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Abstract

Background. Risk of tumors of the breast, ovary, and meninges has been associated with hormonal factors and
with one another. Genome-wide association studies (GWAS) identified a meningioma risk locus on 10p12 near pre-
vious GWAS hits for breast and ovarian cancers, raising the possibility of genetic pleiotropy.

Methods. We performed imputation-based fine-mapping in three case-control datasets of meningioma (927 cases,
790 controls), female breast cancer (28 108 cases, 22 209 controls), and ovarian cancer (25 509 cases, 40 941
controls). Analyses were stratified by sex (meningioma), estrogen receptor (ER) status (breast), and histotype
(ovarian), then combined using subset-based meta-analysis in ASSET. Lead variants were assessed for association
with additional traits in UK Biobank to identify potential effect-mediators.

Results. Two-sided subset-based meta-analysis identified rs7084454, an expression quantitative trait locus (eQTL)
near the MLLT10 promoter, as lead variant (5.7 x 107'%). The minor allele was associated with increased risk of me-
ningioma in females (odds ratio (OR) = 1.42, 95% Confidence Interval (95%Cl):1.20-1.69), but not males (OR = 1.19,
95%Cl: 0.91-1.57). It was positively associated with ovarian (OR = 1.09, 95%CI:1.06-1.12) and ER+ breast (OR = 1.05,
95%Cl: 1.02-1.08) cancers, and negatively associated with ER- breast cancer (OR = 0.91, 95%Cl: 0.86-0.96). It was
also associated with several adiposity traits (P < 5.0 x 1078), but adjusting for body mass index did not attenuate
its association with meningioma. MLLT10 and ESR1 expression were positively correlated in normal meninges
(P=.058) and meningioma tumors (P = .0065).

Conclusions. We identify a MLLT10 eQTL positively associated with risk of female meningioma, ER+ breast cancer,
ovarian cancer, and obesity, and implicate a potential estrogenic mechanism underlying this pleiotropy.

Key Points

e Risk of tumors of the breast, ovary, and meninges have been associated with hormonal
factors and with one another.

e We identify a MLLT10 eQTL positively associated with risk of female meningioma,
ER+ breast cancer, ovarian cancer, and obesity, and implicate a potential estrogenic
mechanism underlying this pleiotropy.
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Importance of the Study

Risk of tumors of the breast, ovary, and me-
ninges have been associated with hormonal
factors and with one another but the exact na-
ture of this relationship remains unclear. We
performed imputation-based fine-mapping
in three case-control datasets of meningioma
(927 cases, 790 controls), female breast cancer
(28 108 cases, 22 209 controls), and ovarian
cancer (25 509 cases, 40 941 controls). Analyses
were stratified by sex (meningioma), estrogen

Meningioma is the most common primary brain tumor,
accounting for approximately 36% of all intracranial tu-
mors and occurring in approximately 1% of individuals.'?
Females have a two-fold to three-fold increased risk of me-
ningioma relative to men, with the female-to-male risk-ratio
peaking prior to menopause and decreasing thereafter.3The
higher incidence in women, as well as associations with ad-
ditional hormonal factors,>"'* have led to the speculation
that hormonal factors are associated with meningioma risk.
Similar to the associations with meningioma, tumors of the
breast and ovary have been widely associated with endog-
enous and exogenous hormonal factors.'>'6 Breast cancers
are classified according to estrogen receptor (ER) and pro-
gesterone receptor (PR) status, with treatment and outcome
varying across receptor subtype.'’

Family history of meningioma in a first-degree relative
is associated with a 2-fold increased risk, implicating ge-
netic susceptibility in meningioma etiology'8; similar fa-
milial risks have been reported for breast’ and ovarian
cancer.? Although the results are not entirely consistent,
elevated associations between meningioma risk and a
personal history of breast®'® or ovarian cancer,'® as well
as a family history of breast or ovarian cancer have been
reported’ and suggest possible shared genetic or envi-
ronmental risk factors across tumor type. Recent genome-
wide association studies (GWAS) have identified common
variation in a region of chromosome 10 near MLLT10 as a
meningioma risk locus.?'-23 Interestingly, this region has
also been implicated as a risk locus for both breast?425
and ovarian?® cancers by previous GWAS. However, the
lead SNPs from each study differ and it remains unclear
whether specific MLLT10 variants may display genetic plei-
otropy—conferring risk of diverse tumor types possibly via
a common mediating factor—including those with a hor-
monal component.

