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Pleiotropy with sex-specific traits reveals
genetic aspects of sex differences
in Parkinson’s disease
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Parkinson’s disease is an age-related neurodegenerative disorder with a higher incidence in males than females. The
causes for this sex difference are unknown. Genome-wide association studies (GWAS) have identified 90 Parkinson’s
disease risk loci, but the genetic studies have not found sex-specific differences in allele frequency on autosomal
chromosomes or sex chromosomes. Genetic variants, however, could exert sex-specific effects on gene function
and regulation of gene expression.

To identify genetic loci that might have sex-specific effects, we studied pleiotropy between Parkinson’s disease and
sex-specific traits. Summary statistics from GWASs were acquired from large-scale consortia for Parkinson’s disease
(ncases =13708; ncontrols = 95 282), age at menarche (n = 368 888 females) and age at menopause (n = 69 360 females).
We applied the conditional/conjunctional false discovery rate (FDR) method to identify shared loci between
Parkinson’s disease and these sex-specific traits. Next, we investigated sex-specific gene expression differences
in the superior frontal cortex of both neuropathologically healthy individuals and Parkinson’s disease patients
(n cases =61; n controls =23). To provide biological insights to the genetic pleiotropy, we performed sex-specific
expression quantitative trait locus (eQTL) analysis and sex-specific age-related differential expression analysis for
genes mapped to Parkinson’s disease risk loci.

Through conditional/conjunctional FDR analysis we found 11 loci shared between Parkinson’s disease and the
sex-specific traits age at menarche and age at menopause. Gene-set and pathway analysis of the genes mapped to
these loci highlighted the importance of the immune response in determining an increased disease incidence in
the male population. Moreover, we highlighted a total of nine genes whose expression or age-related expression in
the human brain is influenced by genetic variants in a sex-specific manner. With these analyses we demonstrated
that the lack of clear sex-specific differences in allele frequencies for Parkinson’s disease loci does not exclude a gen-
etic contribution to differences in disease incidence. Moreover, further studies are needed to elucidate the role that the
candidate genes identified here could have in determining a higher incidence of Parkinson’s disease in the male
population.
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Introduction

Parkinson’s disease is an age-related, progressive neurodegenera-
tive disorder that affects 2-3% of the world population over 65 years
of age." Epidemiological studies have consistently found that the
incidence of Parkinson’s disease is around 1.5 times higher in males
than females.? The causes for the observed increased risk in males
compared to females is still poorly understood. Various mechan-
isms have been proposed to explain this sex difference in
Parkinson’s disease risk, including different degrees of exposure
to environmental factors, such as pesticides or smoke, and the ef-
fect of sex hormone levels and other genetic factors influenced by
biological sex.?”

Three recent studies examined the genetic components to this
unexplained sex difference.®® An X-chromosome-wide association
study identified two novel genetic risk loci for Parkinson’s disease
and a significant expression quantitative trait locus (eQTL) for
one of them but found no significant differences between
males and females.® Further, Blauwendraat and colleagues’ per-
formed a sex-stratified genome-wide association study (GWAS) in
Parkinson’s disease and reported no sex differences for autosomal
genetic variation. Additionally, an analysis of Y-chromosome hap-
logroups failed to find strong association between Y-chromosome
variants and Parkinson’s disease.® These studies found no support
for the hypothesis that sex differences in allele frequency of
genetic risk variants explain the difference in Parkinson’s disease
incidence.

This, however, does not exclude a genetic contribution to differ-
ences in Parkinson’s disease incidence. Genetic variants present in
both sexes may not have identical biological effects, for example
due to the interaction between the genetic variants and sex hor-
mones signalling pathways. Exposure to oestrogens, the female
sex hormones, has been highlighted as a potential cause of the low-
er Parkinson’s disease incidence in females. In experimental stud-
ies, oestrogens have been shown to upregulate neurotrophic
factors,” increase dopamine synthesis,” decrease inflammation™
and prevent o-synuclein aggregation and Lewy body formation.™
In accordance with this, an association between factors reducing
oestrogen stimulation during life and Parkinson’s disease has
been found,*** including short fertile life length,'* early meno-
pause through bilateral oophorectomy™ and other fertile life char-
acteristics. Equivalent with this, the genes affecting length of
oestrogen exposure through life (early menarche and late meno-
pause) might also affect sex-specific disease risk.

