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Understanding inherited genetic risk of adult glioma - a review
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During the past six years, researchers have made major progress identifying common inherited genetic variation that increases risk for
primary adult glioma. This paper summarizes knowledge about rare familial cancer syndromes that include adult glioma and reviews
the available literature on the more recently discovered common inherited variation. Ten independent inherited variants in eight chro-
mosomal regions have been convincingly associated with increased risk for adult glioma. Most of these variants increase relative risk of
primary adult glioma by 20% to 40%, but the TP53 variant rs78378222 confers a two-fold relative risk (ie, 200%), and rs557505857 on
chromosome 8 confers a six-fold relative risk of IDH-mutated astrocytomas and oligodendroglial tumors (ie, 600%). Even with a six-
fold relative risk, the overall risk of developing adult glioma is too low for screening for the high-risk variant on chromosome 8. Future
studies will help clarify which inherited adult glioma risk variants are associated with subtypes defined by histology and/or acquired

tumor mutations. This review also provides an information sheet for primary adult glioma patients and their families.
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People are born with substantial inherited variation in their ge-
nomes (DNA) and epigenomes (methylation and requlatory mol-
ecules). Such variation in the DNA nucleotide sequence(s) are
called inherited or germline variants. Over a lifespan, cells acquire
additional variation from mutations, methylation, and structural
or other molecular errors that are not repaired during cell division;
these are called somatic alterations or mutations. Cancers may
arise when genomic and epigenomic variation and acquired mu-
tations in a cell cause it to divide and multiply without the usual
controls. Variation leading to cancers can be inherited and/or ac-
quired. In the field of cancer genetics, the roles of both inherited
variation and acquired mutation are studied.

Three sets of ground-breaking discoveries involving inherited
and acquired genomic variation have transformed concepts
about gliomagenesis in adults: (i) common inherited variants in
eight chromosomal regions increase risk of glioma,*~® (i) many
gliomas have acquired mutations in IDH; these IDH mutations
are both prognostic and predictive,” *° and (iii) many gliomas

have acquired mutations in the TERT gene promoter that predict
age at diagnosis and outcome when considered in combination
with IDH mutation and 1p/19q co-deletion.?°~*2 In this paper,
we review current knowledge about inherited risk for primary
adult glioma, specifically, glioblastoma, and grade II/III astrocy-
toma, oligodendroglioma, and oligoastrocytoma. We also discuss
how inherited risk varies by histology and molecular subtypes
characterized by acquired mutations. An information sheet is ap-
pended to help patients and their families understand these im-
portant concepts.

Prior to 2009, a glioma patient’s question as to what caused
their tumor typically went unanswered. The only established
and strong risk factors were high-dose radiation and some very
rare familial cancer syndromes (Table 1). However, since 2009,
we have learned that 10 inherited variants near 8 genes influence
the risk of developing glioma; we call these glioma risk variants or
risk loci. While most of these risk variants are common and confer
a modest increased risk of glioma, two are uncommon and confer
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Table 1. Rare hereditary cancer syndromes that increase risk of glioma

Gene Disorder/Syndrome Features Associated Gliomas
NF1 Neurofibromatosis 1 Neurofibromas, schwannomas, café-au-lait macules Astrocytoma, optic nerve glioma
NF2 Neurofibromatosis 2 Acoustic neuromas, meningiomas, neurofibromas, eye lesions Ependymoma
TSC1, TSC2 Tuberous sclerosis Development of multisystem Giant cell astrocytoma
nonmalignant tumors
MSH2, MLH1, Lynch syndrome Predisposition to gastrointestinal, endometrial, and other cancers  Glioblastoma, other gliomas
MSH6, PMS2
TP53 Li-Fraumeni syndrome Predisposition to numerous cancers, especially breast, brain, and Glioblastoma, other gliomas
soft-tissue sarcoma
p16/CDKN2A Melanoma-neural system  Predisposition to malignant melanoma and malignant brain tumors ~ Glioma
tumor syndrome
IDH1/IDH2 Ollier disease/Maffucci Development of intraosseous benign cartilaginous tumors, cancer  Glioma
syndrome predisposition
poT1° Associated with longer telomeres in familial melanoma Oligodendroglioma

This table was adapted from reference #14.
9See reference #15.