To elucidate the role of MLLT10 variation in contributing
to risk of meningioma, breast cancer, and ovarian cancer
and to examine potential mediating factors, we performed
imputation-based fine-mapping across a 1.1 Mb region of
chromosome 10p12 in three case-control datasets from
1) the US-based Meningioma Consortium Case-Control
Study,?? 2) the DRIVE Oncoarray Breast Cancer case-control
study and 3) the Ovarian Cancer Association Consortium
(OCAC). Datasets were analyzed individually with results
combined using traditional meta-analysis as well as as-
sociation analysis based on subsets (ASSET) approaches.

receptor (ER) status (breast), and histotype
(ovarian), then combined using subset-based
meta-analysis in ASSET. Lead variants were
assessed for association with additional
traits in UK Biobank to identify potential
effect-mediators. We identify a MLLT10 eQTL
positively associated with risk of female me-
ningioma, ER+ breast cancer, ovarian cancer,
and obesity, and implicate a potential estro-
genic mechanism underlying this pleiotropy.

Lead variants from the integrated analyses were queried
for association with more than 700 traits using a phenome-
wide association study (PheWAS)?” approach to identify
potential intermediate phenotypes that could mediate the
association between MLLT10 variants and risk of diverse
neoplasms.

Methods
Meningioma Case-Control Subjects

The US meningioma case-control dataset (Meningioma
Consortium) comprised 927 cases (661 female) and
790 controls (572 female) diagnosed between the ages
of 20 and 79.22 Case patients eligible for the study in-
cluded all persons diagnosed between 2006 and 2013
with a histologically confirmed intracranial meningioma
among residents of the states of California, Connecticut,
Massachusetts, North Carolina, and Texas. Controls were
obtained through random-digit dialing and were frequency
matched with case patients by 5-year age interval, sex, and
state of residence. Participants were genotyped using the
Affymetrix Axiom EUR array with quality control as de-
scribed previously.??

Breast Cancer Case-Control Subjects

The Discovery, Biology, and Risk of Inherited Variants in
Breast Cancer (DRIVE) project was initiated in 2010 as part
of the National Cancer Institute’s (NCI) Genetic Associations
and Mechanisms in Oncology (GAME-ON) initiative to
translate promising research leads derived from cancer
GWAS. The DRIVE data included here are 28108 female
breast cancer cases and 22209 female controls. Estrogen
but not progesterone receptor data are available for these
subjects. Participants in DRIVE underwent genotyping on
the lllumina Oncoarray.?®6 Data were downloaded from
dbGaP Study Accession phs001265.v1.p1.

Ovarian Cancer Case-Control Subjects

OCAC genotype data from the combined iCOGS and
Oncoarray GWAS meta-analyses® were used for these
analyses. The OCAC data comprise 63 case-control sets



that have been previously described in detail.?2 SNP QC
was carried out according to OncoArray Guidelines.?®
Following quality-control filters and limiting to subjects of
European-ancestry, 40941 controls and 25509 cases (22406
invasive and 3103 borderline) were included.

Targeted Genotype Imputation

We performed imputation separately for each genotyping
project data set. We imputed genotypes into the refer-
ence panel from the 1000 Genomes Project v3 (October
2014).39We imputed a 1.1Mb region of chromosome 10p12
from 21.515 Mb to 22.615 Mb using single-step imputa-
tion, without prephasing, using the IMPUTE2 software
(https://mathgen.stats.ox.ac.uk/impute/impute_v2.html).
Imputation employed 90 MCMC iterations (15 used as
burn-in), a buffer region of 500kb on either side of the
region boundaries, and 100 haplotypes used as templates
when phasing observed genotypes. SNPs were excluded
from association analyses if their imputation accuracy
(INFO) score was <0.60 or their minor allele frequency
among cases was <0.01.

Association Analyses

The association between genotype and disease was evalu-
ated using the imputed genotype dosage in logistic regres-
sion models, separately for meningioma, breast cancer,
and ovarian cancer case-control datasets. Regression
was performed with SNPTESTv2 (https://mathgen.stats.
ox.ac.uk/genetics_software/snptest/snptest.html), under
an allelic

additive model, using probabilistic genotype dosages (ie,
method expected). All analyses were adjusted for popula-
tion substructure by including the eigenvectors of project-
specific principal components as covariates (range 2-10
PCs). Meningioma case-control analyses were adjusted for
subject sex, and in mediation analyses were also adjusted
for BMI. Breast cancer case-control analyses were strati-
fied by ER status (dbgaP variable accession phv00292705.
v1.p1) and additional case-only analyses were performed
comparing ER+ breast cancer patients to ER- breast cancer
patients. For OCAC data, case-control comparisons were
also adjusted for project/study and stratified by histotype.

