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Further Confirmation of Germline Glioma Risk Variant
rs78378222 in TP53 and Its Implication in Tumor Tissues via
Integrative Analysis of TCGA Data
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of Medicine Bioinformatics Core, Icahn School of Medicine at Mount Sinai, New York, New York; 5Department of Preventive Medicine, Keck
School of Medicine, University of Southern California, Los Angeles, California; 6Department of Epidemiology, Division of Biology and Medicine,
Brown University, Providence, Rhode Island; 7School of Public Health, Imperial College London, London, UK; 8Division of Epidemiology, Institute of
Environmental Medicine, Karolinska Institutet, Stockholm, Sweden; 9Division of Preventive Medicine, Brigham and Women’s Hospital and
Harvard Medical School, Boston, Massachusetts; 10National Institute for Occupational Safety and Health, Centers for Disease Control and
Prevention, Cincinnati, Ohio; 11Epidemiology Research Program, American Cancer Society, Atlanta, Georgia; 12Massachusetts Veteran’s
Epidemiology, Research and Information Center, Geriatric Research Education and Clinical Center, VA Boston Healthcare System, Boston,
Massachusetts; 13Cancer Epidemiology Centre, Cancer Council of Victoria, Melbourne, Australia; 14Centre for Molecular, Environmental, Genetic,
and Analytic Epidemiology, University of Melbourne, Melbourne, Australia; 15Department of Public Health and Clinical Medicine/Nutritional
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ABSTRACT: We confirmed strong association of
rs78378222:A>C (per allele odds ratio [OR] = 3.14;
P = 6.48 × 10−11), a germline rare single-nucleotide
polymorphism (SNP) in TP53, via imputation of a
genome-wide association study of glioma (1,856 cases
and 4,955 controls). We subsequently performed inte-
grative analyses on the Cancer Genome Atlas (TCGA)
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data for GBM (glioblastoma multiforme) and LUAD (lung
adenocarcinoma). Based on SNP data, we imputed geno-
types for rs78378222 and selected individuals carrying
rare risk allele (C). Using RNA sequencing data, we ob-
served aberrant transcripts with �3 kb longer than normal
for those individuals. Using exome sequencing data, we
further showed that loss of haplotype carrying common
protective allele (A) occurred somatically in GBM but not
in LUAD. Our bioinformatic analysis suggests rare risk al-
lele (C) disrupts mRNA termination, and an allelic loss of
a genomic region harboring common protective allele (A)
occurs during tumor initiation or progression for glioma.
Hum Mutat 36:684–688, 2015. C© 2015 Wiley Periodicals, Inc.

KEY WORDS: glioma; TP53; rare SNP; TCGA

Approximately 80% of primary adult malignant brain tumors are
gliomas, which carry a poor prognosis (5-year relative survival
rate 33.8%). The most common histological subtype, glioblas-
toma multiforme (GBM) has a median survival rate of less than
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Table 1. Association Between Glioma Risk and Selected SNPS (rs78378222 and rs35850753) for Glioma Overall, and Stratified by Study
Design, Tumor Type, Age of Onset, and Family History of Brain Tumor

Locus (reference
allele, effect
allele) Chr Pos (hg19) Model

Effect allele
frequency in

cases

Effect allele
frequency in

controls Cases Controls P value OR (95% CI)
Heterogeneity

P valuea

rs78378222
(A,C)

17 7,571,752 Overall 0.0292 0.0125 1,856 4,955 6.48 × 10–11 3.14 (2.23–4.43)

Case-control 0.0302 0.0122 1,300 2,014 3.06 × 10–8 3.31 (2.17–5.06) 0.92
Cohort 0.0274 0.0128 543 2,939 1.59 × 10–4 3.19 (1.75–5.83)
GBM 0.0314 0.0125 970 4,955 6.75 × 10–10 4.17 (2.65–6.56) 0.24
Non-GBM 0.0268 0.0125 885 4,955 9.06 × 10–7 3.56 (2.15–5.92)
Early onset 0.0299 0.0125 502 4,955 1.46 × 10–6 4.45 (2.42–8.17) 0.99
Late onset 0.029 0.0125 1,353 4,955 3.72 × 10–10 3.23 (2.24–4.67)
FH positive 0.0364 0.0086 105 59 1.13 × 10–1 3.31 (0.75–14.53) 0.39
FH negative 0.0273 0.0115 1,384 2,220 1.19 × 10–7 2.82 (1.92–4.14)

rs35850753
(G,A)

17 7,578,671 Overall 0.0403 0.0243 1,856 4,955 2.68 × 10–6 1.88 (1.45–2.45)