Abbreviations: NF1/NF2, neurofibromin 1/2; TSC1/TSC2, tuberous sclerosis 1/2; MLH1, mutL homolog 1; MSH2/MSH6, mutS homolog 2/6; PMS2, postmei-
otic segregation increased 2; TP53, tumor protein P53; CDKN2A, cyclin-dependent kinase inhibitor 2A; IDH, isocitrate dehydrogenase; POT1, protection of

telomeres 1.

a substantial increased risk. Table 2 provides information about
the inherited variants in these 8 regions and they are discussed
below.

That several rare hereditary cancer syndromes greatly increase
risk of glioma has been known for many years. These familial syn-
dromes include neurofibromatosis, tuberous sclerosis, Lynch syn-
drome, Li-Fraumeni syndrome, melanoma-neural system tumor
syndrome, and Ollier disease (Table 1).** Patients diagnosed
with a glioma are often asked questions to determine if their dis-
ease could be related to one of these syndromes; if warranted,
the patient and family may be referred for genetic testing and
counseling. The GLIOGENE study of familial glioma also recently
identified mutations in POT1 as being the likely cause of oligoden-
droglioma in some multiply affected families.*® In familial cancer
syndromes, the inherited mutations may be quite rare in the pop-
ulation or even completely unique to the affected family. Family
members with the mutation are at high risk of developing a can-
cer (that is, the mutation has high penetrance).

Relative Risks of the New Inherited Adult
Glioma Risk Variants

Since 2009, 8 common inherited variants near the genes TERC,
TERT, EGFR, CDKN2B, PHLDB1 and RTEL1 have been associated
with relatively small increased risk of glioma. These variants
have odds ratios, which approximate relative risks, between 1.2
and 1.4>*®1916 (Taple 2). This indicates that inheriting one of
these variants increases a person’s risk of glioma by 20% to
40% compared with a person who did not inherit that variant.
These are referred to as low penetrance variants since many peo-
ple with the variant do not develop a glioma. The estimated life-
time risk of developing glioma is about 4 to 5/1000"’; a 30%
increase in risk translates to a lifetime risk of about 6/1000.

Table 2. 0dds ratios of glioma for confirmed genetic inherited variants

Risk Variant Location Odds Ratio®
Chromosome Nearby Gene
All glioma types®
3 TERC 1.2
5 TERT 1.3
7 EGFR 1.2
8 CCDC26°¢ 1.4
9 CDKN2B/ANRIL 1.3
11 PHLDB1 1.2
17 TP53 2.4
20 RTEL1 1.2
Oligodendroglial and IDH-mutated astrocytic
tumors
8 CcpC26? 6.3

°0dds ratios are for number of risk alleles. The source of the odds ratios are
the following references: TERC [reference #10]; TERT, EGFR, CCDC26 (for all
gliomas), CDKN2B/ANRIL, PHLDB1, RTEL1 [reference #6]; TP53 [reference
#3]; CCDC26 for oligodendroglial and IDH-mutated astrocytic tumors
[reference #19].

®Includes WHO grades
oligoastrocytoma.

Svariant is rs4295627.
dyariant is rs55705857.
Abbreviations: TERC, telomerase RNA component; TERT, telomerase
reverse transcriptase; EGFR, epidermal growth factor receptor;
CCDC26, coiled-coil domain-containing protein 26; CDKN2B, cyclin-
dependent kinase inhibitor 2B/ANRIL, antisense noncoding RNA in
the INK4 locus; PHLDBI, pleckstrin homology-like domain, family B,
member 1; TP53, tumor protein P53; RTEL1, regulator of telomere elon-
gation helicase 1.