Traditional and Subset-Based Meta-Analyses

Meta-analysis was performed using ASSET?' a suite of
statistical tools specifically designed for pooling associa-
tion signals across multiple studies when true effects may
exist in only a subset of these studies, potentially with al-
lelic effects in opposite directions across traits. Final test-
statistics are obtained by maximizing the subset-specific
test-statistics over all possible subsets and after adjust-
ment for multiple testing. The method returns a P-value for
significance for the overall evidence of association at a SNP
using traditional fixed-effects meta-analyses approaches,
and also outputs the “best subset” containing only the
studies that contribute to an overall association signal.
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In addition to standard fixed-effects meta-analysis,
a one-sided subset search was performed with ASSET,
maximizing the standard fixed-effect meta-analysis test-
statistics over all possible subsets to detect the best pos-
sible association signals. The P-value returned for the
maximum test-statistics penalizes for multiple testing
due to subset search and can be interpreted as evidence
of an overall association for the SNP across the k subsets,
identifying only those subsets that have associations in the
same direction (ie, same risk allele). A two-sided subset
search was also performed with ASSET, which applies the
one-side subset search separately for positively and neg-
atively associated traits at a given SNP and then com-
bines the association signals from two directions into a
single combined X2-type statistic. The method is sensitive
in detecting alleles that may be associated with different
traits in different directions. By performing ASSET-based
meta-analysis, candidate “causal” SNPs can be prioritized
even if alleles have opposite directions of effect across
tumor type.

Meta-analyses, including subset-based meta-analyses,
were performed with three different groupings of subsets.
Grouping 1 included three subsets: all breast cancer cases
versus breast cancer controls, ovarian cancer cases versus
ovarian cancer controls, and meningioma cases versus
meningioma controls. Grouping 2 included four subsets:
ER+ breast cancer cases versus breast cancer controls,
ER- breast cancer cases versus breast cancer controls,
ovarian cancer cases versus ovarian cancer controls, and
meningioma cases versus meningioma controls. ASSET
accounts for the use of shared controls across these two
breast cancer subsets when determining statistical sig-
nificance. Grouping 3 included three subsets: ER+ breast
cancer cases versus ER- breast cancer cases, ovarian
cancer cases versus ovarian cancer controls, and menin-
gioma cases versus meningioma controls. Further sensi-
tivity analyses were performed using additional subsets,
including: female meningioma cases versus female menin-
gioma controls, male meningioma cases versus male me-
ningioma controls, and five ovarian cancer histotypes (low
grade serous, high grade serous, clear cell, mucinous, and
endometrioid) compared to the same pooled set of ovarian
cancer controls, accounting for the use of shared controls
in ASSET.

In-Silico Analysis of SNP Regulatory Effects

We investigated the functional implications of lead
10p12 variants using HaploReg,* RegulomeDB (http:/
regulomedb.org/), the UCSC Genome Browser (https://
genome.ucsc.edu/) and the Epigenome Browser (https://
epigenomegateway.wustl.edu/). We assessed whether
SNPs were expression quantitative trait loci (eQTL) using
the Genotype-Tissue Expression (GTEx) Project (https:/
www.gtexportal.org/home/).

UK Biobank GeneATLAS and PheWAS Analyses

The atlas of genetic associations from the UK Biobank
(GeneATLAS; http://geneatlas.roslin.ed.au.uk/) was
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constructed by genotyping roughly 450 000 European-
ancestry individuals for 805 426 genetic variants, per-
forming genome-wide SNP imputation and quality-control,
then linking the genetic data to electronic health record
data (https://www.ukbiobank.ac.uk/). GeneATLAS contains
data for 778 traits (118 quantitative, 660 binary) and their
association with 9 113 133 genetic variants (genotyped and
imputed after quality-control) across 452 264 individuals.®®
We queried the GeneATLAS database for lead MLLT10
SNPs associated with pleiotropic risk of meningioma,
breast cancer, and ovarian cancer to identify any associ-
ations of these SNPs with the 778 phenotypes included
in the database in order to detect pleiotropic associations
with additional traits, or to identify potential intermediate
phenotypes that may mediate the association between the
SNP and risk of these neoplasms.3*

Gene Expression in Normal Meninges and
Meningioma Tumors

RNA expression was measured in 16 adult meninges and
96 grade | meningiomas using the Illlumina HumanHT-12
V4.0 expression beadchip, as previously described
(https://www.ncbi.nlm.nih.gov/geo/).%® Transcripts of in-
terest included MLLT10 (ILMN_1743538), C100rf114
(ILMN_2159300), ESR17 (ILMN_1678535), and ESR2
(ILMN_1740045), and correlations were calculated with ad-
justment for batch.