Case-control 0.0406 0.0232 1,299 2,015 3.52 × 10–5 2.02 (1.45–2.82) 0.63
Cohort 0.0404 0.0251 543 2,939 1.43 × 10–2 1.76 (1.12–2.75)
GBM 0.0441 0.0243 970 4,954 2.85 × 10–6 2.24 (1.60–3.13) 0.17
Non-GBM 0.0361 0.0243 885 4,954 1.15 × 10–2 1.61 (1.11–2.32)
Early onset 0.0396 0.0243 502 4,954 1.28 × 10–3 2.05 (1.32–3.18) 0.85
Late onset 0.0405 0.0243 1,352 4,954 6.16 × 10–7 2.03 (1.54–2.68)
FH positive 0.0472 0.009 104 59 5.64 × 10–2 3.53 (0.97–12.87) 0.47
FH negative 0.0378 0.0217 1,385 2,220 3.23 × 10–5 1.88 (1.39–2.53)

aHeterogeneity P value is trend effect test based on case–case comparison between each pair of groups.

15 months [Dolecek et al., 2012]. Genetic studies suggest an inher-
ited component of risk for glioma, both in the general population
and in rare familial syndromes, as observed in TP53 (MIM #191170)
gene mutations in Li–Fraumeni syndrome [Melean et al., 2004;
Hemminki et al., 2009] as well as POT1 (MIM #606478) gene muta-
tions described in glioma family [Bainbridge et al., 2015]. Genome-
wide association studies (GWAS) have conclusively identified eight
distinct genomic regions with plausible candidate genes includ-
ing 3q26.2 (TERC), 5p15.33 (TERT), 8q24.21 (CCDC26), 9p21.3
(CDKN2A-CDKN2B), 11q23.3 (PHLDB1), 20q13.33 (RTEL1), and
two independent association signals at 7p11.2 (EGFR) [Shete et al.,
2009; Wrensch et al., 2009; Rajaraman et al., 2012; Walsh et al.,
2014]. In addition, a moderately penetrant risk locus marked by
the rare single-nucleotide polymorphism (SNP) rs78378222 in
the 3′untranslated region (3′-UTR) of TP53 was recently reported
[Stacey et al., 2011; Egan et al., 2012; Enciso-Mora et al., 2013; Walsh
et al., 2013]. It was further suggested that this susceptibility allele
could be associated with a poor prognosis [Egan et al., 2012], but
subsequent study has not confirmed this observation (Enciso-Mora
et al., 2013].

To investigate the previous findings of the association of the
rs78378222 with glioma risk, we performed an imputation anal-
ysis using our previously reported GWAS of 1,856 cases and 4,955
controls [Rajaraman et al., 2012]. After additional quality control,
metrics were applied to the previously reported genotype data;
specifically for the region of chromosome 17 bounded by 7071752-
8071752 (hg19), we performed an imputation analysis based on a
hybrid reference set including both the 1000 Genomes Project data
release v3 and the Division of Cancer Epidemiology and Genetics
(DCEG) Reference Set version 1 [Wang et al., 2012].

Association analyses were subsequently performed on both geno-
typed and imputed SNPs using logistic regression on the allelic trend
effect with adjustments for age, gender, study group, and signifi-
cant eigenvectors for the following groups: (1) overall; (2) cohort;
(3) case-control studies; (4) GBM cases; (5) non-GBM cases; (6)
early-onset cases; (7) late-onset cases; (8) cases with brain tumor

family history; and (9) cases without brain tumor family history.
Included in the analysis was a set of 2,943 SNPs with imputation
INFO score >0.3 and minor allele frequency (MAF) >0.01. The SNP
marker, rs78378222, was shown to be the strongest associated SNP
within this region with a P value of 6.48 × 10–11 and per allele OR
of 3.14 (95% confidence interval [CI]: 2.23-4.43); rs35850753 was
ranked the second top SNP with a P value of 2.68×10–6 and per allele
OR of 1.88 (95% CI: 1.45–2.45) (Table 1; and Fig. 1). Both MAFs and
ORs are comparable to published results [Stacey et al., 2011; Enciso-
Mora et al., 2013; Walsh et al., 2013]. Both SNPs were imputed with
high accuracies. Moreover, TaqMan validation for rs78378222 per-
formed with 236 samples (including 86 heterozygotes) showed high
correlation between the imputed and TaqMan genotypes (r2 = 0.96),
thus confirming the accuracy of imputation. It is noteworthy that
the imputation INFO score for rs78378222 and rs35850753 were
0.92 and 0.95, respectively, compared with 0.66 and 0.61 previously
reported [Enciso-Mora et al., 2013]. The substantial improvement
of the imputation accuracy could be attributed to a more recent
1000 Genomes Project data release used as the reference as well as
the benefit of the DCEG Reference Set, which has previously been
observed to substantially boost the performance of imputation, es-
pecially for the SNPs with MAF ranging from 1% to 10% [Wang
et al., 2012]. There was no appreciable difference in the ORs between
the case-control studies (1,300 cases and 2,014 controls) and cohort
studies (543 cases and 2,939 controls) (Phet = 0.92; 0.63). Similarly,
the ORs for GBM cases and non-GBM cases models are comparable
(Phet = 0.24; 0.17). In addition, we performed the stratified analyses
by age at diagnosis or brain tumor family history (Table 1). We
observed no statistically significant difference between the early on-
set (age at diagnosis <45 years) and the late onset (age at diagnosis
�45 years) (Phet = 0.99; 0.85), or between cases with brain cancer
family history and cases without brain cancer family history (Phet =

