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Abstract

Background—There exists compelling evidence that some genetic variants are associated with
the risk of multiple cancer sites (i.e., pleiotropy). However, the biological mechanisms through
which the pleiotropic variants operate are unclear.

Methods—We obtained all cancer risk associations from the National Human Genome Research
Institute-European Bioinformatics Institute GWAS Catalog, and correlated cancer risk variants
were clustered into groups. Pleiotropic variant groups and genes were functionally annotated.
Associations of pleiotropic cancer risk variants with non-cancer traits were also obtained.

Results—We identified 1,431 associations between variants and cancer risk, comprised of 989
unique variants associated with 27 unique cancer sites. We found 20 pleiotropic variant groups
(2.1%) composed of 33 variants (3.3%), including novel pleiotropic variants rs3777204 and
rs56219066 located in the £LL2gene. Relative to single-cancer risk variants, pleiotropic variants
were more likely to be in genes (89.0% versus 65.3%, p = 2.2x10716), and to have somewhat
larger risk allele frequencies (median RAF=0.49 versus 0.39, p=0.046). The 27 genes to which the
pleiotropic variants mapped were suggestive for enrichment in response to radiation and hypoxia,
alpha-linolenic acid metabolism, cell cycle, and extension of telomeres. In addition, we observed
that 8 out of 33 pleiotropic cancer risk variants were associated with 16 traits other than cancer.

Corresponding Author: John S. Witte, Mailing address: 1450 3rd St, San Francisco, CA 94158, Phone: 415-502-6882,
jwitte@ucsf.edu.
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Conclusions—This study identified and functionally characterized genetic variants showing
pleiotropy for cancer risk.

Impact—Our findings suggest biological pathways common to different cancers and other
diseases, and provide a basis for the study of genetic testing for multiple cancers and repurposing
cancer treatments.

Keywords

Pleiotropy; Genome-wide association Study; GWAS Catalog; Cancer susceptibility; Single
nucleotide polymorphism

INTRODUCTION

An emerging focus in cancer research is the discovery and understanding of the shared
genetic basis underlying the development of different cancer types. In the past 10 years,
genome-wide association studies (GWAS) have identified hundreds of genetic variants
associated with cancer risk (1-3), and several loci have been associated with multiple cancer
sites. For example, variants at the 8924 locus have been associated with prostate (4,5),
colorectal (6-8), bladder (9), breast (10), and ovarian cancers (11), glioma (12), and chronic
lymphocytic leukemia (13,14). The genes closest to this locus are FAME4B and MYC, both
known cancer-related genes. As another example, the 5p15 locus containing 7ER7 and
CLPTMIL is associated with multiple cancer types, including lung (15,16), testicular (17),
prostate (18-20), breast (21), colorectal (22) cancers, and glioma (12).

Pleiotropy refers to the phenomenon of a gene or genetic variant affecting more than one
phenotypic trait. Identifying and characterizing pleiotropic genes and variants may have
important clinical and pharmacological implications (23,24). For example, a drug used for
one cancer type may be repurposed to treat another cancer type if the therapeutic target is
common to both cancers. In addition, genetic tests for pleiotropic variants may provide an
efficient way to identify patients at high risk of multiple cancers. Understanding the
functional mechanisms by which variants exhibit pleiotropy is important toward prioritizing
potential drug or genetic testing targets.

Recent studies have looked at whether genetic variants previously associated with one
cancer are associated with other cancers. Cancers studied in this way include endometrial
(25), colorectal (26,27), pancreatic (28), esophageal (29,30), prostate (31), lung (32), ovarian
(33), gastric (34), and estrogen receptor negative (ER-) breast cancers (35), and non-
Hodgkin lymphoma (36). Cross-cancer GWAS analyses for two to five cancers have also
been conducted to identify pleiotropic variants (37-40). Previous work has also estimated the
genetic correlation between pairs of cancers using data from GWAS for multiple cancer sites
(41,42).