Results

Analyses included 927 meningioma patients (71% female)
and 790 meningioma controls (72% female), 28 108 fe-
male breast cancer patients (69% ER+, 11% ER-, 19% un-
known), and 22 209 female breast cancer controls, as
well as 25 509 ovarian cancer patients and 40 941 ovarian
cancer controls. Ovarian histotypes are 1954 (7.7%) serous
borderline, 1149 (4.5%) mucinous borderline, 1012 (4%)
low grade serous, 13 037 (51.1%) high grade serous, 2810
(11%) endometrioid, 1366 (5.3%) clear cell, 1417 (5.5%) mu-
cinous, and 2764 (10.8%) other epithelial ovarian cancer.
A total of 1805 SNPs in a 1.1 Mb region of 10p12 passed
genotyping and imputation quality-control metrics in all
three datasets.

Meta-analysis of Grouping 1 identified rs10828247, a
noncoding SNP located 245bp upstream of the MLLT10
transcription start site, as the most significantly asso-
ciated variant in all models (Table 1). In the two-sided
subset-based meta-analysis of Grouping 1, the G allele of
rs10828247 was associated with increased neoplasm risk in
all three subsets (OR = 1.07; 95% Cl = 1.05-1.09; P=3.4 x 10~
) (Table 1; Figure 1A). Within subsets, rs10828247 was
associated with risk of meningioma (OR = 1.28; 95%
Cl=1.11-1.49; P=71 x 10™), breast cancer (OR = 1.04; 95%
Cl=1.01-1.07; P=2.5 x 10-3), and ovarian cancer (OR = 1.09;
95% Cl = 1.06-1.12; P= 1.1 x 1079).

Meta-analysis of Grouping 2 again identified rs10828247
as the most significantly associated variant in fixed-effects
meta-analysis, but significant heterogeneity in effect was

observed (P, < 0.001). One-sided ASSET meta-analysis
identified rs1416901 as the lead variant (OR = 1.07; 95%
Cl =1.05-1.09; P= 1.7 x 107'2) but omitted ER- breast cancer
associations when selecting subsets (Table 1). The reason
for this omission became clear when two-sided ASSET
meta-analysis was performed, as a new lead SNP was
identified at rs7084454 (P = 5.7 x 107"%) (Figure 1B). The
rs7084454 “A” allele was associated with increased risk
of meningioma, ER+ breast cancer, and ovarian cancer
(OR =1.07; 95% Cl = 1.05-1.10; P= 1.7 x 10'?) and decreased
risk of ER- breast cancer (Table 1; Figure 2). Within each
subset, the rs7084454 “A” allele was associated with in-
creased risk of meningioma (OR = 1.36; 95% Cl = 1.17-1.57;
P =3.3 x 107®%), ER+ breast cancer (OR = 1.05; 95% Cl = 1.02—-
1.08; P = 2.4 x 107%), and ovarian cancer (OR = 1.09; 95%
Cl = 1.06-1.12; P = 2.4 x 107'9), and decreased risk of ER-
breast cancer (OR =0.91; 95% Cl = 0.86-0.96; P= 8.9 x 107%)
(Table 2).

When meningioma case-control analyses were strati-
fied by sex, rs7084454 had a larger magnitude of effect in
women (OR = 1.42; 95% Cl = 1.20-1.69; P=3.9 x 107°) than in
men (OR = 1.19; 95% Cl = 0.91-1.567; P=0.20), but significant
effect modification by sex was not detected (P, = 0.28,
12 = 13.1). Additionally, rerunning two-sided ASSET meta-
analysis with sex-stratified meningioma associations
again identified rs7084454 as the lead variant and selected
both the male and female meningioma subsets for inclu-
sion. Stratifying by ovarian cancer histotype did not re-
veal significant heterogeneity of association across strata
and identified significant positive associations for serous
high grade, serous low grade, clear cell, and endometrioid
ovarian cancers (Table 2). No association was observed
for mucinous ovarian cancer (OR = 0.99; 95% Cl = 0.91-
1.08; P = 0.86), but two-sided ASSET meta-analysis again
identified rs7084454 as the lead variant when modeling
histotype-specific associations.

Meta-analysis of Grouping 3 complemented the
two-sided ASSET analysis of Grouping 2, identifying
rs7084454 as the most significantly associated variant
in all models (Table 1). In case-only analysis of breast
cancer patients, the “A” allele of rs7084454 was associated
with 1.15-fold greater odds of having an ER+ tumor (95%
Cl =1.09-1.22; P=1.3 x 1079).

