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Highlights
The genetic context in which a somatic
mutation occurs can impact whether it
is likely to be selected for during tumor
development.

Germline pathogenic variants in highly
penetrant cancer susceptibility genes
are associated with specific tumor sub-
types as well as with somatic mutations
in specific genes and pathways.

A subset of cancer susceptibility alleles
identified through genome-wide associ-
ation studies (GWAS) shows allele-
Cancer is characterized by diverse genetic alterations in both germline and so-
matic genomes that disrupt normal biology and provide a selective advantage
to cells during tumorigenesis. Germline and somatic genomes have been exten-
sively studied independently, leading to numerous biological insights. Analyses
integrating data from both genomes have identified genetic variants impacting
somatic events in tumors, including hotspot driver mutations. Interactions
among specific germline variants and somatic events influence cancer subtypes,
treatment response, and clinical outcomes. Investigation of these complex inter-
actions is increasing our understanding of aberrant pathways in tumors that may
uncover novel therapeutic targets. Here, we review the literature describing the
role of germline genetic variants in promoting the selection and generation of
specific mutations during tumorigenesis.
specific copy number gains and losses
in tumors.

GWAS have identified genetic variants
associated with specific somatic events
in cancer, highlighting new biological
connections.

Germline variants in immune system
genes, such as MHC class 1 genes, en-
able cells with somatic mutations at spe-
cific amino acid residues to evade the
immune system.
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Germline Variants Impact Tumor Characteristics
Using next-generation sequencing, germline and tumor genomes have been explored indepen-
dently for mutations that are associated with tumorigenesis, often with the germline genome serv-
ing as a reference control for acquired mutations. Analyses integrating data from both genomes
are leading to novel associations between germline variants (see Glossary) and specific so-
matic events. Recent investigation of the complex interplay between germline variants and
cancer-associated mutations is increasing our understanding of aberrant pathways that may
be potential therapeutic targets. In this review, we explore the hypothesis that specific germline
variants determine which somatic events and mutations are generated and selected for in cancer
cells during tumorigenesis (Figure 1, Key Figure). We also discuss the body of literature
supporting a role for germline polymorphic and pathogenic variants (PVs) in shaping several
key tumor characteristics. Specifically, we address the emerging link between germline variant
by somatic mutation (G×M) associations. We also focus on tumor characteristics, such as his-
topathological subtypes, mutational signatures and microsatellite instability (MSI), allele-
specific copy number changes and loss of heterozygosity (LOH), somatic mutations in cis
and in trans with the relevant genetic variant, and the tumor immune response.

Germline Variants and Histopathological Subtypes
Tumors from individuals with hereditary cancer syndromes often exhibit characteristic histopath-
ological features at different frequencies compared with tumors arising in the general population.
For example, breast cancers occurring in individuals with BRCA1 or BRCA2 germline PVs are as-
sociated with different frequencies of cancer subtype, grade, and estrogen receptor (ER) status
compared with their germline-negative counterparts [1]. Specifically, basal-like subtype and
triple-negative grade 3 breast cancers are highly associated with BRCA1 PVs. Multiple studies
have found associations of lower-penetrance common single nucleotide variants (SNVs)
with specific breast cancer subtypes, particularly ER-positive and ER-negative subtypes [2–7].
The functions of many of these variants, the majority mapping to intergenic regions, remain
unknown. A few germline variants associated with ER status map to the ESR1 gene and lead
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Glossary
Allele: alternative forms of DNA located
at the same genetic locus on a chromo-
some, also known as a variant. Diploid
organisms have two alleles at each ge-
netic locus, with one allele being
inherited from each parent.
Allele-specific imbalance (ASI):
somatic DNA copy number alterations in
which one allele shows preferential copy
number changes (loss or gain) com-
pared with the other allele.
Germline variants: variations in DNA
sequence transmitted from parent to
offspring via the sperm or egg. These
variants are in all cells of the offspring
and can be transmitted to future
generations.
Genome-wide association studies
(GWAS): association studies for a
disease (or phenotype) or disease in
which genetic variants across the entire
genome are tested for association with
disease in individuals with the disease
(cases) and individuals without the
disease (controls).
Germline variant by somatic
mutation (G×M) association: when a
germline variant is associated with an
increased likelihood that a specific
somatic mutation will be present in a
tumor.
Linkage: the tendency for two or more
genes located close together on the
same chromosome to be inherited
together. ‘Linkage study’ refers to a
family-basedmethod used tomap a trait
to a genomic location by demonstrating
co-segregation of the disease with ge-
netic markers of known chromosomal
location.
Loss-of-heterozygosity (LOH): a
genetic event whereby one of two
different alleles at a locus is lost. When
LOH occurs in tumors, the genome is
homozygous at that locus but is hetero-
zygous in the corresponding germline
DNA.
Microsatellite instability (MSI): the
condition of genetic hypermutability
resulting from defective DNA mismatch
repair.
Oncogene: a gene or a mutant variant