We build on this previous work by investigating pleiotropy across all cancer results
presented in the National Human Genome Research Institute-European Bioinformatics
Institute (NHGRI-EBI) GWAS Catalog (1-3). The GWAS Catalog provides publicly
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available, manually curated, and literature-derived single nucleotide polymorphism (SNP)-
trait associations with p-values < 107> from GWAS assessing at least 100,000 SNPs.

Previous analyses of the GWAS Catalog data found substantial evidence of pleiotropy across
various traits (43). However, this work did not fully investigate potential pleiotropy arising
from variants in linkage disequilibrium (LD) with the associated variants, the functional
implications of pleiotropic variants, or the ancestral populations in which the variants were
detected. In this study, we addressed these limitations by evaluating variants in LD with the
reported variants, functionally characterizing the GWAS reported variants, and incorporating
ancestry information. Furthermore, we investigated the associations of the pleiotropic cancer
risk variants with other diseases and traits.

MATERIALS AND METHODS

Determining associations with cancer risk in the GWAS Catalog

We accessed all associations reported in the GWAS Catalog as of September 27, 2016.
These were mapped to Ensembl release version 85 and contained associations published
from March 10, 2005 through October 30, 2015. For associations with any given trait, the
data contained the most statistically significant variant from each independent locus for each
study. To perform an initial screening for associations with cancer risk, we utilized
Experimental Factor Ontology (EFO) terms (release 2016-03-15) (44,45). The curated traits
in the GWAS Catalog are mapped to EFO terms to facilitate cross-study comparisons. The
initial set of associations we evaluated included traits mapped to the term “neoplasm”,
defined as benign or malignant tissue growth resulting from uncontrolled cell proliferation
(44). “Neoplasm” and its descendant terms include both cancers and benign tumors
(Supplementary Figure S1).

Our goal was to identify variants pleiotropic for cancer susceptibility, so we limited the
associations included in our analysis to those specific to the risk of individual cancer types
and not to other cancer outcomes. We excluded associations with curated traits containing

any of the following terms: “survival”, “recurrence”, “prognosis”, “level”, “symptom”,
“toxicity”, “mortality”, “treatment”, “response”, “metastasis”, “aggressiveness”, and
“interaction”. We then manually reviewed each of the remaining associations and excluded
those reported for gene-gene interactions, non-cancerous traits, and mixed cancer sites (i.e.,
combining lung, gastric and esophageal cancers). We also excluded associations reported for
haplotypes and for variants in the HLA region for which rs number, chromosomal position,

and allele name were unavailable.

Associations with the same cancer site but different histological subtypes were categorized
as being from the same cancer site. We then calculated the number of variants associated
with each cancer site, and the number of studies reporting associations for each cancer site.

Estimating linkage disequilibrium among cancer risk-associated variants

To determine the ancestry of the discovery samples within which associations were
identified, we relied on data provided by the GWAS Catalog, which assigned one of 15
ancestral categories to each association. We collapsed categories by the 1000 Genomes
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Project’s super populations (European [EUR], East Asian [EAS], Ad Mixed American
[AMRY], African [AFR], and South Asian [SAS]). The number of cancer risk associations for
each super population was calculated. For associations without ancestry data reported in the
Catalog, we reviewed the original publications to obtain the ancestry information.

Our goal was to identify the following two types of cancer risk variants: 1) pleiotropic
within ethnic group, and 2) pleiotropic across ethnic groups. To identify the first type, we
estimated pairwise LD among variants discovered in the same super population using
reference genotype data from the corresponding super population. To identify the second
type, we estimated pairwise LD among all variants, regardless of the discovery population,
using reference genotype data from each of the five 1000 Genomes Project’s (46) super
populations individually.

We ensured that all rs numbers were updated to build 142 of the Single Nucleotide
Polymorphism Database (dbSNP; http://www.ncbi.nlm.nih.gov/projects/SNP/) (47). For
variants lacking rs numbers in the original publications, we used chromosomal positions and
the UCSC Genome Browser (48) to obtain rs numbers. LD was estimated with LDlink
(http://analysistools.nci.nih.gov/LDIlink/) (49), which uses genotype data from Phase 3 of the
1000 Genomes Project and variant rs numbers indexed based on dbSNP build 142.
HaploReg v4.1 (http://www.broadinstitute.org/mammals/haploreg) (50,51) was used to
evaluate LD for variants that could not be assessed by LDIlink. We were unable to calculate
LD for variants that were monoallelic in a given population and/or not in the 1000 Genomes
data.