To detect pleiotropic associations with additional traits,
or to identify potential intermediate phenotypes that may
mediate the association between MLLT70 SNPs and risk of
various tumor types, we undertook a PheWAS approach
using data from the U.K. Biobank. Data on rs10828247
could not be retrieved, but a total of 37 traits were asso-
ciated with rs7084454 at genome-wide statistical signif-
icance (ie, <5.0 x 1078), including: body fat percentage
(P=74 x 10%), waist circumference (P = 9.2 x 107%5), body
mass index (BMI) (P= 75 x 1072?), and weight (P = 1.0 x 10~
7) (Table 3). The rs7084454 risk allele for meningioma,
ovarian cancer, and ER+ breast cancer from our analyses
(A) was associated with increases in all of these measures
of adiposity. The SNP was also associated with “malignant
neoplasms of the breast” (P= 1.6 x 10, OR = 1.06) and with
“malignant neoplasm of the ovary” (P=0.029, OR=1.12) in
UK Biobank data. In addition to anthropometric and cancer
traits, the PheWAS also identified significant associations
with several behavioral traits, including: greater time spent
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Table1 Lead Variants From ASSET-Based Meta-Analysis of Meningioma, Breast Cancer, and Ovarian Cancer Risk Across the Subsets Included in

Analyses

Subsets Analysis Top signal OR (95% CI) P-value Subsets selected by ASSET

modeled

Grouping 1 Meta-analysis rs10828247 1.07 (1.07-1.07) 1.2 x 10" NAP

Grouping 1 1-sided subset rs10828247 1.07 (1.05-1.09) 2.2x 10" meningioma, breast (all), ovarian

Grouping 1 2-sided subset rs10828247 1.07 (1.05-1.09) 3.4x 10" meningioma, breast (all), ovarian
(combined)
Positive 1.07 (1.05-1.09) 3.4x 10" meningioma, breast (all), ovarian
Negative - - -

Grouping 2 Meta-analysis rs10828247 1.05 (1.05-1.05) 1.2x 1078 NAP

Grouping 2 1-sided subset rs1416901 1.07 (1.05-1.09) 1.7 x 10712 meningioma, breast (ER+), ovarian

Grouping 2 2-sided subset rs7084454 NA° 5.7 x 107" meningioma, breast (ER+), breast
(combined) (ER-), ovarian
Positive 1.07 (1.05-1.10) 1.7 x 10712 meningioma, breast (ER+), ovarian
Negative 0.91 (0.86-0.96) 8.9x 10 breast (ER-)

Grouping 3 Meta-analysis rs7084454 1.11 (1.11-1.11) 5.4 x 107" NAP

Grouping 3 1-sided subset rs7084454 1.11 (1.08-1.38) 1.1 x 10715 meningioma, breast (ER+ vs. ER-),

ovarian

Grouping 3 2-sided subset rs7084454 1.11 (1.08-1.14) 2.2 x 1078 meningioma, breast (ER+ vs. ER-),
(combined) ovarian
Positive 1.11 (1.08-1.14) 2.2x 107" meningioma, breast (ER+ vs. ER-),

ovarian

Negative - - -

aGrouping 1includes association data from: meningioma cases versus controls, breast cancer cases (all) versus controls, and ovarian cancer cases
versus controls. Grouping 2 includes association data from: meningioma cases versus controls, breast cancer cases (ER+) versus controls, breast
cancer cases (ER-) versus controls, and ovarian cancer cases versus controls. Grouping 3 includes association data from: meningioma cases
versus controls, ER+ breast cancer cases versus ER— breast cancer cases, and ovarian cancer cases versus controls.

bStandard fixed-effect meta-analysis from ASSET includes all subsets, without conducting a subset search, and has optimal power when an effect is

observed across all subsets with the same direction of effect.

¢Summary odds ratio not calculated because effects in different directions across subsets.

watching television (P=2.2 x 107'%) and decreased intake of
salad/raw vegetables (P=5.7 x 1079).

Because obesity is a known risk factor for menin-
gioma,?%3” we assessed whether adiposity may serve
as a mediating factor connecting variation at rs7084454
to meningioma risk by testing the association between
rs7084454 and meningioma case-control status after
adjusting for subject BMI. The odds ratio increased mod-
estly from 1.36 without adjustment for BMI to 1.38 with ad-
justment for BMI, indicating that rs7084454 may contribute
independently to both adiposity traits and meningioma
risk through one or more additional mechanisms.