Furthermore, sex-specific gene regulatory structures exist in the
human brain.**'® Supporting this notion, a study conducted in sev-
eral human brain regions showed that GWAS hits can be associated
with variation in gene expression in one sex, but not the other. This
demonstrates the existence of sex-specific eQTLs.” Moreover, age
is also known to influence gene expression in a sex-specific man-
ner.® Similar studies investigating sex-specific eQTLs or sex-
specific age-related expression have never been conducted using
Parkinson’s disease GWAS.

We approached the question of possible genetic components to
sex differences in Parkinson’s disease by examining pleiotropy be-
tween Parkinson’s disease and sex-specific traits. Pleiotropy occurs
when one genetic variant influences two or more seemingly unre-
lated phenotypic traits. We took advantage of summary statistics
from GWAS of Parkinson’s disease’ and sex-specific traits to study
genetic pleiotropy between Parkinson’s disease and the two traits
age at menarche?® and age at menopause.?! We choose these sex-
specific traits because they are both influenced by oestrogen levels,
and oestrogens have been implicated in Parkinson’s disease
pathogenesis.??"*? Furthermore, to investigate the potential of sex-
specific translational changes among the identified Parkinson’s dis-
easeriskloci, we analysed sex-specific gene expression in the front-
al cortex of neuropathologically healthy donors and Parkinson’s
disease patients. Finally, we used our gene expression data to pri-
oritize genes in the identified pleiotropy loci and in previously iden-
tified Parkinson’s disease loci.

Materials and methods

We acquired GWAS summary statistics for Parkinson’s disease ex-
cluding 23andMe, Inc., comprising 13708 cases and proxy-cases
and 95282 controls.” The age at menarche sample including
23andMe, Inc. comprised 368 888 females® and the age at meno-
pause sample comprised 69 360 females.>* Studies were published
between July 2014 and December 2019 and selected to maximize
available sample size. Full genotyping procedures are detailed in
the original publications.

To visually assess the presence of enrichment, we generated condi-
tional quantile-quantile (Q-Q) plots®** conditioning age at menarche
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and age at menopause on Parkinson’s disease (Fig. 1A). To determine
any loci likely to be shared by two phenotypes, we computed con-
junctional false discovery rate (FDR) statistics.** The conjunctional
FDR is an extension of the conditional FDR (see the Supplementary
material for detailed description) and is defined as the maximum of
the two conditional FDR statistics for a specific single nucleotide
polymorphism (SNP) and estimates the posterior probability that a
SNP is null for either trait or both, given that the P-values for both
phenotypes are as small as or smaller than the P-values for each trait
individually. For more details, see the original®**® and subsequent
publications.®”*° The threshold for significance was set at FDR <
0.05. Manhattan plots (Fig. 2) were constructed based on the conjunc-
tional FDR to show the genomic localization of the shared genetic
loci. We excluded all SNPs from the major histocompatibility com-
plex (MHC) region (chromosome 6: 25119 106-33854733), the
chromosome 8: 7242715-12483982 region and the MAPT region
(chromosome 17: 40 000 000-47 000 000), as these regions are known
to exhibit high linkage disequilibrium (LD) and the inclusion of
SNPs in high LD can lead to inflation of pleiotropy analysis.

BRAIN 2023: 00; 1-13 | 3

Genetic loci definition and functional annotation

We functionally annotated all candidate SNPs of the shared loci be-
tween age at menarche and age at menopause with Parkinson’s dis-
ease using FUMA.*® SNPs with FDR less than 0.01 and LD r*<0.6
with each other were considered as independent significant SNPs,
and a fraction of the independent significant SNPs in approximate
LD with each other at r? < 0.1 were considered lead SNPs. We out-
lined the distinct genomic loci and their borders based on FUMA’s
default parameters.*®