0.39; 0.47).
We conducted an integrative analysis of the region including

rs78378222 based on the rich set of Cancer Genome Atlas (TCGA)
data to investigate the contribution of this germline variation in
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Figure 1. 17p13.1 regional plot. Results of trend test for association for genotyped (blue diamond) and imputed (gray diamond) SNPs were plotted
on a negative log scale (left y-axis) against genomic coordinates (x-axis, 17p13.1:7487108–7685748, hg19). Blue line graph depicts recombination
hotspots inferred from the 1000 Genomes Project phase 1 European data (100 random sampled) in likelihood ratio statistics (right y-axis). Lower
panel depicts linkage disequilibrium heat map based on r2 using the 1000 Genomes Project phase 1 European data (n = 379).

somatic settings. In particular, we examined both GBM and LUAD
data from TCGA for a comparison because the rare allele (C) of
rs78378222 does not seem to be associated with risk for LUAD. We
imputed the genotypes for rs78378222 (see Supp. Methods) based
on the Affymetrix 6.0 SNP array data for blood DNA samples from
both GBM and LUAD sets, respectively, and then selected individuals
with either heterozyogous (AC) or homozygous (AA) genotype for
rs7837822. All together, we were able to identify a total of four GBM
individuals and three LUAD individuals with AC genotype based on
imputation results, and then we randomly chose two GBM individ-
uals and three LUAD individuals with AA genotype for a total of six
samples drawn from each set. We first analyzed the RNASeq data
of a pair of GBM individuals, TCGA-12-0618 (AC) and TCGA-02-
2483 (AA) as well as a pair of LUAD samples, TCGA-55-8505 (AC),

and TCGA-69-7973 (AA). We observed a significant abundance of
“run-on” transcripts with extended 3′UTR in TCGA-12-0618 but
not in TCGA-02-2483 (Supp. Fig. S1 upper two panels). The aber-
rant transcripts have reads that map to �3 kb region further down-
stream of normal 3′UTR of TP53. Although the existence of such
aberrant transcripts has previously been demonstrated with RT-
PCR with “run-on” primer designed at �300 bp away from the end
of normal 3′-UTR, and the expression ratio between normal tran-
script and aberrant transcript was shown to be 70% and 30% [Stacey
et al., 2011], that functional study was only based on mRNA obtained
from blood or adipose instead of tumor tissue, and was also limited
by applying RT-PCR in characterizing the aberrant transcript. Since
the aberrant transcripts almost exclusively appear in GBM with AC
genotype for rs78378222, it is likely that the aberrant transcripts
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would also carry the risk allele C, which was known to disrupt the
proper termination of transcription as well as polyadenylation of
TP53 mRNA. For the LUAD set, although there are some noticeable
aberrant transcripts covering the same 3-kb region in TCGA-55-
8505 (AC) but not in TCGA-69-7973 (AA) (Supp. Fig. S1 lower
two panels), the abundance is much lower as compared with GBM
across the extended 3′UTR region. The same pattern was also seen
for other GBM or LUAD samples with or without the rare risk allele
C (Supp. Fig. S2 and 3).

We analyzed allele-specific expression (ASE) by categorizing the
number of reads covering either A or C allele (Supp. Table S1).
We observed that for the total mRNA, among all four GBM indi-
viduals with heterozygous genotype for rs78378222, there is strik-
ing ASE between the rare risk allele C and the common protective
allele A. The number of reads carrying the risk allele C at rs78378222
is predominant, approximately 9.5 times on average more than
those with the A allele. Interestingly, in three tumor samples from
LUAD, the fold change (0.68) goes in the opposite direction (Supp.
Table S1).