The two lead pleiotropic SNPs from our analyses,
rs7084454 and rs10828247, are in strong LD in European-
ancestry subjects from the 1000 Genomes project
(R?2=0.90).38They are less tightly linked in African-ancestry
populations from 1000 Genomes (R? = 0.69), but have
higher risk allele frequencies (RAF) in these populations
(41% versus 34% and 47% versus 35% for rs7084454 and
rs10828247, respectively). Additionally, these variants are
uncommon in Asian populations (RAF < 0.05). Both vari-
ants map to DNAse hypersensitivity sites, indicating re-
gions of open chromatin, across a diverse set of tissues
including brain and breast tissues.®® Further, rs7084454
maps to both promoter and enhancer histone marks across

multiple tissues.®® We queried GTEx data and observed
that both SNPs showed evidence of acting as expression
quantitative trait loci (eQTLs) for MLLT10in brain, adipose,
and breast tissues, with the strongest association ob-
served in anterior cingulate cortex tissue (Figure 3).4°The
risk allele for meningioma, ER+ breast cancer, and ovarian
cancer was generally associated with modest increases in
MLLT10 expression, although allelic effects in breast mam-
mary tissue went in the opposite direction.

MLLT10 encodes the AF10 transcription factor, which
interacts with histone methyltransferase DOT1L and is es-
sential for enabling H3K79 dimethylation of histone H3,4142
a mark of active promoters.®® Although we were most in-
terested in looking at the effect of risk alleles on expres-
sion levels in normal tissue, where they may predispose to
malignancy, tissue from normal meninges are not included
in current eQTL databases and MLLT10 expression itself
may have important downstream effects on transcrip-
tional regulation of other genes. We, therefore, assessed
associations between MLLT10 transcript expression and
expression of ESRT and ESR2 in normal meninges and
meningioma tumor samples. MLLT10 expression was pos-
itively correlated with ESR1 expression in sixteen samples
of normal meninges (R = 0.48; P = 0.058), but showed no
correlation with expression of ESR2 (R = 0.044, P = 0.87).
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Fig. 1 Chromosome 10p12 loci associated with risk of meningioma and estrogen-mediated cancers using two-sided ASSET meta-analysis. A)
Two-sided ASSET meta-analysis of meningioma patients (/N = 927) and controls (N = 790), female breast cancer patients (V=28 108) and controls
(N=22209), and ovarian cancer patients (/N = 25509) and controls (/=40 941). All subsets were included in meta-analysis of lead SNP rs10828247
(P ota = 3:4x 107). B) Two-sided ASSET meta-analysis of meningioma patients (V= 927) and controls (N = 790), female ER+ breast cancer patients
(N =19436) and controls (N = 22 209), female ER- breast cancer patients (N = 3217) and controls (V= 22 209), and ovarian cancer patients (N = 25
509) and controls (/N = 40 941). All subsets were included in the meta-analysis for lead SNP rs7084454 (P =57 x 1074, but the risk allele was

flipped for ER— breast cancer. Manhattan plots generated using LocusZoom.



Phenotype OR (95% CI) P-value
ER- breast cancer 0.91 (0.86-0.96) 8.9x10™
Meningioma 1.36 (1.17-1.57) 3.3x 107
ER+ breast cancer 1.05(1.02-1.08)  2.4x 1073
Ovarian cancer 1.09 (1.06-1.12) 2.4 x 10710
Meta-analysispositive 1.07 (1.05-1.10) 1.7 x107%2
Meta-analysispegative 0.91(0.86-0.96) 89x 107
Meta-analysis,yera 5.7 x 1074
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Fig.2 Association of lead SNP rs7084454 with risk of ER— breast cancer (3217 cases, 22 209 controls), meningioma (/N = 927 cases, 790 controls),
ER+ breast cancer (19 436 cases, 22 209 controls), and ovarian cancer (25 509 cases, 40 941 controls) using two-sided ASSET meta-analysis. Odds
ratios are for each additional copy of the minor (A) allele, under an allelic additive model. No odds ratio is presented for the overall meta-analysis

because of differing directions of effect across subsets.

Table2 Individual Subset Associations With Lead Pleiotropic SNP

rs7084454

Cancer EAF OR (95% CI) P-value

Meningioma 0.34 1.36 (1.17-1.57) 3.3x 105
Females 1.42 (1.20-1.69) 3.9x10°
Males 1.19 (0.91-1.57) 0.20

Breast (all) 0.34 1.03 (1.01-1.06) 0.015
ER+ 1.05 (1.02-1.08) 2.4 %1072
ER- 0.91 (0.86-0.96) 8.9x 10

Ovarian 0.33 1.09 (1.06-1.12) 2.4 x 107
Serous high grade 1.10 (1.07-1.14) 2.8x 107°
Serous low grade 1.10 (1.00-1.22) 0.049
Mucinous 0.99 (0.91-1.08) 0.86
Clear cell 1.12 (1.03-1.21) 9.0 x 1072
Endometrioid 1.06 (1.00-1.13) 0.048

3EAF: Effect allele frequency in controls, where “A” is the effect allele
and “G" is the alternate allele.