Identifying variants associated with the risk of multiple cancer sites

First, to identify variants pleiotropic within the same ethnic group, we grouped variants
based on LD estimated in each super population. Second, to identify variants pleiotropic
across ethnic groups, we grouped all variants based on LD estimated in each of the five
super populations; doing so yielded five different sets of variant groupings.

We took two steps to group cancer risk variants in high LD: 1) variant pairs with R2 > 0.8
were clustered into variant groups, and 2) variant groups sharing at least one variant were
merged. Therefore, within each variant group, each variant was in LD with at least one other
variant (e.g., Supplementary Figure S2). A variant group was defined as pleiotropic if it was
associated with the risk of more than one cancer site (p < 10~°). Single-cancer variant
groups were associated with the risk of only one cancer site. In sensitivity analyses, we
explored variant groupings based on different levels of LD (R2 of > 0.7 or = 0.6).

We calculated the median and interquartile range (IQR) of the association odds ratios and
risk allele frequencies (RAFs) for pleiotropic and single-cancer variants. Since these were
not normally distributed, we mainly compared them using the Wilcoxon test.

Functional annotations of variants and genes pleiotropic for cancer risk

For variant-level functional annotation, we first used HaploReg v4.1 (http://
compbio.mit.edu/HaploReg) (50,51) to obtain all variants in strong LD (R2 > 0.8) with the
pleiotropic risk variants (based on the 1000 Genomes Phase 1 European (EUR) population).
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The locations of and consequences on protein sequences for these variants were determined
using the Ensembl Variant Effect Predictor (VEP) (52). We picked consequence types for
each variant using two different options in VEP. The “—most_severe” option was used to
select only the most severe consequence (Supplementary Table S1). The “—pick” option was
used to select one or more consequences according to an ordered set of criteria
(Supplementary Table S2). We grouped the consequences into three main categories: “gene
variant”, “intergenic variant”, and “regulatory region variant”. In addition, we did variant
group-level functional annotation, and the “—most_severe” and “—pick” categories were used
to select one consequence type per variant group.

Functional annotation was also performed on the gene-level. Genic cancer risk variants and
all other variants in strong LD (R? = 0.8) were mapped to RefSeq genes using HaploReg
v4.1(50,51). We used the Gene ID Conversion Tool in DAVID (http://david.ncifcrf.gov/)
(53,54) to convert RefSeq Accession to Entrez Gene ID. Overrepresentation of pleiotropic
genes in biological processes based on Gene Oncology (GO) was tested using
ConsensusPathDB (55). Overrepresentation tests comparing pleiotropic genes in Reactome
(release 2016-12-07) (56,57) pathways were conducted using the PANTHER
Overrepresentation Test (release 2017-04-13) (58).

Assessing associations between pleiotropic cancer risk variants and other traits

RESULTS

As above, we used LDlink or HaploReg to obtain all variants in strong LD (R? = 0.8) with
the pleiotropic cancer risk variants. LD was based on the 1000 Genomes Project super
population that reflected the discovery sample of the variant. These variants were searched
in the GWAS Catalog to identify associations with traits other than cancer risk.

Summary of cancer risk associations in the GWAS Catalog

We evaluated the 28,643 associations with p < 107> published in the GWAS Catalog, and
identified 1,711 that mapped to one of 1,395 relevant EFO terms (i.e., “neoplasm” or its
descendants) (Figure 1). Among the 1,711 associations, we excluded 171 that did not
address susceptibility (e.g., gene-gene and gene-environment interactions, survival, and
aggressiveness). After manually reviewing each of the remaining associations, we further
excluded 85 with non-cancerous traits (e.g., cutaneous nevi, percent mammographic
density), two associations with mixed cancer sites (both combining lung, gastric and
esophageal cancers) (39), 20 associations with haplotypes, and two associations missing rs
number, chromosomal position, and name of HLA allele. Ultimately, 1,431 cancer risk
associations with p < 1072 (927 with p < 5 x 1078) formed by 989 variants were identified
from 227 studies.