Key Figure

Examples of Germline Variants by Somatic Mutation (G×M) Association
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Figure 1. Specific germline polymorphic or pathogenic variants impact which somatic events, mutational signatures, allele-
specific copy number changes, or altered signaling pathway are selected for in cancer cells during tumor evolution. The oute
circle shows germline variants and the inner wedges represent the associated somatic events for that specific example of a
G×M association. BRCA1 pathogenic variants (PVs) are associated with a mutational signature characterized by smal
tandem duplications and deletions. MDB4 PVs are associated with mutational signatures, particularly CNT substitutions in
CpG dinucleotides, and APOBEC germline variants are associated with the mutational signature CNT or CNG substitution
within TCA and TCT motifs. TP53 PVs are associated with chromothripsis. More generally, germline PVs and single
nucleotide variants (SNVs) are associated with preferential gain of the risk/oncogenic allele and/or loss of the nonrisk
tumor-suppressing allele. Specific HLA haplotypes have also been linked to higher and lower frequencies of specific
pathogenic variants because they result in the immune system being more or less likely to recognize specific somatic
mutations, respectively.
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of a gene that is associated with
tumorigenesis.
Pathogenic variant (PV): a genetic
alteration that is associated with or
increases an individual’s predisposition
to a particular disease, also known as a
mutation.
Penetrance: the proportion of
individuals in a population carrying a
to differential ESR1 expression, providing a mechanistic link between the variant and tumor phe-
notype [8]. Similarly, PVs in renal cell carcinoma (RCC) genes are associated with specific histo-
logical subtypes [9]. Histopathological subtypes often correlate with clinical outcomes. Therefore,
knowledge of the associated germline SNVs and PVs can contribute to better predictive power
for survival and therapeutic responses. For example, screening for germline BRCA1/2 PVs can
predict risk for ER-negative (triple-negative and basal-like) tumors, which are more aggressive
and have poorer prognoses compared with ER-positive (luminal-A and luminal-B) subtypes [10].

Image of Figure 1


phenotype or disease-associated ge-
netic variant who manifest the trait.
When individuals carry a particular
phenotype-associated allele and do not
exhibit the phenotype, the gene is said to
have reduced or lower penetrance.
Resistance allele: also known as a
nonrisk or protective allele. Depending
on the context, these alleles are
associated with no change in disease
risk or are associated with a decreased
risk.
Single nucleotide variant (SNV): also
known as a single nucleotide
polymorphism (SNP). A SNV is a se-
quence variation in a single nucleotide
occurring at a specific genetic location.
The term ‘SNP’ traditionally refers to
variation present at a frequency N1% in a
population, whereas a SNV can occur at
any frequency in a population.
Somatic mutation: a change in DNA
that occurs in nongerm cells after
conception.
Susceptibility allele: also known as a
risk-allele; alleles associated with in-
creased likelihood of developing the
disease.
Tumor suppressor genes: genes that
suppress tumor development by
regulating cell growth and division,
stimulating cell death and/or DNA repair.
Two-hit hypothesis: a hypothesis in
which two mutations, one in each copy
of a tumor suppressor gene, are
required for a cell to give rise to a tumor.
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Germline Variants and Tumor Mutational Signatures
Germline variants are associated with mutation patterns in tumors. Breast tumors from
individuals with germline BRCA1 and BRCA2 PVs have a higher frequency of small tandem
duplications at regions of microhomology and deletions of b100 kb [11] (Figure 1). These
signatures likely reflect BRCA1 and BRCA2 function in homology-directed DNA repair and
suggest that poly ADP ribose polymerase (PARP) inhibitors will be beneficial to this patient
population [12].

A study that systematically evaluated the association of germline variants with somatic mutation
signatures in 2642 individuals across 39 cancer types found that: (i) individuals with MDB4 PVs
showed enrichment of C to T substitutions at CpG dinucleotides (Figure 1); (ii) BRCA1-deficient
tumors were associated with complex rearrangements, including insertions and tandem duplica-
tions; (iii) germline L1/LINE elements were associated with somatic retrotransposition; and (iv)
germline TP53 PVs were associated with chromothripsis [13] (Figure 1). This study also
highlighted the relevance of the APOBEC family of cytidine deaminases in cancer. Tumors from
individuals with germline variants near APOBEC3 had reduced levels of APOBEC mutational sig-
natures (Figure 1), characterized by substitutions of C with either T or G within TCA or TCT motifs
[14–16]. Specifically, rs2395185 was associated with APOBECmutation signatures in lung can-
cer [14] and rs1014971 in bladder tumors [15] (Table 1). APOBEC signatures in breast tumors
also associate with rs12628403, a tagging SNV for a polymorphic deletion resulting in a fusion
of APOBEC3A with noncoding regions of APOBEC3B [13,15,16].