[I-IV astrocytoma, oligodendroglioma,
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Two less common variants discovered since 2009, one near
TP53 and the other near CCDC26, have higher relative risks. People
with one risk allele in the TP53 variant (allele C in rs78378222)
have a 2.4-fold relative risk of developing a glioma.? The inherited
risk allele on chromosome 8, near CCDC26 (allele G in
rs55705857), confers approximately a 6-fold relative risk of devel-
oping gliomas with either an oligodendroglial component or an
IDH mutation.*®® With about a 1/1000 lifetime risk for an oligo-
dendroglial or IDH-mutated glioma in the general population, a
six-fold relative risk for a person with the CCDC26 risk allele trans-
lates to an ~6/1000 lifetime risk of developing this type of a gli-
oma. In 2013, Enciso-Mora et al'® reported even higher relative
risks associated with this variant. However, their estimates relied
on imputed rather than directly genotyped data. Caution is need-
ed in applying relative risks to estimate lifetime risks, and the
numbers above should be considered rough approximations.
However, since the risk of glioma is low, the risk obtained by mul-
tiplying the relative risk by the general population risk is a reason-
able approximation.?®

It is very important to understand that inherited genetic risk
variants, whether common or rare, with low or high penetrance,
are neither necessary nor sufficient for glioma formation - rather,
they contribute to risk. Even for people with familial syndromes,
additional acquired mutations are required for tumorigenesis.
Moreover, not everyone who inherits the same mutation neces-
sarily develops cancer or the same type of cancer.

Screening for 8q24 Variant is not
Recommended

Patients may wonder why the general public are not screened for
the chromosome 8 glioma risk variant, rs55705857, even though
it confers a six-fold relative risk for some types of glioma. First, as
noted above, the risk of gliomas remains only about 6/1000 even
with this magnitude of increased relative risk. By comparison,
some women are screened for BRCA1 mutations, which also
confer about a six-fold relative risk for breast cancer. Because
breast cancer is a much more commmon cancer, the lifetime risk
for women who have inherited harmful variants in BRCA1 is
about 65/100.2%?? (Fig. 1) Even so, BRCA1 testing is still only
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Fig. 1. Comparison of lifetime risk for breast cancer among women with
and without a risk variant in BRCA12? and lifetime risk for oligodendroglial/
IDH mutated gliomas among people with and without the risk variant in
rs55705857."

recommended for women who have an indication of inherited
risk such as being diagnosed at age 45 or younger or having a
family history. This is because even with the high lifetime risk, ge-
neral population screening would identify too many false
positives.

To further demonstrate why the general population are not
screened for the glioma risk variant rs55705857, consider how
many people among 1,000,000 would have both the risk variant
and glioma versus how many would have the risk variant but
not have glioma. Among UCSF AGS (University of California,
San Francisco Adult Glioma Study) participants with oligoden-
droglial or IDH-mutated gliomas, the genotype frequencies for
rs55705857 are 65% AA, 32% AG, and 3% GG; in controls the fre-
quencies are 93% AA, 7.0% AG, and <0.05% GG. Using CBTRUS
(Central Brain Tumor Registry of the United States) data,?® we es-
timate that the annual incidence rate for these types of glioma is
about 1.5 persons/100,000. So among 1,000,000 people, 5 of 15
people diagnosed with this type of glioma would have the risk al-
lele, but 69,999 of 999,985 without the disease would also have
the risk allele. Thus, the vast majority (>99%) of people with the
rs55705857 risk allele will not have the disease. Consequently,
screening would yield many, many more false positives than
true positives.

For glioma screening based on inherited risk variants to be fea-
sible, a subgroup of people at a much higher risk of glioma than
the general population would need to be identified for targeted
screening. A possible example might be patients with an indeter-
minate lesion coincidentally identified on MRI. Such lesions are
commonly encountered in practice, do not have a specific clinical
correlate, and are radiographically nonspecific, but do suggest
that an infiltrating glioma should be considered. If such a patient
had some combination of relevant risk alleles suggesting an in-
creased risk for glioma well above that of the general population,
there could be a compelling argument to consider biopsy or re-
section of the lesion if it is safe and there is acceptable neurologic
morbidity based on location. More detailed studies would be re-
quired to determine if screening is warranted in this context.

A second reason for not screening for glioma risk variants is
that disease screening is typically performed when an acceptable
primary or secondary prevention is available, as is the case for
breast, ovarian, and colorectal cancers. For example, a prophylac-
tic mastectomy may be recommended for women who have the
BRCA1 risk variant. For glioma, however, even if we could accu-
rately identify who has an increased risk, there is currently no
way to prevent the glioma from developing. Thus, knowing
one’s heritable glioma risk would not lead to any specific recom-
mendations to decrease that risk, but could lead to unwarranted
anxiety among those identified as being at increased risk.