The associations were grouped into 27 cancer sites (Table 1). The number of variants
associated with prostate or breast cancer was almost twice the number of variants associated
with all other individual cancer sites, partially reflecting the larger number of GWAS
conducted for these two cancer sites. Other cancers with more than 50 associated variants
were leukemia, lymphoma, and colorectal, pancreatic, skin, and lung cancers.
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Cancer risk associations were discovered from 12 different populations. We observed that
993 (69.4%) associations were identified in an initial sample of Europeans, 250 (17.5%)
were from East Asians, and 98 (6.8%) were from a sample containing European, East Asian,
Hispanic, and African ancestries (Supplementary Table S3). The variation in these
percentages reflects the differences in how many people from each of these populations have
been included in GWAS.

Genetic variants showing pleiotropy for cancer risk

Among the 939 variant groups obtained using R2 > 0.8 as a threshold (Supplementary Table
S3), 20 (2.1%) exhibited pleiotropy for cancer risk within the same ethnic group (Table 2).
We confirmed that all grouped variants had high LD. In particular, within the 20 pleiotropic
variant groups that we identified, the lowest LD between any two variants was R2 = 0.735.

Of the 20 pleiotropic variant groups, 17 variant groups were from European populations and
three variant groups were from East Asian populations. The 20 pleiotropic variant groups
were composed of 33 (3.3%) variants, and the remaining 956 (96.7%) cancer risk variants
were classified as single-cancer variants. The pleiotropic variants are located in 27 genes
such as MDM4, ELLZ, MLLTI10, BCLZ, BRCAZ, BABAM1 and ANKLEI. \We observed
that the cancer risk associations were similar for pleiotropic variants (median association
odds ratio=1.26; interquartile range [IQR]=1.15-1.27) and for single-cancer risk variants
(median association odds ratio=1.23; IQR=1.14-1.38) (Wilcoxon test p = 0.15). However,
the pleiotropic variants had slightly higher risk allele frequency (median RAF=0.49;
IQR=0.30-0.54) than observed for single-cancer risk variants (median RAF=0.39;
IQR=0.21-0.59) (Wilcoxon test p = 0.046) (Supplementary Table S4).

Additionally, we clustered variant groups according to different LD thresholds
(Supplementary Table S3). Using a threshold of R2 > 0.7, we identified one additional
variant group (21 total groups; 41 variants) showing pleiotropy for cancer risk within the
same ethnic group. Using a threshold of R? > 0.6, we identified yet one more additional
variant group (22 total groups; 48 variants).

Variants were also grouped regardless of the discovery samples to identify those which were
pleiotropic across ethnic groups. Using R2 > 0.8 as the threshold, we identified 9 variant
groups (18 variants) pleiotropic for cancer risk across ethnic groups (Supplementary Tables
S5 and S6). The lower the R? threshold used for variant grouping, the more pleiotropic
variants we identified. Overall, approximately 2-4% of variant groups (3—7% of variants)
were pleiotropic (Supplementary Figure S3).

Functional characterizations of pleiotropic cancer risk variants and genes

As variants reported in the GWAS Catalog may not be causal but rather tag the true causal
variants, we incorporated variants in LD when performing functional annotations to try to
capture as much information as possible. We identified 518 variants in strong LD (R2 > 0.8)
with the 33 pleiotropic cancer risk variants, and 18,069 variants in strong LD with the 956
single-cancer variants. We observed that the most severe consequences were statistically
different between pleiotropic and single-cancer variants (Fisher’s exact test p = 2.2 x 10716;
Table 3). A higher percentage of pleiotropic cancer risk variants were genic (89.0%)
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compared to single-cancer variants (65.3%). Within genes, most of the pleiotropic variants
were in introns, 3’ untranslated regions (UTRs), or they changed exon sequence in a non-
coding transcript. Pleiotropic cancer risk variants were also less likely to be intergenic
(11.0%) compared to single-cancer variants (31.8%) and more likely to be upstream of
genes (7.4% vs. 5.3%). Interestingly, none of the pleiotropic cancer risk variants were
located in regulatory regions such as transcription factor binding sites or other non-genic
regions (0% vs. 2.9%). Selecting consequence according to an ordered set of criteria (“~
pick” option) provided similar percentages of gene and intergenic variants (Supplementary
Table S7). Likewise, annotations on variant-group level showed that pleiotropic variant
groups tended to be in genes more often than in intergenic regions (Supplementary Tables
S8 and S9).