The occurrence of MSI in the tumor genome is also influenced by germline PVs. MSI is observed
at a high frequency in colorectal cancer (CRC) with germline or somatic PVs in mismatch repair
genes [17–19]. Tumors with high MSI are more likely to be of low pathological stage, more likely
to carry activating BRAFmutations, and less likely to carry activating KRASmutations compared
with tumors that are microsatellite stable and are more likely of low pathological stage [20]. Com-
pared with microsatellite stable CRC, MSI is predictive of a favorable outcome and reduced like-
lihood of metastases [21].

Collectively, these studies demonstrate that germline variants in genes involved in DNA repair or
maintenance of genome integrity can result in characteristic mutational patterns reflective of the
perturbed function. Additionally, these findings may uncover novel strategies for the prevention
of hypermutation or failed DNA repair and, as in the case of MSI-high CRC, can inform clinical
outcomes.

Germline Variants and Somatic Copy Number Changes or Mutations in cis
In addition to global influences on tumor subtype and mutational signatures, germline variants are
also associated with specific somatic events ‘in cis’; these include phenomena such as LOH,
allele-specific imbalance (ASI), and somatic mutations occurring at the same locus as the
germline variant. A classic example of the connection between germline variants and somatic
events in tumor development is illustrated by Alfred Knudson’s 1971 observation, today known
as the ‘two-hit hypothesis’ [22] (Box 1). Knudson showed that retinoblastoma occurs earlier
in individuals who inherited a germline PV in the RB gene compared with individuals in the general
population. Individuals who inherit a PV in every cell in the retina only need one cell to acquire a
‘hit’ in the remaining wild-type allele for selective growth advantages leading to cancer, whereas
retinal cells from individuals in the general population must acquire two independent events within
the same cell to become at risk of developing a tumor. Tumors arising in the context of hereditary
cancer syndromes, such as retinoblastoma, frequently show evidence of LOH of the wild-type al-
lele because of the selective advantage that these tumor cells have over cells retaining one wild-
type allele.
Trends in Genetics, July 2019, Vol. 35, No. 7 517



Table 1. Germline Variants by Somatic Mutation Associations in transa

Cancer type SNP ID; genomic locationb Gene/pathway with somatic mutation; gene locusc Impact Refs

Glioblastoma rs13222385; chr7:55183900 LANCL2; 7p11.2 P=0.037 [42]

Multiple rs8051518; chr16:7270514 SF3B1; 2q33.1 Eightfold increase incidence [49]

rs25673; chr19:2109158 PTEN; 10q23.31 Fourfold increase incidence

Breast rs252913; chr5:56900019 PIK3CA; 3q26.32 P = 0.01 [51]

rs331499; chr5:56915096 P = 0.02

Lung rs36600; chr22:29941597 ARID1A; 1p36.11 P = 5.78×10–4 [14]

rs2395185; chr6:32465390 Cell cycle pathway genes P = 3.61×10–4

rs2395185; chr6:32465390 APOBEC; genome-wide APOBEC mutational signature P = 3.58×10–3

rs3817963; chr6:32400310 Cell cycle pathway genes P = 4.15×10–4

rs3817963; chr6:32400310 MAPK pathway genes; e.g., MAPK1 22q11.22 P = 8.58×10–-4

Bladder rs1014971; chr22:38936618 APOBEC ; Genome-wide APOBEC mutational signature P = 1.92×10–5 [15]

Gastric rs2285947; chr7:21544470 PDGF pathway; e.g., PDGFB 22q13.1 P = 3.93×10–4 [50]

rs1679709; chr6:28260564 RCF4 mismatch repair gene; 3q27.3 P = 1.25×10–2

Lung (mouse) rs13459194; chr19:32049010d Kras Q61L ; chr6:77.37 cMd P = 1.6×10–5 [29]

Melanoma rs12203592; chr6:396321 BRAF V600E; 7q34 OR 0.59; 95% CI = 0.43–0.79 [53]

BRAF V600K; 7q34 OR 0.65; 95% CI = 0.41–1.03

BRAF (other in exon 15) ; 7q34 OR 1.57; 95% CI = 0.93–2.65

NRAS; 1p13.2 OR 0.99; 95% CI = 0.75–1.30

rs132985; chr22:38167464 BRAF V600E; 7q34 OR 1.32; 95% CI = 1.05–1.67

BRAF (other in exon 15) ; 7q34 OR 1.82; 95% CI = 1.11–2.98

BRAF V600K; 7q34 OR 1.12; 95% CI = 0.78–1.60

NRAS; 1p13.2 OR 0.83; 95% CI = 0.64–1.07

RCC rs10932384; chr2:211545123 ERBB4; 2q34 P = 0.003 [46]

aAbbreviations: CI, confidence interval; NSCLC, non-small cell lung cancer; OR, odds ratio.
bGenomic locations obtained from NCBI dbSNP, Human assembly GRCh38/hg38.
cSomatic mutation locations obtained from NIH, Genetic Home Reference.
dMouse genomic location obtained from UCSC Genome Browser and somatic mutation location obtained from NCBI, GRCm38/mm10.

