared with controls. IDH-mutated cases were sub-
sequently stratified by 1p/19q codeletion into IDH-mutated 
1p/19q codeleted and IDH-mutated 1p/19q non-codeleted. 
GWAS were then conducted for subgroups further strati-
fied by TERT promoter mutation into triple-positive (IDH-
mutated, TERT mutated, and 1p/19q codeleted), IDH and 
TERT mutations, IDH mutation only, TERT mutation only, 
and triple-negative (IDH wild-type, TERT wild-type, 1p/19q 
non-codeleted). Logistic regression was utilized comparing 
subtype-specific cases with controls, with genotype coded 
as 0, 1, or 2 copies (or dosage if imputed) of the alternate 
allele, and age, sex, and principal components included 
as covariates. Q-Q plots and lambda values were used to 
evaluate the excess false-positive rate. Imputation R2 value 
for the discovery set was required to be larger than 0.80 
and the P-value threshold was 5 × 10−6. Variants that passed 
the imputation and P-value thresholds in the discovery 
set were meta-analyzed across the discovery and valida-
tion sets. Variants that had the same direction of effect in 
the discovery and validation sets, genome-wide significant 
meta P-value (P < 5 × 10−8), and P-value less than 0.05 in the 
validation set were further evaluated. For a subset of the 
imputed variants that passed genome-wide significance in 
the meta-analysis, 93 glioma patient samples were custom 
genotyped using TaqMan and compared with imputed 
genotypes (Supplementary Table 1).

Expression quantitative trait loci, Hi-C and 
ChromHMM analyses.—Expression quantitative trait 
loci (eQTL) analyses were performed using data obtained 
from the GTEx Portal on 10/22/2019. Analyses were per-
formed for the most significant variant at each locus. 
All genes within 1  Mb of the variant were evaluated in 
normal brain tissues available in GTEx. Hi-C analyses 
were performed using the 3D-genome Interaction Viewer 
and database.23 Interactions were examined for a 200 kb 
window surrounding the variant of interest in dorsolateral 
prefrontal cortex, hippocampus and H1-derived neural 
progenitor cells. ChromHMM was also evaluated for the 
dorsolateral prefrontal cortex and hippocampus using 
the UC Santa Cruz genome browser and the Roadmap 
Epigenomics project.24

Results

GWAS by Glioma Subtypes: Subtypes Defined by 
IDH Mutation and 1p/19q Codeletion

Of the 2119 glioma cases analyzed in the meta-analysis, 
1012 were IDH-mutated and 1107 IDH wild-type (Table 1). 
Further stratifying IDH-mutated glioma according to 1p/19q 
codeletion, in the meta-analysis 390 patients had IDH-
mutated 1p/19q-codeleted tumors and 561 patients had 
IDH-mutated non-codeleted tumors (Table 1).

IDH-mutated  GWAS.—Ninety-three variants passed 
genome-wide significance in IDH-mutated glioma 
versus controls (Fig.  1A; Supplementary Figure 2A; 
Supplementary Table 2). Most of the variants were in 
regions that have previously been reported: CCDC26, 
PHLDB1, AKT3, and IDH1.1,3,5 Nine variants in or near 
D2HGDH on chromosome region 2q27 were genome-
wide significant (Supplementary Table 2; Fig.  2A). 
The most significant variant in the D2HGDH region 
was rs5839764 (discovery odds ratio [OR]  =  1.51, meta 
P-value  =  2.82  ×  10−10; Table  2), and this variant re-
mained significant after adjustment for the known IDH1 
variant rs7572263 on chromosome 2 (P  =  5.46  ×  10−7; 
Supplementary Table 3).3 TCGA reported that the 2q37 
region was commonly deleted in IDH-mutated gliomas 
that do not have 1p/19q codeletion.19 In TCGA data for 
IDH-mutated non-codeleted glioma, we observed that 
rs5839764 was inversely associated with tumor deletions 
of D2HGDH (OR = 0.57, 95% CI: 0.36–0.90, P = 0.015), with 
deletions more likely to occur in patients who carry the 
reference allele C versus the alternative allele G.  Hi-C 
DNA interactions were observed between rs5839764 and 
nearby regions, including the 5′ end of D2HGDH, in the 
hippocampus and H1-derived neural progenitor cells 
(Fig. 2A). GTEx did not have data on rs5839764, and thus 
the second most significant variant was evaluated as a 
surrogate (rs71430382). The rs71430382 alternate allele 
T was associated with decreased expression of D2HGDH 
in normal brain tissues (P = 4.9 × 10−14, 1.7 × 10−18, and 
2.2  ×  10−11 for frontal cortex, cortex, and hippocampus, 
respectively; Fig. 2B).