For the genic variants, the 460 pleiotropic ones mapped to 27 genes, while the 11,755 single-
cancer variants mapped to 612 genes. Relative to single cancer genes, pleiotropic genes had
suggestive enrichment (p < 0.007) in the following: response to stimuli such as light,
radiation, oxygen and organic cyclic compounds, cell aging, and directing movement of a
protein to a specific location on a chromosome (Supplementary Table S10). Although not
statistically significant after correction for multiple testing, the most overrepresented
pathways for pleiotropic genes included alpha-linolenic acid (ALA) metabolism, cell cycle,
and extension of telomeres (Supplementary Table S11).

Associations between pleiotropic cancer risk variants and traits other than cancer

Detecting the associations between pleiotropic cancer risk variants and non-cancer traits has
the potential to suggest shared underlying biology across different traits, which may reflect
common underlying mechanisms (e.g., inflammation). We found that 8 out of 33 pleiotropic
cancer risk variants that we identified were associated with 16 other complex diseases or
traits investigated by GWAS (Figure 2). Variants rs10936599 and rs12696304 located in
MYNN and near TERC were associated with telomere length, celiac disease, and multiple
sclerosis. Variant rs2736100 in 7ERT was associated with telomere length, red blood cell
count, and lung diseases. The CLPTMIL gene variants rs401681, rs31489, rs31490, and
rs4975616 were associated with serum prostate-specific antigen (PSA) levels. Variant
rs2294008 located in PSCA gene was associated with duodenal ulcers. Pleiotropic variants
rs174537 in MYRFand rs174549 in FADSI were associated with many lipid metabolism-
related traits. Variants rs4430796 and rs8064454 in HNF1B were also associated with type 2
diabetes and PSA levels. The 672 variants in strong LD (R? = 0.8) with the 33 pleiotropic
cancer risk variants were associated with an additional 24 traits (Supplementary Table S12).

DISCUSSION

There is considerable interest in cancer pleiotropy as it may highlight important molecular
mechanisms and have implications for drug development. Our analysis across 27 cancer
sites using the publicly available NHGRI-EBI GWAS Catalog detected numerous pleiotropic
cancer risk variants and evaluated their functional characteristics.

We uncovered some novel patterns of pleiotropy for known cancer risk loci. Our study is the
first to highlight that variants in MLLT10at 10p12.31 are associated with both ovarian
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cancer and meningioma. MLLT10is known to encode a transcription factor involved in
chromosomal rearrangements in leukemia (59). Nonetheless, there is currently no direct
evidence for how MLLTI0is involved in developing ovarian cancer or meningioma other
than GWAS. Another novel pattern of pleiotropy that we found was that the variant
rs4245739 in MDM4 at 1932.1 is associated with prostate cancer and ER-negative and
triple-negative breast cancer. MDMA4 encodes a repressor that binds and inactivates p53 and
is considered important in cancer development (60,61). Interestingly, we observed that the
association of the C allele of rs4245739 is in the opposite direction for prostate (OR = 0.91,
95% CI: 0.88, 0.95) (62) and breast cancer (OR = 1.14, 95% ClI: 1.10, 1.18) (63). Based on
the Genotype-Tissue Expression (GTEX) Project (64), rs4245739 is not associated with
expression in prostate or breast tissue, but is correlated with PIK3C2B expression in testis.
PIK3C2ZB encodes a phosphoinositide 3-kinase that plays a role in many oncogenic
pathways.