Trends in Genetics
In tumors, loci harboring oncogenes often show copy number gains. Tumor suppressor gene
loci are more typically lost through somatic mutations, chromosomal rearrangements, or
deletions. Copy neutral alteration (in which the DNA is neither lost nor gained) and LOH of the
Box 1. Knudson's Two-Hit Hypothesis

Knudson’s two-hit hypothesis, also referred to as the two-mutation hypothesis, was proposed in 1971 by Alfred Knudson
from his work on the genetic mechanism behind retinoblastoma [22]. In his study of patients with retinoblastoma, data
such as age at diagnosis, gender, family history, unilateral or bilateral disease occurrence, and the approximate number
of tumors in each eye were collected and analyzed. At the time of Knudson’s study, it was believed that retinoblastoma
could be caused by either somatic or germline mutations. Knudson’s findings showed that retinoblastoma was caused
by a germline mutation in a subset of cases, but for retinoblastoma to occur, a subsequent inactivating mutation in the
wild-type allele was required. Hereditary cases, in which individuals inherited one copy of a mutated RB gene, were fre-
quently bilateral and occurred at a younger age compared with nonhereditary cases. Knudson concluded that retinoblas-
toma was caused by two mutations (one in each copy of the gene), hence the two-hit hypothesis. Individuals with no
inherited mutation have to somatically accumulate a loss-of-function mutation in each allele for the disease to manifest,
and this process takes longer compared with individuals who already have one inherited mutation. Knudson’s work illus-
trates the concept of allele-specific somatic events: for an individual with an inherited pathogenic variant in the RB gene to
develop retinoblastoma, a somatic loss-of-function mutation in the wild-type allele is required.
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Figure 2. Examples of Germline Alleles Conferring Selective Advantage to Specific Somatic Alterations. (A) Allele-specific imbalance (ASI) in cis (affecting the
same gene) can arise in at least three ways (from left to right): by amplification or gain of the risk allele (‘G’), by copy neutral loss of the resistance allele (‘T’), or by loss of
heterozygosity (LOH) due to loss of the resistance allele (‘T’). ASI can increase the selective advantage of these cells (in pink) via the risk allele promoting proliferation and
survival pathways leading to preferential tumor growth of cells with gain of the risk allele over cells that have gain of the protective allele (in blue). (B) A germline genetic variant
(‘a’) may associate with a mutation in an unlinked gene (‘b’). However, when a somatic mutation occurs in cells with the nonassociated allele (‘A’), there is no selective
advantage to the cells. When a somatic mutation occurs in cells with the associated allele (‘a’), there is dysregulation of normal pathways and/or functions, resulting in
selective advantage and expansion of those cells (in pink).

Trends in Genetics
wild-type (nonmutated) allele are frequent mutations in tumor suppressor genes (Figure 2A). This
phenomenon is referred to as ASI (Box 2 and Figure 1). By contrast, activating mutant alleles of
oncogenes such as EGFR, KRAS, PIK3CA, and BRAF are preferentially amplified over nonacti-
vated alleles (Figure 2A), thereby increasing the selective advantage of these cells by promoting
their proliferation and survival [23].

Observation of either preferential gain of the mutant allele of an oncogene or LOH of a tumor sup-
pressor gene provides strong evidence for the association of inherited germline variants with spe-
cific somatic events in tumors. For example, allele-specific gain of the KRAS allele containing a
Box 2. Allele-Specific Imbalance

‘ASI’ is used to describe nonrandom genetic copy number alterations of one allele relative to another. Typically, this is as-
sociated with a relative gain of a highly penetrant oncogenic allele or relative loss of an allele associated with suppression of
tumorigenesis. Studies have also found ASI for lower-penetrance alleles associated with increased cancer risk. Quantita-
tive genotyping and copy number analysis are used to identify these events. Normal and tumor DNA from individuals het-
erozygous for a particular SNV or PV of interest are sequenced, and an ASI score is determined by comparing the allele
peak heights between normal and tumor DNA sequencing graphs. In retinoblastoma, the classic tumor suppressor gene
RB shows ASI, because the wild-type or resistance allele of a tumor suppressor gene is lost and the activating mutated or
susceptibility allele is retained and selected for gain or amplification. These allele-specific copy number alterations impact
tumorigenesis, progression, and metastasis. Activating mutations in oncogenes increase the selective advantage of cells
by affecting proliferation and survival. While an activating somatic mutation in one allele of an oncogene is sufficient for se-
lective growth advantage, malignancies can be promoted by copy number gain, copy neutral alteration, and LOH events.
With advances in genome-wide analyses of the tumor genome, ASI is being identified in regions of the genome showing
copy number gain, copy neutral alteration, and LOH.