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa117#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa117#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa117#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa117#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa117#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa117#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa117#supplementary-data
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IDH-mutated non-codeleted  GWAS.—Twelve variants 
passed genome-wide significance for patients with IDH-
mutated non-codeleted glioma versus controls (Fig.  1B; 
Supplementary Figure 2B; Supplementary Table 4). Most 
of the variants were in known genes, including CCDC26 
and PHLDB1.1,5 One variant within D2HGDH, rs1106639, 
reached genome-wide significance (discovery OR  =  1.7, 
meta P-value = 4.96 × 10−8) (Table 2). The variant remained 
significantly associated with risk after adjustment for the 
IDH1 variant rs7572263 on chromosome 2 (P = 5.0 × 10−6; 

Supplementary Table 5).3 The Hi-C analyses for rs1106639 
showed similar results as rs5839764 (Supplementary 
Figure 3).

IDH-mutated 1p/19q-codeleted  GWAS.—Twenty-eight 
variants passed genome-wide significance in IDH-mutated 
codeleted glioma versus controls; all variants were in 
CCDC261 (Supplementary Figure 2C; Supplementary 
Figure 4; Supplementary Table 6).

  
Table 1.  Clinical, pathology, and molecular characteristics of discovery and validation sets

 
Discovery Validation

Mayo and UCSF  
Cases, N = 1320 (%)

GICC Controls,  
N = 1889 (%)

TCGA Cases,  
N = 799 (%)

Mayo Biobank  
Controls, N = 808 (%)

Age, y     

  <40 383 (29.0) 279 (14.8) 239 (29.9) 68 (8.4)

  40–59 587 (44.5) 831 (44.0) 304 (38.0) 281 (34.8)

  ≥60 350 (26.5) 779 (41.2) 256 (32.0) 459 (56.8)

Sex     

  Female 530 (40.2) 755 (40.0) 335 (41.9) 407 (50.4)

  Male 790 (59.8) 1134 (60.0) 464 (58.1) 401 (49.6)

Histology     

  Astrocytoma 281 (21.3) NA 145 (19.2) NA

  Glioblastoma 574 (43.5) NA 359 (47.5) NA

  Oligoastrocytoma 215 (16.3) NA 106 (14.0) NA

  Oligodendroglioma 250 (18.9) NA 145 (19.2) NA

  Missing 0 NA 44 NA

Grade     

  2 401 (30.4) NA 182 (24.1) NA

  3 327 (24.8) NA 214 (28.3) NA

  4 591 (44.8) NA 359 (47.5) NA

  Missing 1 NA 44 NA

IDH mutation status     

  IDH mutant 622 (47.1) NA 390 (48.8) NA

  IDH wild-type 698 (52.9) NA 409 (51.2) NA

Molecular subtype based on IDH mutation and 1p/19q codeletion*  

  IDH mutant 1p/19q codeleted 245 (19.5) NA 145 (18.1) NA

  IDH mutant 1p/19q non-codeleted 316 (25.1) NA 245 (30.7) NA

  IDH wild-type 698 (55.4) NA 409 (51.2) NA

  Missing 61 NA 0 NA 

Molecular subtype based on IDH mutation, TERT promoter mutation, and 1p/19q codeletion**

  IDH-mutation only 241 (24.7) NA 214 (38.4) NA

  TERT and IDH mutations 39 (4.0) NA 13 (2.3) NA

  TERT-mutation only 419 (43.0) NA 159 (28.5) NA

  Triple-negative 87 (8.9) NA 33 (5.9) NA

  Triple-positive 189 (19.4) NA 138 (24.8) NA

  Missing 345 NA 242 NA

*Tumors were required to have both IDH mutation and 1p/19q results available in order to classify into subtypes.
**Tumors were required to have IDH mutation, TERT promoter mutation, and 1p/19q results available in order to classify into subtypes.
NA: not applicable to controls.