The predominant aberrant transcript in the total TP53 mRNA
in GBM suggests that the chromosome fragment carrying the com-
mon allele (A) might have been deleted in glioma. To verify this,
we checked the raw reads and variant calls based on whole-exome
sequencing data from both tumor and matched blood sample for
several neighboring SNPs with each of their rare alleles sharing the
same haplotype with the rare allele (C) of rs78378222 (pairwise
d′ = 1); and for three out of four GBM samples with heterozygous
genotype in blood, there appears to be a deletion of the common
(reference) allele in matched tumor (Supp. Table S2).

Our bioinformatic analysis suggests a functional mechanism for
rs78378222, a germline rare variant in TP53 (Supp. Fig. S4). In
glioma, this germline rare risk allele disrupts the proper mRNA
termination and 3′-end processing, and simultaneously, a copy loss
of the protective common allele for the same genomic region also
occurs during tumor initiation or progression. The observed dele-
tion in the second allele, as seen in the TCGA somatic analyses, is
suggestive of a “2-hit” hypothesis, proposed by Knudson (1971), for
which both alleles are altered, one at the germline and the second
by somatic alteration.

In this study, we present further independent confirmation that
a rare susceptibility allele, marked by rs78378222 in TP53, confers
glioma risk of approximately the same effect size. We observed no
evidence that the association differed by study type, major tumor
subtype, age at onset, or family history of brain tumors (although
the lack of finding for family story could be due to the lack of
statistical power for that analysis). Nonsynonymous mutations in
TP53 are one of the most frequent somatic events in glioma. In
addition to glioma, rs78378222 has also been shown to be associated
with multiple other cancers including basal cell carcinoma, prostate
cancer, colorectal adenoma, esophageal squamous cell carcinoma in
Huaian Han Chinese [Zhou et al., 2012], squamous cell carcinoma
of head and neck [Guan et al., 2013], and pediatric neuroblastoma
[Diskin et al., 2014].

We have shown that imputation can be useful not only in fine
mapping but also in the discovery of new susceptibility alleles, es-
pecially those with lower MAFs, not necessarily well covered by
commercial SNP arrays. Since the strongest signal for a genotyped
SNP in this region from our GWAS was rs8075459 (MAF = 0.104
in all controls of our study) with a P value of only 1.7 × 10–3, well
below the genome-wide significance threshold, so it is unlikely com-
mon genotyped markers alone would identify this signal. As noted
by Enciso-Mora et al. (2013), the allele frequency of rs78378222 is
only approximately 1% in the European population, but it accounts

for 6% of the familial risk of glioma. Therefore, imputation analy-
sis based on the 1000 Genomes Project data can be a cost-effective
approach to search for variants with MAF between 0.005 and 0.05
to conduct a more comprehensive investigation of the underlying
architecture of genetic susceptibility. rs78378222 has an estimated
MAF of 1% in the European population but it is monomorphic
in African, Asian, or American populations based on the 1000
Genomes Project data. Interestingly, the same rare allele C was also
seen in a Han Chinese population [Zhou et al., 2012]. Further deep
resequencing will be required to map the background haplotype to
trace its population origin.

It is notable that the rare SNP, rs78378222 (A>C), could have
a functional effect because it changes the fifth nucleotide of the
TP53 polyadenylation signal (AATAAA>AATACA), resulting in an
impaired 3′-end processing of TP53 mRNA, the downregulation of
both p53 mRNA and protein level as well as reduction of cellular
apoptosis with potential implication in prognosis [Li et al., 2013].
We performed an integrative analysis using multidimensional TCGA
data and provide preliminary evidence for the functional underpin-
ning of rs78378222 as a glioma susceptibility allele. Using the SNP
array data of the blood DNA samples from the GBM or LUAD
TCGA set, we applied the same approach to impute this rare SNP
and then select individual heterozygous for rs78378222. Based on
the RNASeq data, we observed aberrant transcripts with 3 kb longer
than usual, and the aberrant transcripts were predominantly ex-
pressed in GBM individuals with heterozygote genotype due to
the loss of the common protective allele in glioma. Our study also
demonstrates in general the utility of analyses of TCGA for func-
tional follow-up for GWAS. Moreover, the lack of somatic LOH in
LUAD could possibly explain the observed effect of the rare variant
on glioma risk but not LUAD risk. Further work is needed to in-
vestigate the possible mechanisms underlying somatic alterations in
glioma in this specific region as well as functional work to illustrate
how the germline variant informs our understanding of the somatic
landscape of glioma.
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