Tr
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G12D mutation has been observed in 13–55% of CRC cases [24] and is associated with poor
overall survival [25]. However, ASI is not restricted to somatic events with large functional impact.
Early evidence suggesting that loci harboring low-penetrant cancer susceptibility (risk) and
resistance (protective) alleles can also undergo selective copy number changes came from
mouse models in which cancer-associated loci were identified by linkage [26–29]. In a mouse
model for chemically induced skin cancer [26], ~40% of previously identified skin tumor-
susceptibility (Skts) loci [30] showed evidence of ASI in F1 backcross mice with relative preferen-
tial gain of the allele from the susceptible strain or relative preferential loss of the allele from the
resistant strain. Notably, the oncogene Hras had activating mutations in most of the skin tumors,
and 65% of heterozygous tumors showed preferential gain of the chromosome carrying the
mutant allele from the susceptible strain [26].

Genome-wide association studies (GWAS) have identified several haplotype-tagging SNVs
that associate with cancer risk and somatic mutation frequency (Box 3). One of the first GWAS
variants tested for ASI was rs6983267, which maps to an intergenic region on 8q24.21 and is as-
sociated with increased risk of CRC and prostate cancer [31–33]. When rs6983267 was geno-
typed in colon tumor DNA from 466 patients heterozygous for this SNV, 101 tumor DNAs
exhibited ASI, with 66% showing relative gain of the risk (G) allele and 34% showing relative
gain of the nonrisk (T) allele [34] (Table 2). Similar findings were observed for rs6983267 in 84 het-
erozygous cell lines from various malignancies [35] and in an expanded ASI study of 16 CRC
GWAS variants in 490 total paired normal and tumor samples [28] (Table 2). However, ASI
does not occur at every risk-associated locus, which is consistent with previous mouse studies
[26]. Functional studies of rs6983267 found that gain of the risk allele associated with higher
MYC expression and activity, thereby promoting CRC development [35]. Importantly, many
variants identified by GWAS are intergenic and can be difficult to functionally assess. Evaluating
variants for ASI offers one strategy for prioritizing risk alleles for functional evaluation.

While rs6983267maps to a putative long-range enhancer for the MYC oncogene, variants alter-
ing protein-coding sequences also exhibit ASI. One example is the variant rs2273535 (Phe31Ile)
in AURKA, which was previously identified using data from mouse models, human tumors, and
case-control association data as a candidate tumor-susceptibility allele for multiple cancer
types [36–40]. In one study, among 48 heterozygous CRC samples with copy number changes
at 20q13.2, gain of the risk (A/Ile) allele was favored over the nonrisk (T/Phe) allele (Table 2) and
was associated with a higher likelihood of aneuploidy [36]. An independent study found ASI of
the rs2273535 (A/Ile) allele using 125 familial and 110 sporadic CRC cases, with familial hetero-
zygous tumors exhibiting preferential gain of the A allele relative to the T allele [41] (Table 2).
Box 3. Genome-wide Association Studies

GWAS are association studies investigating the correlation between genetic variants and phenotype or disease. When an
allele is observed more frequently in the genomes of individuals with a disease or phenotype (cases) compared with indi-
viduals without the disease or phenotype (controls), the variant is classified as being associated with that disease. Hun-
dreds of GWAS for cancer have been conducted and have identified variants that are associated with increased risk of
cancer, as well as other phenotypes, such as tumor subtype, tumor aggressiveness, propensity to metastasize, and re-
sponse to therapy. Given that the effect size of most of these variants is small, individually they do not have strong predic-
tive value for the phenotype. However, the predictive value increases when variants are combined into a risk score of
multiple variants, or a polygenic risk score. Data from GWAS are leading to a better understanding of the biology and
mechanisms of disease that may lead to prevention or more effective personalized risk assessments and precision treat-
ment options. G×M association studies, which identify associations between particular germline variants and an increased
likelihood of a specific somatic mutation in an individual’s tumor, are a new area of genomic exploration. G×M associations
may lead to the identification of the context of the cells that is important for selection during tumor development and un-
cover novel pathways. Such associations may be utilized to predict prognosis, to predict therapeutic response and clinical
outcome, and to identify specific pathways that can be targeted for therapeutic intervention.
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Table 2. Cancer Susceptibility Variants Showing Allele-Specific Imbalance in cis

SNV ID; genomic
locationa

Cancer Number of heterozygotes
with evidence of copy
number imbalance

Risk allele (n) percentage Nonrisk allele (n)
percentage

P valueb Refs

rs6983267;
chr8:127401060

CRC 101 G, loss (34/101) 34% T, loss (67/101) 66% P = 0.0007 [34]

rs6983267;
chr8:127401060

CRC (cell lines) 84 G, loss (33/84) 39% T, loss (51/84) 61% P = 0.05 [35]

rs6983267;
chr8:127401060

CRC 48 G, loss (15/48) 31% T, loss (33/48) 69% P = 0.03 [28]

rs2273535;
chr20:56386485

CRC 23 A, gain (19/23) 83% T, gain (4/23) 17% P = 0.018 [36]

rs2273535;
chr20:56386485

CRC 54 A, gain (38/54) 70% T, gain (16/54) 30% P = 0.03 [41]