In 96 meningioma samples, MLLT10 expression was
positively correlated with expression of ESR7 (R = 0.28;
P = 0.0065) but again did not correlate with expression of
ESR2 (R = 0.050, P = 0.85). We observed no differences in
the correlation of MLLT10 and ESR1 when stratifying by
NF2 status, the most recurrently mutated gene in menin-
gioma tumors (R = 0.27 in 27 NF2-altered tumors, R = 0.28
in 69 NF2-WT tumors).

Lead SNP rs7084454 was also observed to function as
a cis-eQTL for C100rf114 (also referred to as MIR1915HG),
which is an uncharacterized gene located upstream of
MLLT10. Expression of C100rf114 was weakly positively
correlated with expression of MLLT10 in normal meninges
(r=10.25; P=0.35) and in meningioma (r = 0.080; P = 0.44).
It was also positively correlated with expression of ESR1 in
normal meninges (r = 0.36; P = 0.17), and this association
reached statistical significance in the larger sample of me-
ningioma tumor samples (r = 0.31; P=0.0024), indicating a
potential role for multiple 10p12 genes in trans-regulation
of ESR1 expression.

Discussion

Our ASSET-based meta-analyses identified the “A” allele
of rs7084454, near the promoter of MLLT10, as a lead plei-
otropic variant that confers risk of meningioma, ovarian
cancer, and ER+ breast cancer, but was significantly pro-
tective against ER- breast cancer. in silico functional ana-
lyses suggested that rs7084454 is a MLLT10 eQTL, with
the risk allele associated with higher RNA expression in
multiple brain tissues. This may be mediated by promoter
or enhancer activity, as rs7084454 is located in promoter
and enhancer histone marks across multiple tissues. The
rs7084454 “A” allele was also associated with a number
of additional traits in our PheWAS analysis of UK Biobank
data, most notably with increases in several adiposity-
related traits and with poorer physical and dietary health
behaviors. Although higher BMI has been associated
with increased risk of numerous neoplasms—including
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Table 3. Association of Lead Pleiotropic SNP rs7084454 With
Additional Traits in PheWAS Analysis of UK Biobank Data (/N = 452 264)

Trait Beta P-value
Leg fat percentage® 0.1 1.7 x 10730
Leg fat mass® 0.029 2.6 x 10725
Body fat percentage 0.12 7.4 x 1075
Waist circumference 0.23 9.2x 102
Whole body fat mass 0.17 2.5 x 102
Trunk fat mass 0.090 2.5 x 10722
Body mass index (BMI) 0.082 75 x 10722
Trunk fat percentage 0.13 8.9 x 10722
Oily fish intake -0.018 3.5 x 1072
Hip circumference 0.16 2.2x 1072
Fresh fruit intake -0.028 5.9 x 1020
Arm fat percentage® 0.12 3.3x 107"
Arm fat mass® 0.0098 2.6 x 1078
Weight 0.21 1.0 x 10717
Time spent watching television (TV) 0.024 2.2x 1073
Waist circumference/ Hip circumfer- 0.00092 5.8x 107"
ence

Essential hypertension 0.0052 2.3x 10"
Hypertensive diseases 0.0052 2.5x10™
Number of operations, self-reported 0.021 3.5x 10™"
Monocyte count 0.0019 1.2 x 10710
Dried fruit intake -0.019 3.2x 1071
Usual walking pace -0.0078 4.6 x 10710
Salad/ raw vegetable intake -0.025 5.7 x 1070
Arm fat-free mass® 0.0049 3.0x 107°
Arm predicted mass® 0.0045 4.9 x 107°
Number of treatments/medications 0.031 6.7 x 107°
taken

Basal metabolic rate 8.1 1.8 x 108
Leg fat-free mass (left) 0.012 2.3x 108
Impedance of arm® -0.37 3.9x 108
Leg predicted mass (left) 0.011 4.0x 1078

2Beta values correspond to the direction of effect associated with each
additional copy of the rs7084454 “A” allele, which is the allele associ-
ated with increased risk of meningioma, ovarian cancer and ER+ breast
cancer, and decreased risk of ER— breast cancer, in our analyses.
bSeven hundred and seventy-eight total traits were queried. Those
displayed in Table 3 had P-values < 5.0 x 10-%, a canonical cutoff for
genome-wide statistical significance.