  

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa117#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa117#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa117#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa117#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa117#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa117#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa117#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa117#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa117#supplementary-data
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IDH wild-type  GWAS.—Eighty-five variants were as-
sociated with IDH wild-type glioma versus controls at 
genome-wide significance (Fig. 1D; Supplementary Figure 
2D; Supplementary Table 7). Most of the variants were in 
known genes, including TERT and regulator of telomere 
elongation helicase 1 (RTEL1).5,8 Thirty-six variants in or 
near glucocorticoid modulatory element binding protein 
2 (GMEB2) on chromosome region 20q13 were genome-
wide significant (Table  2; Fig.  3). The most significant 
variant in the GMEB2 region was rs4809313 (discovery 
OR = 0.66, meta P-value = 2.60 × 10−10), and this variant re-
mained significant after adjustment for the known RTEL1 
glioma risk variant (rs2297440) that is nearby on chromo-
some 20 (P = 0.029; Supplementary Table 8).3,5 There were 
no significant eQTL in cerebellar hemisphere tissue. Hi-C 
interactions were observed between rs4809313 and nearby 
genes, including RTEL1 (Fig.  3). Since we observed Hi-C 
interactions between the GMEB2 variant and the RTEL1 

region, we also evaluated Hi-C interactions with the RTEL1 
glioma risk variant rs2297440. Hi-C interactions were ob-
served between the RTEL1 variant rs2297440 and the 
GMEB2 region (Supplementary Figure 5).

GWAS by Glioma Subtypes: Subtypes Stratified 
by TERT Promoter Mutation

Further stratifying IDH-mutated tumors by TERT promoter 
mutation resulted in the following numbers of patients 
in each of the meta-analyses: 455 IDH-mutated only (IDH-
mutated, TERT wild-type, and 1p/19q non-codeleted), 52 
IDH- and TERT-mutated (IDH-mutated, TERT-mutated, 
and 1p/19q non-codeleted), and 327 triple-positive (IDH-
mutated, TERT-mutated, and 1p/19q codeleted) glioma 
(Table  1). The meta-analyses for IDH wild-type tumors 
were further stratified by TERT promoter mutation into 
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Fig. 1  Manhattan plot for (A) IDH-mutated glioma, (B) IDH mutated non-codeleted glioma, (C) Triple-positive glioma, and (D) IDH wild-type glioma. 
Results from the discovery set are shown and genes that passed genome-wide significance (P < 5 × 10−8) in the meta analysis are annotated.

  

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa117#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa117#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa117#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa117#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa117#supplementary-data
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578 TERT-mutated only (IDH wild-type, TERT-mutated, and 
1p/19q non-codeleted) and 120 triple-negative (IDH wild-
type, TERT wild-type, and 1p/19q non-codeleted) glioma 
(Table 1).

Triple-positive  GWAS.—Twenty-nine variants were 
associated with triple-positive glioma versus controls 
at genome-wide significance (Fig.  1C; Supplementary 
Figure 6a; Supplementary Table 9). Most variants 
were in CCDC261; however, rs111976262 was in a 
novel region on chromosome 7 near family with se-
quence similarity 20, member C (FAM20C) (discovery 
OR = 3.52, meta P-value = 9.56 × 10−9) (Table 2). There 
were no significant eQTL in normal brain tissue. Hi-C 
interactions were observed between rs111976262 and 
nearby regions (Fig. 4).

IDH-mutated only  GWAS.—Seven variants were asso-
ciated with IDH-mutated only glioma versus controls at 
genome-wide significance; all variants were in CCDC261 

and previously known (Supplementary Figure 6b; 
Supplementary Figure 7a; Supplementary Table 10).

IDH- and TERT-mutated GWAS.—No variants were ob-
served to be associated at genome-wide significance 
with IDH- and TERT-mutated glioma versus controls 
(Supplementary Figure 6c; Supplementary Figure 7b).