rs13281615;
chr8:127343372

cSCC 35 A, gain (28/35) 80% G, gain (7/35) 20% P = 0.012 [43]

rs6959338;
chr7:112077957

Glioblastoma 41 T, gain (33/41) 80% C, gain (8/41) 20% P = 1.1×10–4 [42]

rs13222385;
chr7:55183900

Glioblastoma 45 G, gain (35/45) 78% A, gain (10/45) 22% P = 2.5×10–4

rs4367471;
chr7:104742426

Glioblastoma 24 Minorc, gain (20/24) 83% Majorc, gain (4/24) 17% P = 0.0015

rs4132013;
chr7:104762262

Glioblastoma 32 Minorc, gain (27/32) 84% Majorc gain (5/32) 16% P = 0.00011

rs12343867;
chr9:5074189

Myeloproliferative
neoplasm

109 C, gain (93/109) 85% T, gain (16/109) 15% P = 5.7×10–6 [44]

aGenomic locations obtained from NCBI dbSNP, Human assembly GRCh38/hg38.
bIn all cases, the risk allele showed relative preferential gain or the nonrisk allele showed relative preferential loss.
c
’Minor’ and ‘Major’ refer to the minor and major allele frequency in Caucasian populations, respectively.

Trends in Genetics
Genomic analyses of glioblastoma have also identified selective amplification of germline variants
associated with increased cancer risk. Researchers analyzed 178 glioblastoma tumors from The
Cancer Genome Atlas (TCGA) and found selectively amplified SNVs in kinase-encoding genes, in-
cluding AGK, DGKB, EGFR, INSR, KIT, and RELN [42]. This group also compared their list of 139
amplified SNVs with 406 SNVs identified in a glioblastoma GWAS, with the rationale that a selec-
tively amplified SNV in glioblastoma may predispose the carrier to tumor initiation and, therefore,
occur at higher frequency in cases versus controls. Two SNVs, rs4367471 and rs4132013, dem-
onstrated amplification of the risk alleles over the nonrisk alleles in glioblastomas of germline hetero-
zygotes (Table 2). Two SNVs, rs6959338 in DOCK4 at 7q31.1 and rs13222385 in EGFR at
7p11.2, also showed preferential amplification of the risk over the nonrisk allele in the tumor DNA
of germline heterozygotes (Table 2). Samples with amplification of the selected-for allele had higher
gene expression of DOCK4 and EGFR. Interestingly, LANCL2, located near EGFR, also exhibited
higher expression in rs13222385 heterozygotes with amplified risk allele (Table 1). Thus, for some
variants, preferential allelic gain in tumors may reflect selection based on their role in the regulation
of gene expression. This study illustrates the power of having multiple data sets (germline SNV,
tumor exomes, and tumor gene expression) for making biological connections.

While the aforementioned studies were inherently limited to testing single tumors from individuals,
researchers have utilized solid-organ transplant recipients to better address the role of germline
DNA on genetic alterations. Solid-organ transplant recipients are distinctive in that some will de-
velop multiple independent cutaneous squamous cell carcinomas (cSCCs) in the context of an un-
changing constitutional genome. This provides a uniquely powerful opportunity to test the
Trends in Genetics, July 2019, Vol. 35, No. 7 521
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hypothesis that an individual’s germline DNA influences the types of genetic alterations that pro-
mote cancer initiation and growth. Copy number alterations from individuals with multiple cSCCs
revealed higher concordance of chromosomal aberrations within an individual compared with
across unrelated individuals, and rs13281615 showed evidence of ASI in this cohort [43]
(Table 2). Thus, genetic background affects the pattern of specific somatic alterations that predis-
poses individuals to cSCC initiation or progression.

In addition to SNVs being linked to copy number alterations in cis, associations between SNVs and
somatic mutations within the genes harboring the variants have been detected. A GWAS for mye-
loproliferative neoplasms associated rs12343867 in JAK2 with JAK2V617F somatic mutations.
Among individuals heterozygous for rs12343867, a significant proportion carried the risk
(C) allele for JAK2V617F mutation [44] (Table 2). Similar findings in a non-small cell lung cancer
(NSCLC) study demonstrated that germline variants in EGFR were associated with somatic
EGFR mutations, particularly exon 19 deletions, and that these showed evidence of ASI [45]. In a
case-control study of 141 patients with NSCLC, two SNVs in EGFR, rs45559542 and rs712829,
were observed at a higher frequency in patients with exon 19 deletions. A similar observation
was seen in rs712829 heterozygous cell lines. These data demonstrate that variants can contribute
to ASI for oncogenes such as EGFR. As another example, analysis of TCGA data for 127 signifi-
cantly mutated genes across major cancers determined that SNVs may be predictive of RCC
risk and predictors of clinical outcomes. Using data from over 650 individuals with RCC, an asso-
ciation was observed between the risk (C) allele of the ERBB4 intronic variant rs10932384 and
ERBB4mutation [46] (Table 1). The same variant was also associated with recurrence and overall
survival, suggesting that G×M associations predict recurrence and clinical outcomes.