¢A number of traits in UK Biobank are stratified by laterality (eg, “leg
fat percentage, left” and “leg fat percentage, right”). When each of

a pair of lateral traits reached genome-wide significance, only one
member of the pair is listed in Table 3.

meningioma, breast, and ovarian cancer**—our menin-
gioma case-control analyses indicated that rs7084454
likely does not confer meningioma risk via its effects on
adiposity, suggesting that this variant instead impacts one
or more additional traits that may independently increase
meningioma risk and adiposity (eg, estrogenic signaling).

MLLT10 (MLLT10 histone lysine methyltransferase DOT1L
cofactor) encodes the AF10 protein, which is known to interact
with DOT1L (DOT1-like histone H3K79 methyltransferase).
This interaction is essential for H3K79 dimethylation of histone
H3,4142 a mark of active promoters.*® Given its role as both a
putative transcription factor and in methylating histone H3 to
activate gene expression, there are myriad downstream genes
that may be upregulated by increases in MLLT10 expression.
Indeed, several MLLT10-activating chromosomal transloca-
tions have been associated with broad transcriptional changes
in acute myeloid and acute lymphoblastic leukemias.*®

Given the association of our lead variant with increased
risk of ER+ breast cancer, decreased risk of ER- breast cancer,
and increased risk of meningioma independent of BMI, we
hypothesized that expression of genes on 10p12 might im-
pact expression of estrogen receptor genes ESR1 (ERo)
and ESR2 (ERP). We observed a positive correlation of both
MLLT10 and C100rf114 gene expression with ESR1T levels
in normal meninges and in meningioma tumors, although
the products of these genes are transcriptional activators
and directionality of the associations could not be resolved.
Nevertheless, it is intriguing to consider that a germline poly-
morphism associated with increased MLLT10 and C100rf114
expression might also increase ERa activity in a manner that
could simultaneously impact risk of several hormonally-
mediated cancers and adiposity-related traits.

The analyses here include only persons of European
ancestry and thus may not apply to persons from other
racial/ethnic groups. The meningioma risk allele fre-
quency at rs7084454 and rs10828247 were notably
higher in African-ancestry subjects than in European-
ancestry subjects in 1000 Genomes data, and were
lowest in Asian populations. In the U.S., meningioma
risk is two-fold higher in African-Americans than non-
Hispanic whites, and is lowest in Asians.? In addition to
racial variation in overall risk, the prevalence of many
hormonal factors associated with risk of meningioma,
breast, and ovarian cancers vary by race and the female-
to-male ratio (meningioma and breast) also varies by
race.® While dozens of SNPs have been associated with
breast and ovarian cancer risk in recent GWAS, only
two common meningioma risk loci have been identi-
fied to-date.?'-262% Thus, population-level differences in
meningioma incidence may reflect underlying ancestry-
related differences in MLLT10 risk allele frequency
across groups. Interestingly, the 10p12 region that in-
cludes MLLT10 was recently found to contain a risk locus
for pituitary adenoma,*® a nonmalignant brain tumor
frequently associated with hormone oversecretion and
which also varies in incidence by sex and race/ethnicity.?

We used both traditional and subset-based meta-
analyses for these data. One caveat to such an approach
is that relative to standard fixed or random effects ana-
lyses, subset-based meta-analysis has reduced power
when the majority of underlying associations are in one
direction. While a traditional meta-analysis approach iden-
tified rs10828247 as the lead SNP across subsets, applying
two-sided subset-based meta-analysis to the same subsets
enabled us to identify an association at rs7084454 that was
five orders of magnitude more statistically significant and
which revealed meaningful biological differences in breast
cancer etiology across strata of ER—status.
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Fig. 3 Expression of MLLT10 in selected tissues, across strata of genotype at rs7084454 (A) and rs10828247 (B). The expression quantitative trait
analyses were conducted using data from the Genotype-Tissue Expression (GTEx) Project (https://www.gtexportal.org/home/).

We confirm evidence of a MLLT10 eQTL associated
with increased risk of meningioma, ER+ breast cancer,
ovarian cancer, and adiposity, and with decreased risk of
ER- breast cancer, suggesting a possible estrogenic mech-
anism underlying this pleiotropy. Future analyses would
benefit from the inclusion of additional numbers of male
meningioma and breast cancer patients, receptor status
of meningioma patients, consideration of additional hor-
mone receptors including those related to progesterone,
inclusion of patients of additional race/ethnicities, and ex-
ploration of potential gene-environment interactions with
hormone-related exposures.

Keywords

breast cancer | meningioma | MLLT10 | ovarian cancer |
pleiotropy.
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