Our analysis of the GWAS Catalog also identified the novel pleiotropic gene ELLZ2. The
variant rs3777204 (exm2265979 in the original publication) is associated with salivary gland
carcinoma and rs56219066 is associated with multiple myeloma in European populations
(RZ = 0.971 between the two variants). £LL2encodes an elongation factor for RNA
polymerase 11, an important component of the super elongation complex (SEC) (65) that
regulates the transcriptional elongation checkpoint control (TECC) stage of transcription.
Dysregulation is related to carcinogenesis (66). We also found that variant rs56219066 is
associated with a reduction of IgA and IgG levels, which could affect the pre-mRNA
processing and malignant transformation in multiple myeloma (67).

We also replicated a number of previously known pleiotropic variants and loci. Variants in
the TERC-MYNN region at 3926.2 and TERT-CLPTMIL region at 5p15.33 are pleiotropic
for many cancers (68,69). The telomerase reverse transcriptase (TERT) (70) and its integral
RNA template (TERC) (71) are two subunits of the telomerase ribonucleoprotein complex
that maintain telomere length. Variant rs2736100 in 7ERT is associated with lung and
testicular cancers and glioma in European populations, but only the lung cancer association
in East Asian populations was identified. To our knowledge, only one candidate gene study
found an association between rs2736100 and glioma risk in East Asians (p = 3.69 x 1074)
(72). The association between rs2736100 and testicular cancer is in the opposite direction
for lung cancer and glioma. It has been speculated that rs2736100-T mediates the
recruitment of sex determining region Y transcription factor to 7ERT, which might increase
the telomerase in germ cells, leading to a potential increased risk of testicular cancer (73).
As another example, BRCAZat 13q13.1 is a well-known pleiotropic gene (74-76). Variants
in the BABAMI1-ANKLEI region at 19p13.11 are associated with breast and ovarian cancer.
The BABAM!I gene encodes a component of the BRCAI complex and BRCA1 activates
DNA repair in double-strand breaks (DSB) in cooperation with BRCAZ (77); defective
repair in DSB can lead to tumorigenesis (78). Since mutations in BRCA1 affect both breast
and ovarian cancer risk, the association of BABAMI with both of these cancers is consistent
with its known interaction with BRCA1. Finally, the 8924 region is associated with diverse
cancers, and the HNFIB gene variants at 17q12 are specifically associated with hormone-
related cancers, including prostate, endometrial, ovarian and testicular cancers.
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Previous work evaluating the associations in the GWAS Catalog through 2011 estimated that
4.8% of SNPs associated with cancer exhibit pleiotropy (43). There are several possible
reasons why we detected a lower level of pleiotropy (2.1% variant groups [3.3% variants])
within ethnic groups. First, the previous study included SNPs pleiotropic across ethnic
groups. Second, we estimated LD using the populations in which the variants were
discovered, while the previous study used the HapMap CEU population to calculate LD for
all variants. Finally, we focused specifically on cancer risk instead of all cancer outcomes.
The evaluation of pleiotropy for treatment response is certainly compelling, but it is also
very complicated. One must decide how to consider treatment type, efficacy, toxicity, and
time to response, among other dimensions. To maintain focus and comparability with
previous research, we elected to only evaluate here cancer susceptibility. Future work
exploring pleiotropy specific to the treatment of cancer can be performed.

Spurious cross-phenotype associations can occur when individuals suffering from one
cancer are more likely to receive diagnostic evaluation and detection of other cancers
(ascertainment bias) (23,79). In our study, this potential bias was minimized because the
associations studied generally came from distinct GWAS in which few subjects had multiple
cancers. Nevertheless, the frequency of pleiotropy that we observed depended upon the
associations collected in the GWAS Catalog, and the traits that we selected to study were not
a random sample of all traits. In addition, the frequency of pleiotropy is larger than we
estimated because many common and rare variants associated with cancer risk have yet to be
found. That said, utilizing the EFO terms that map the traits increased the sensitivity of
detecting cancer risk associations, while manually reviewing each of the identified
associations avoided including non-cancer risk outcomes.