Germline Variant by Somatic Mutation Association in trans
While GWAS have identified hundreds of cancer risk variants [47], few studies have identified
G×M associations linking germline variants with distal somatic mutations [48] (Figure 2B). Studies
conducting exome sequencing of tumor tissue and genome-wide SNV genotyping of the
germline DNA from the same individual can be used to identify some G×M associations but
miss intergenic SNVs, where most risk alleles are located. These G×M associations refer to
trans effects of germline variants, in which the variants influence somatic mutations at distant,
and even seemingly unrelated, loci. Significantly, G×M studies have the potential to illuminate un-
known biological connections tethering the germline genome to the tumor genome.

One of the first GWAS to systematically test for associations between germline variants and so-
matic events in human tumors used TCGA data from nearly 6000 cancer cases [49]. The hypoth-
esis was that germline background establishes a context in which a loss- or gain-of-function event
in a particular gene may confer a selective growth advantage. G×M analyses of 138 frequently mu-
tated cancer genes identified 62 associations. Validation studies revealed 28 germline loci that
were associated with increased somatic alterations in 20 cancer-related genes. For example, the
intronic variant rs8051518 in RBFOX1 (mapping to 16p13.3) was associated with an eightfold in-
creased incidence of somatic mutations in SF3B1 (2q33.1) (Table 1). SF3B1 and RBFOX1 encode
RNA-binding proteins involved in splicing, suggesting a biological rationale for the observed asso-
ciation. Another G×M interaction was observed between rs25673 (19p13.13) and PTEN
(10q23.31); individuals with the risk allele of rs25673were fourfold more likely to have PTENmuta-
tions (Table 1). Two genes at the 19p13.13 locus,GNA11 and STK11, are involved in the PIK3CA/
mTOR pathway for which PTEN is a negative regulator. Therefore, rs25673 could increase the se-
lective advantage of inactivating PTEN mutations in cancer progression.

Other studies have identified G×M interactions that provide evidence for risk SNVs influencing so-
matic events in tumorigenic signaling pathways. In lung cancer, SNVs associate with somatic
522 Trends in Genetics, July 2019, Vol. 35, No. 7
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driver gene mutations or copy number alterations in ARID1A, CDKN2A, and genes linked to the
cell cycle and MAPK pathways [14] (Table 1). In gastric cancer, several germline SNVs associate
with somatic alterations in SOS1 and other genes in the PDGF and DNA mismatch repair path-
ways [50] (Table 1). In a cohort of patients with ER-positive breast cancer, G×M analysis found
associations of two SNVs, rs252913 and rs331499 (5q11.2), with somatic PIK3CA variants
(3q26.32) [51] (Table 1), which resulted in MAP3K1 gene overexpression. While PIK3CA muta-
tions are frequent in breast cancer, clinical trials of agents targeting this mutation have produced
disappointing results [52]. Future studies may capitalize on new insights fromG×M interactions to
identify altered signaling pathways for which precision therapies will be effective.

While much of the literature has described how germline variants are associated with specific genes
in the mutation landscape of cancer, some variants are associated with specific mutations in these
genes. A mouse lung cancer susceptibility locus, Pas1, which maps near Kras, showed ASI of the
chromosome from the tumor-susceptible strain [27]. A recent study tested the association of
germline variants with the frequency and type of Kras mutation in mouse lung tumorigenesis using
two chemically inducible lung tumor mouse intercross models. In both models, Kras codon 61
was the most frequently mutated codon, and somatic mutations were associated with germline
markers at the same chromosome 19 locus. However, two different SNVs were associated with
two different Kras codon 61 mutations: KrasQ61R with rs3655407 and KrasQ61L with rs13483612.
Fine-mapping studies found that KrasQ61L was associated with rs13459194 in mice homozygous
for the allele from the susceptible parent, but this was not observed for the KrasQ61R mutation [29]
(Table 1). These studies illustrate that different somatic mutations within the same gene and even af-
fecting the same codon can occur in the context of specific germline variants.

Cutaneous melanomas are categorized by four genomic subtypes: mutant BRAF, mutant RAS
(mainly NRAS), mutant NF1, and triple-wild-type. In one study, germline DNA from 1223 partici-
pants was genotyped for 47 SNVs previously associated with melanoma risk [53]. Melanomas
were also interrogated for BRAF and NRAS mutations. G×M analyses found two SNVs signifi-
cantly associated with BRAF mutations. The rs12203592 (T) allele of IRF4 was associated with
decreased risk of BRAFV600E and BRAFV600K mutations, but an increased likelihood of other
BRAF exon 15 mutations (Table 1). The rs132985 (T) allele of PLA2G6 was associated with
increased likelihood of BRAFV600E and other BRAF exon 15 mutations (Table 1) [53].