Function of Inherited Glioma Risk Variants

The TP53 glioma risk variant (rs78378222) has a frequency of 1%
to 2% in individuals without glioma. This variant is also associated
with increased risk of basal cell carcinoma, prostate cancer, colo-
rectal adenomas, and neuroblastoma.®?* rs78378222 occurs in
the polyadenylation signal of TP53 and the risk-associated variant
disrupts the signal sequence, impairing proper termination and
polyadenylation of the TP53 transcript. This variant is thought
to promote oncogenesis by impairing the production of the
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TP53 protein, which when normal, controls the cell cycle. Inter-
estingly this variant is distinct from the inherited mutations iden-
tified in families with Li-Fraumeni syndrome. TP53 was among
the first molecules discovered to have a strong influence in
human cancer risk.”®

The function of the inherited variant near CCDC26 (rs55705857)
is unknown. However, it is in a region of DNA that is highly con-
served evolutionarily and the association remains statistically sig-
nificant after other variants in the region are taken into account.'®
Therefore, it is thought to be the functional variant and experi-
ments are underway to understand the mechanism behind its
association with glioma risk. It is important to note that this
region is distinct from other areas of chromosome 8g24 that
are associated with other types of cancers.

RTEL1, TERT, and TERC are involved in telomere maintenance.
The glioma risk variants near TERT and TERC are also associated
with increased leukocyte telomere length, suggesting that inher-
ited propensity for longer telomeres may increase glioma risk.” It
is possible that additional functions of the glioma risk variants in
these regions may eventually be discovered.

The practice of naming risk variants for nearby genes may be
misleading. All of the glioma risk variants and most of those
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Fig. 2. Histologic types of glioma (A)?* and associated inherited risk variants (B)
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discovered for other cancers and many other diseases through
genome-wide association studies are not in protein coding re-
gions of genes.”® As more is learned about the requlatory func-
tions of the noncoding regions of the genome, we will learn
more about what disease risk variants actually do. We may find
that these variants affect the expression of entirely different
genes than the region for which they are currently named. In a
well-characterized example of this, an inherited variant in the in-
tron of FTO that had been reproducibly associated with obesity
was recently found to be functionally related to expression of a
completely different gene, IRX3, and not to expression of FT0.?’
Another example is the potential relationship between chromo-
some 8q24 risk regions and the expression of the quite distant
MYC gene and how these increase risk for colon and other
cancers.?%%°

The functions of the two risk regions near EGFR on chromo-
some 7 are unknown. However, EGFR is known to be amplified
and overexpressed in many gliomas, so it seems plausible that
the risk loci may facilitate EGFR overexpression.

The glioma risk region on chromosome 9 is near CDKN2B
(cyclin-dependent kinase inhibitor 2B), but the association peak
covers the entire region, which also encodes the long noncoding
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Fig. 3. Five molecular groups of glioma based on presence or absence of TERT promoter mutation, IDH mutation, and 1p19q co-deletion.’® (A)
Estimated distribution of five molecular groups among ~15 000 adult gliomas diagnosed in the United States each year (details in Supplementary
Table S2). (B) Inherited glioma risk variants are associated with different molecular groups.

Neuro-Oncology Practice

13

¥202 Iudy Gz uo 1senb Aq 2/ 109t2/01L/L/¢/e1oe/dou/wod dnoojwapede//:sdiy woly papeojumo(


http://nop.oxfordjournals.org/lookup/suppl/doi:10.1093/nop/npv026/-/DC1
http://nop.oxfordjournals.org/lookup/suppl/doi:10.1093/nop/npv026/-/DC1

Rice et al.: Inherited genetic risk of adult glioma

RNA called ANRIL; thus, it is possible that this variant operates
through changes in ANRIL expression, but this has not been defin-
itively established. It is becoming increasingly clear that much
gene regulation occurs through variation in expression and splic-
ing of long noncoding RNAs, of which ANRIL is one. Long noncod-
ing RNA is a subset of RNA that is transcribed from DNA, but not
translated to form proteins. Variation in DNA may affect the ex-
pression and splicing of noncoding RNAs.