We estimated that 89.0% of pleiotropic variants were in genes, in contrast with only 65.3%
of non-pleiotropic variants. Pleiotropic variants may be more likely to be within a gene than
to affect gene regulation because gene regulation is highly tissue specific. Thus, for a variant
to affect risk in multiple tissues, it needs to affect the function of a gene in a way that
transcends tissue specific gene regulation in regulatory elements.

The suggestion of overrepresentation of the pathways response to radiation and hypoxia,
ALA metabolism, cell cycle, and extension of telomeres in pleiotropic genes implies
carcinogenic mechanisms common to the development of different cancer sites. The
comparison group for these functional enrichment analyses was the single-cancer variants.
Misclassification of truly pleiotropic variants as observed single-cancer variants is possible
if associations with other cancer sites have not yet been detected (e.g., due to limited power).
Future GWAS or sequencing focused on rarer variants, cancer subtypes, or epigenetic
regulations may help identify additional novel pleiotropic mechanisms.

Some of our findings of pleiotropy are in agreement with current clinical practices. For
example, we observed that two highly correlated variants (R2 = 0.95) located in or near the
BCL2gene, rs17749561 and rs4987855, were associated with follicular lymphoma (FL) and
chronic lymphocytic leukemia (CLL). The BCLZ2gene family encodes proteins that regulate
cellular apoptosis, and serve essential roles of balancing cell survival and cell death (80,81).
The drug Venetoclax (also known as ABT-199) is a BCL-2 inhibitor that binds to BCL-2
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with high affinity and selectivity (82). It was approved for CLL (83) but also shows

favorable efficacy and safety in patients with FL (84), reflecting the pleiotropic role of BCL2
in these two blood cancers. Our findings also suggest potential clinical applications. For
example, variants in the novel pleiotropic gene £LLZ2that we identified were associated with
salivary gland carcinoma and multiple myeloma. Expression of £L.L2was down-regulated
by microRNAs miR-155 (85) and miR-299 (86). With the extensive development of
microRNA therapeutics (87), ELLZexhibits a promising candidate to treat these two

cancers. Furthermore, our discovery of variants that exhibit opposite effects on cancers (e.g.,
variants in MDM4 or in TERT) may help identify drugs that should not be explored for
repurposing across cancers.

Our approach was limited by the selection of variants for genotyping arrays and the
imputation reference panels in the published GWAS. Genotyping arrays may have
preferentially included variants located in genes or previously associated with diseases,
giving such variants an increased chance of being pleiotropic. To try to avoid this potential
bias, we compared the pleiotropic variants to single-cancer variants, which were also tagged
by GWAS arrays. We were also limited in our ability to distinguish biological from spurious
pleiotropy. It is possible that variants in high LD could be functional in different genes. Our
study also had potential bias in that some cancers have more than one ethnicity represented
in GWAS and these cancers may be more or less likely to have shared genetic causes. The
absolute risk of cancer affects how many GWAS are performed and their power, so
pleiotropic variants may appear to cluster for common cancers, which might also have more
ethnicities involved. In addition, we were only able to evaluate pleiotropy among loci with
strong enough associations to be reported in the GWAS Catalog. As all summary statistics
from GWAS become more widely available, more extensive evaluations of pleiotropy can be
undertaken.

Overall, identification of pleiotropic cancer risk variants and genes has important
implications. The biological functions and pathways overrepresented in pleiotropic genes
may inform our understanding of the underlying mechanisms shared by different cancers.
Genetic tests for pleiotropic variants could be developed to efficiently identify high-risk
patients. Drugs developed for one cancer might be valuable for use in treating other cancers
as well. Such repurposing of anti-cancer therapies may offer promising opportunities for
improving cancer treatment.
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Figurel.