Germline MC1R variants also influence the somatic mutational landscape of melanoma. These
variants are associated with red hair, freckling, and sun sensitivity. Melanomas from individuals
with MC1R variants had a higher somatic mutational burden than from individuals without
MC1R variants [54]. Furthermore, BRAFV600K somatic variants were less likely to occur in individ-
uals withMC1R pigment-related germline variants (D84E, R142H, R151C, R160W and D294H).
These sameMC1R variants were associated with the presence of BRAFV600E PVs, but only in in-
dividuals with darker eye and hair color [55]. Collectively, these data suggest that pigment pheno-
types, or genes determining these phenotypes, are associated not only with what genes are
somatically mutated, but also with the precise mutation (BRAFV600K versus BRAFV600E).

Germline Variant by Somatic Mutation Associations and Tumor Immune
Response
There are emerging connections between germline variants in immune-related genes and somatic
mutations in tumors. Correlations amongMHC-I (HLA) genotypes and a subset of 1000 common
driver mutations for cancer were tested in 9000 patients with cancer from TCGA. This study found
that patient-specific HLA variants were associated with which oncogenic mutations pass unde-
tected by the immune system and allow clonal selection. This powerful study revealed that an indi-
vidual’s HLA genotype may predict which driver mutations are likely to occur in the tumors of
Trends in Genetics, July 2019, Vol. 35, No. 7 523



Outstanding Questions
Are G×M interactions cancer type spe-
cific or common across multiple tumor
types?

Can identification of G×M interactions
aid in distinguishing driver somatic muta-
tions from passenger mutations?

Will characterization of the mechanisms
leading to specific G×M interactions pro-
vide insight into new therapeutic
strategies?

Are histological and pathological sub-
types of tumors largely driven by the ge-
netic background of an individual?

EGFR mutations are more common in
lung tumors from individuals of Asian an-
cestry than in lung tumors from individ-
uals of European ancestry. Are
differences in the frequency of somatic
mutations observed between racial and
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specific patients [56]. In general, across individuals with assortedHLA variations, BRAFV600E muta-
tion is associated with weak immune presentation and higher populationmutation frequency, while
IDH1R132C mutation is associated with strong immune presentation and lower population mutation
frequency. Other somatic mutations, such as PIK3CAE545K, PIK3CAH1047R, KRASG12D, and
KRASG12V, are more frequent in individuals with specific MHCI genotypes (Figure 1). Patient-
specific MHCII genotypes influence the somatic mutational landscape and antitumor response
similar toMHCI [57]. In another G×M study, rs351855 near FGFR4was associated with increased
STAT3 signaling, poor prognosis, and increased progression in multiple cancers [58]. Knock-in
mice with the rs351855 risk allele showed a suppressed CD8/CD4 regulatory T cell ratio, de-
creased tumor infiltration of CD8 T cells, and increased STAT3 signaling in vivo. With a better un-
derstanding of the role of the innate immune system in the recognition of specific driver
mutations, we may be able to predict which somatic mutations an individual’s tumor is more likely
to contain. Collectively, these data suggest a link between germline variants and immune evasion or
suppressed antitumor response during cancer progression.

Concluding Remarks and Future Directions
Integrating germline and somatic tumor genome data provides insight into pathways and molec-
ular mechanisms important for tumorigenesis. Just as tumors develop resistance mutations or
have clonal expansions of rare cell populations during therapeutic intervention, an individual’s
ethnic groups associated with alleles
that show differences in germline variant
frequency between these groups?

TrendsTrends inin GeneticsGenetics

Figure 3. Summary of Germline Variants by Somatic Mutation (G×M) Association Studies and Clinica
Application. Integration of data from exome sequencing of tumor DNA and genome-wide single nucleotide variant (SNV
genotyping of germline DNA is revealing associations between specific germline variants and somatic events that influence
mutational profiles and cancer subtypes. This information may predict treatment response, clinical outcomes, and
identification of novel therapeutic pathways. For example, BRCA1 pathogenic variants (PVs) are associated with more
aggressive breast cancers (triple-negative and basal-like) and poorer prognosis. Tumors with PVs in BRCA1 are more
likely to contain small tandem duplications and deletions, reflecting perturbation of homology-directed DNA repair function
Tumors with disrupted DNA repair are more responsive to chemotherapeutic agents that block other means to repair DNA
damage, such as poly ADP ribose polymerase (PARP) inhibitors.
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germline genetic background can lead to particular mutational profiles and/or may impart an early
selective pressure fostering environments in which the particular somatic events may be more
likely to expand or escape normal cell controls. Due to the paucity of studies integrating the
germline and somatic genomes, and given that this area of research is still in its infancy, many
such associations and mechanisms of these associations remain undiscovered (see Outstanding
Questions). It also remains undetermined whether findings fromG×M studies will inform individual
response to therapies beyond PVs, such as BRCA1 andMLH2. However, given the connections
described here, this research direction shows promise. Future studies evaluating G×M associa-
tions may also lead to the prediction of tumor subtype or prognosis even before an individual is
found to have cancer, which could additionally inform prevention strategies (Figure 3).
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