TERT-mutated only  GWAS.—Thirty-eight variants 
were associated with TERT-mutated only glioma at 
genome-wide significance (Supplementary Figure 8a; 
Supplementary Figure 9a; Supplementary Table 11). All 
variants were in or near previously established glioma risk 
regions including TERT and RTEL1.5

Triple-negative  GWAS.—No variants were genome-
wide significant in triple-negative glioma versus controls 
(Supplementary Figure 8b; Supplementary Figure 9b).
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Association of D2HGDH, Allergy, and Glioma

Alternate allele A  of germline variant rs34290285 within 
D2HGDH has been shown to be protective of allergy and 
asthma,25–27 and allergy has been shown to be protec-
tive of adult diffuse glioma.28,29 We evaluated the asso-
ciation of the D2HGDH variant rs34290285 with glioma 
molecular subtypes and observed significant associa-
tion within IDH-mutated glioma (discovery OR  =  1.54, 
meta P-value = 6.40 × 10−8), but not IDH wild-type glioma 
(meta P-value  =  0.47) (Supplementary Table 12). Further 
stratifying IDH-mutated glioma by 1p/19q codeletion 
status, rs34290285 was associated with both IDH-mutated 
codeleted (discovery OR = 1.52, meta P-value =  0.0019) and 
IDH-mutated non-codeleted glioma (discovery OR = 1.64, 
meta P-value = 4.98 × 10−8) (Supplementary Table 12).

Discussion

Two novel glioma regions were identified to be associ-
ated with risk of specific glioma molecular subtypes in 
these first GWAS to be conducted by glioma molecular 
subtype. Variants within D2HGDH were associated with 
IDH-mutated glioma, and a variant near FAM20C was asso-
ciated with gliomas that are IDH-mutated, TERT-mutated, 
and 1p/19q codeleted. We also identified a possible inde-
pendent region near RTEL1; variants in GMEB2 were as-
sociated with IDH wild-type glioma. Interestingly, all three 
regions are located near telomeres.

We demonstrated genome-wide significance of D2HGDH 
variants with IDH-mutated glioma, and the more homo-
geneous subset of IDH-mutated non-codeleted glioma. 
One of these variants, rs1106639, was previously shown 
to have a candidate association with non-GBM (OR = 1.29, 
P  =  1.11  ×  10−5); however, it was not previously reported 
to be genome-wide significant.30 In the meta-analyses re-
ported herein, rs5839764 was observed to be more sig-
nificant than rs1106639 in the analysis of IDH-mutated 
glioma. And we observed a highly significant correlation 
between rs71430382 (surrogate for rs5839764) geno-
type and D2HGDH gene expression. D2HGDH is a ubiqui-
tously expressed enzyme found in mitochondria where 
it converts low levels of naturally produced D2HG to 
alpha-ketoglutarate (αKG).31 DNA interactions between 
rs5839764 and the 5′ region of D2HGDH in the hippo-
campus and cultured neural progenitor cells provide 
support that rs5839764 (or another variant in linkage dis-
equilibrium) regulates expression of D2HGDH through 
a long-range interaction. This is further supported by the 
ChromHMM data that assigned promoter DNA in areas 
where DNA interactions were mapping to the 5′ region of 
D2HGDH.

A variant in D2HGDH (rs34290285) has been reported to 
be associated with asthma and allergic disease.25–27 Though 
there have been some discrepant results in the literature, a 
history of allergies seems to be protective of adult diffuse 
glioma28,29 and confers a better prognosis for patients who 
develop glioma.32 Together, these results suggest a link be-
tween the immune system and IDH mutant gliomas, me-
diated by D2HGDH, which may drive the glioma–allergy 
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association. The oncometabolite 2-hydroxyglutarate is 
likely present at increased levels due to D2HGDH dysfunc-
tion and IDH mutation. D2HG not only promotes glioma 
cytosine-phosphate-guanine island methylator phenotype 
(G-CIMP), but also specifically plays a role in the epigenetic 
regulation and promotion of T-cell differentiation. Future 
studies are important to understand how this genetic rela-
tionship leads to altered immunobiology.33

We observed an association with a variant near FAM20C 
(also known as DMP-4 and G-CK) and gliomas that have IDH 
mutation, TERT promoter mutation, and 1p/19q codeletion. 
Located near the 7p telomere, FAM20C is a promiscuous 

serine kinase that localizes to the lumen of the Golgi appa-
ratus. A recent investigation of FAM20C in differentiation 
of human dental pulp cells found that ten-eleven translo-
cation methylcytosine dioxygenase 1 (TET1) binds to the 
promoter region of FAM20C, leading to increased expres-
sion of the gene due to conversion of 5-methylcytosine 
(5-mc) to 5-hydroxymethylcytosine (5-hmc).34 FAM20C 
primarily phosphorylates proteins with Ser-x-Glu/pSer mo-
tifs, including approximately 80% of secreted phosphopro-
teins.35 Known substrates of FAM20C that are implicated 
in various cancers include apolipoproteins,36 insulin-like 
growth factor binding proteins,37 and Serpins (serine 
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analysis in the dorsolateral prefrontal cortex, hippocampus, and H1-derived neural progenitor cells; each blue line denotes an interaction.
  