Flow diagram for obtaining all cancer risk associations. Based on the 1,395 Experimental
Factor Ontology (EFO) “neoplasm” terms, we identified 1,711 associations with
“neoplasm”. Following exclusions, we obtained 1,431 cancer risk associations.
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Other traits studied by GWAS (PubMed ID)
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\ Crohn's disease | (26192919)
Y Comprehensive strength and appendicular lean mass (NR)
(22960237)
Metabolite levels (NR) (23281178)
Heart rate 1 (23583979)
Red blood cell fatty acid levels (NR) (25500335)
Trans fatty acid levels 1 (25846338)
Endometrium 1 —17912 [rs4430796-A (HNF1B) — Type 2 diabetes | (20581827; 22961080; 23945395; 24509480)
Prostate 1 rs8064454-C (HNF1B) Serum prostate-specific antigen levels 1 (21160077)

Figure2.

Associations of pleiotropic cancer risk variants with other complex diseases and traits
studied by GWAS. We identified 8 out of 33 pleiotropic variants were associated with other
16 distinct traits. The arrow indicates the direction of the association. NR: Information not

reported in the GWAS Catalog.

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2019 January 01.




1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Wu et al.

Number of variants and GWAS for each of the 27 cancer sites.

Table 1

Cancer site Number of variants (studies) Cancer site Number of variants (studies)
Prostate 166 (24) Multiple myeloma 45 (4)
Breast 145 (29) Stomach 17 (5)
Leukemia 95 (13) Brain 15 (6)
Colon & rectum 81 (18) Nasopharynx 14 (4)
Pancreas 59 (6) Liver 10 (5)
Skin 55 (12) Neuroblastoma 10 (4)
Lung 52 (16) Bone 9(2)
Lymphoma 52 (13) Endometrium 9(2)
Esophagus 37(7) Thyroid 8(4)
Ovary 34 (8) Larynx 6 (1)
Testis 27(7) Gallbladder 5(1)
Urinary bladder 22 (6) Salivary gland 5(1)
Kidney 18 (5) Upper aerodigestive tract? 5 (1)
Cervix 17 (3) All sites 989 (227)

aUpper aerodigestive tract (UADT): oral cavity, pharynx, larynx and esophagus.
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Table 3

Comparison of the variant consequences between the 518 pleiotropic variants and the 18,069 single-cancer
variants (p-value of Fisher’s exact test = 2.2 x 10716) using the “—most_severe” option.

Variant consequence? Impactb Number of pleiotropic variants (%)¢ Number of single-cancer variants (%)¢

Genevariant Total 460 (89.0) Total 11755 (65.3)
Intron variant Modifier 369 (71.4) 10703 (59.4)

3 prime UTR variant Modifier 29 (5.6) 277 (1.5)
Non coding transcript exon variant ~ Modifier 26 (5.0) 454 (2.5)
5 prime UTR variant Modifier 11 (2.1) 85 (0.5)
Synonymous variant Low 11(2.1) 94 (0.5)
Missense variant Moderate 8 (1.5) 102 (0.6)
Splice region variant Low 4(0.8) 26 (0.1)
Stop gained High 2(0.4) 3(0.0)
Frameshift variant High 0(0.0) 4 (0.0)
Splice donor variant High 0(0.0) 3(0.0)
Splice acceptor variant High 0(0.0) 2(0.0)
Inframe insertion Moderate 0 (0.0) 1(0.0)
Start lost High 0(0.0) 1(0.0)

Intergenic variant Total 57 (11.0) Total 5737 (31.8)
Upstream gene variant Modifier 38 (7.4) 954 (5.3)
Downstream gene variant Modifier 11 (2.1) 731 (4.1)

(Other intergenic variant) - 8(1.5) 4052 (22.5)

Regulatory region variant Total 0(0.0) Total 523 (2.9)
TF binding site variant Modifier 0 (0.0) 9(0.0)

(Other regulatory region variant) - 0(0.0) 514 (2.9)

a\lariant consequence was predicted using the Ensembl Variant Effect Predictor (VEP).
Impact was defined by Ensembl to classify the severity of the variant consequence, with four categories: high, moderate, low, and modifier.

Variant consequence annotations for one pleiotropic variant (rs35464379) and 54 single-cancer variants were not available.
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