Associations with Histologic and
Molecular Groups

Figure 2 shows the distribution of infiltrating glioma by histology
from CBTRUS,?® highlighting which risk variants are statistically
significantly associated with different types and grades of infil-
trating glioma. This figure is informed by results reported in the
literature™16:1819.30-33 qnd by data from the UCSF AGS

(Supplementary Table S1). Caution is needed in interpreting
these results because there is less statistical power with the
smaller samples sizes of less common histologic types and
grades. Caution is also needed because the histologic types re-
ported by the registry do not completely correspond to WHO
grade. This is especially true for the category “diffuse astrocyto-
ma,” which may include astrocytomas of various grades, and
therefore does not fully correspond to grade II astrocytoma.

We recently showed that 3 acquired molecular alterations (IDH
mutation, 1p19q co-deletion, and TERT promoter mutation) in
tumor cells define five groups of glioma that have distinctive char-
acteristics with respect to association with risk variants, other risk
factors, and survival experience. These five groups account for
over 95% of grade II-IV gliomas.'® Figure 3 shows the estimated
proportions of the molecular groups expected among people with
primary grade II-IV gliomas in the general population (see Sup-
plementary Table S2 for calculations). It also shows which inher-
ited risk variants are associated with which molecular groups. As

Hypothesized Pathways of Adult Glioma Development
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Fig. 4. Hypothesized pathways of adult glioma development, including inherited risk variants and acquired mutations and chromosomal changes. Two
established risk variants in TP53 and EGFR were not included in this figure because it is not yet clear which branches of gliomagenesis they influence.

Artwork was produced by Xavier Studio.
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above, caution is needed in interpreting results for the groups
with smaller sample sizes. The Cancer Genome Atlas (TCGA) has
also found that lower-grade gliomas could be stratified into three
distinct molecular subtypes that are associated with differences
in overall survival: IDH wild type, IDH mutant with 1p/19q
co-deletion, and IDH mutant without 1p/19q co-deletion.?*
Grade 1V gliomas with IDH mutation are sometimes referred to
as secondary glioblastomas, a subset of glioblastoma originally
described as preceded by diagnosis of a lower grade glioma. As
this paper primarily focuses on inherited risks of first diagnosis
of incident adult glioma, risk of secondary glioblastomas or recur-
rent tumors are not discussed. Much exciting work lies ahead
to find other risk variants that may be associated with different
subtypes as larger numbers of cases are categorized according
to these acquired alterations.

Summary

Although screening for inherited risk for glioma in the general
population is not warranted, the identification of genes that in-
crease risk for gliomas brings us closer to understanding the
mechanisms underlying glioma development. Some of the glio-
ma risk variants appear to increase risk of all or most types of gli-
oma, while others increase risk of certain histologic or molecular
groups of glioma. As larger groups of patients are studied, it is
likely that we will discover more inherited risk variants. We will
also learn more about which inherited variants increase risk for
which groups. For example, a recent study of families with 2 or
more patients with gliomas showed that inherited variation in an-
other telomere-related gene, POT1, may be involved in risk of oli-
godendroglioma.'® In addition, the large Glioma International
Case-Control Consortium is currently working to genotype 4000
people with glioma and 4000 people without glioma with the
goal of discovering new risk variants.

Gliomagenesis is a very complex process. Fig. 4 summarizes
our current understanding of the interplay of inherited risk vari-
ants and acquired alterations in gliomagenesis. The inherited
risk variants are those a person is born with and has in all the
cells in his/her body; we conceive of these as possible roots that
enhance the possibilities of glioma developing. The early acquired
mutations occur in all the tumor cells and can be considered
trunk mutations; these likely first occurred in the tumor’s precur-
sor cells. The branch mutations occur later in gliomagenesis and
are responsible for the particular characteristics of the resulting
glioma. Every step towards a better understanding of this process
brings us closer to improved glioma treatment or prevention.

An information sheet included as a supplement to this review
may be helpful in explaining inherited risk of primary adult glioma
to patients and their families.

Supplementary Material

Supplementary material is available at Neuro-Oncology Journal
online (http://neuro-oncology.oxfordjournals.org/).
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