 1610 Eckel-Passow et al. Glioma GWAS by molecular subtype

protease inhibitors).38 Changes in phosphorylation of one 
or more of these substrates due to altered expression of 
FAM20C may be responsible for the increased risk of IDH-
mutated 1p/19q codeleted glioma in individuals carrying 
the rs111976262 variant.

We observed an association with variants in GMEB2 and 
IDH wild-type glioma. GMEB2 modulates glucocorticoid-
mediated gene expression by binding to the glucocorticoid 
receptor.39 The glucocorticoid receptor regulates gene ex-
pression via both transactivation of anti-inflammatory genes 
and transrepression of pro-inflammatory genes by binding to 
other transcription factors, including nuclear factor-kappaB 

(NF-kB).40 Aberrant activation of the NF-kB pathway in glioma 
is common in IDH wild-type glioma, particularly in those clas-
sified as mesenchymal.41 GMEB2 is located on chromosome 
arm 20q13.33, which is a region near RTEL1 that is known 
to be associated with adult diffuse glioma.8 Hi-C interactions 
were observed between the RTEL1 and GMEB2 regions, and 
each of the 2 regions appears to have DNA interactions with 
similar loci. This suggests that both variants may be involved 
in DNA-DNA interactions in cells of the brain, and that they 
may cooperate in the disease process.

There are some limitations with this study. The small 
sample sizes in some of the molecular groups limited power 
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to detect variants with small effect sizes for these GWAS (eg, 
triple-negative gliomas and gliomas that are non-codeleted 
and have TERT and IDH mutations). Because of the limited 
sample size, the discovery P-value threshold was relaxed 
to 5  ×  10−6; however, the meta-analysis P-value threshold 
was set at the genome-wide level of 5 × 10−8. We reported 
the findings of 9 GWAS studies, where each GWAS repre-
sented a particular molecular subtype. Because many of 
these GWAS were highly correlated, we utilized the accepted 
genome-wide significance threshold of 5 × 10−8. Overall, the 
results presented herein demonstrate that novel germline 
variants were detected when a GWAS is performed within 
more homogeneous subsets of glioma. Larger collaborative 
efforts across institutions will be required in order to iden-
tify variants with smaller effect sizes. It is also important to 
acknowledge that the experimental design utilized readily 
available GWAS data for both discovery and validation. 
The discovery set included cases and controls that were all 
run on the OncoArray platform, and thus imputation was 
performed across cases and controls. The validation set in-
cluded cases that were obtained from TCGA and genotyped 
on the Affymetrix 6.0 genotyping array, and controls that 
were obtained by the Mayo Clinic Biobank and genotyped on 
the Illumina Omni Express genotyping array. The overlap be-
tween the Affymetrix 6.0 and Illumina Omni Express arrays 
was ~209 000 variants, and thus in order to achieve adequate 
imputation results, imputation and quality control were per-
formed within the cases and controls separately. As an addi-
tional quality control step, the alternative allele frequencies 
from the discovery set for the newly identified significant 
variants were compared with the 1000 Genome frequencies.

The discovery of glioma germline variants has helped us 
to understand how gliomas arise, and has opened new av-
enues for etiologic research. Using 25 germline variants, 
patient age, and sex, glioma risk models were developed to 
estimate relative and lifetime absolute risks of adult diffuse 
glioma and subtype models to predict glioma subtypes 
(eg, IDH mutated vs IDH wild-type).42 The identification of 
additional novel germline variants will help to unravel the 
etiology of adult diffuse glioma, as well as improve the ac-
curacy of these genetic-based risk models.

Supplementary Material

Supplementary data are available at Neuro-Oncology 
online.
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