FUMA was also deployed to annotate the significant associated
SNPs with functional categories, combined annotation dependent
depletion scores (CADD),*! RegulomeDB scores (RBD)*? and chro-
matin states.*>** A CADD score above 12.37 shows an association
of deleterious protein with outcomes.** The RBD score indicates
the regulatory functionality of SNPs based on eQTL and chromatin
marks.*? The chromatin state indicates the accessibility of genomic
regions using 15 categories, as predicted by ChromHMM based on
five chromatin marks for 127 epigenomes.**** To place them in po-
tential biological context, we matched the candidate loci to eQTL
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B Stratified plots for sex-specific traits given Parkinson’s disease
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Figure 1 Cross-trait enrichment between Parkinson’s disease and sex-specific traits. (A) The reverse stratified quantile-quantile (Q-Q) plots show suc-
cessive increments for single nucleotide polymorphism (SNP) enrichment for [A(i)] age at menarche and [A(ii)] age at menopause conditional on SNP
associations with Parkinson’s disease. Conditional Q-Q plots of nominal versus empirical —logl0 P-values (corrected for inflation) in Parkinson’s dis-
ease below the genome-wide association study (GWAS) threshold of P < 5 x 1078 as a function of significance of association with the sex-specific traits,

at the level of P< 0.1, P <0.01 and P <0.001. The blue lines indicate all SNPs. The dashed lines indicate the null hypothesis. (B) The stratified Q-Q plots
show successive increments for SNP enrichment for Parkinson’s disease conditional on SNP associations with [B(i)] age at menarche and [B(ii)] age at

menopause. Conditional Q-Q plots of nominal versus empirical —log10 P-values (corrected for inflation) in Parkinson’s disease below the GWAS thresh-
old of P <5 x 1078 as a function of significance of association with sex-specific traits at the level of P < 0.1, P <0.01 and P < 0.001.
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Figure 2 Chromosomal distribution of genetic loci shared between Parkinson’s disease and sex-specific traits. The Manhattan plots illustrate the
chromosomal distribution of shared genetic loci between Parkinson’s disease and (A) age at menarche and (B) age at menopause. The —log;, trans-
formed conjunctional false discovery rate (conjFDR) values for each single nucleotide polymorphism (SNP) are shown on the y-axis against chromo-
somal position on the x-axis. The dashed lines represent the conjFDR threshold for significant association (FDR <0.05). Black outlined circles

represent independent lead SNPs.

databases from GTEx (http:/gtexportal.org) from brain, blood and
ovaries and Braineac (http:/www.braineac.org).*®

On each set of mapped genes, we performed gene-set enrich-
ment analysis within the Gene Ontology classification system.***’
We tested for overrepresentation of mapped genes within pathways
derived from 12 public resources, collated by ConsensusPathDB and
corrected for multiple testing using the g-value.”® We also con-
structed spatiotemporal heat maps of gene expression levels across
11brainregions at 11 developmental time points with the R package
‘cerebroViz’ using BrainSpan RNA sequencing data.*** Expression
across brain tissues was clustered using unsupervised hierarchical
cluster analysis.

Post-mortem cohort

The 84 individuals included for the brain gene expression analyses
were selected based on neuropathologically post-mortem charac-
terization performed by an experienced neuropathologist
(AJM.R.) or neuroanatomist (W.D.J.v.d.B), including assessment
of Lewy body-related a-synuclein pathology according to BrainNet
Europe guidelines®? and short post-mortem delay (Supplementary
Table 1). Clinical parkinsonism during life fulfilling the UK
Parkinson’s Disease Society Brain Bank®® or Movement Disorders
Society™* criteria was verified through review of medical records.
The selected brain autopsies were kindly provided by the
Netherlands Brain Bank (www.brainbank.nl) and Normal Aging
Brain Collection Amsterdam. The samples comprised 23 neuro-
pathologically healthy individuals and 61 individuals with neuro-
pathological changes corresponding to different Braak Lewy body

stages. DNA and total RNA were simultaneously isolated from
each sample. This was followed by genotyping and RNA sequencing
(Supplementary material). Twenty-three neuropathologically
healthy individuals at Braak Lewy body stage O (Nyale = 12, Nremale
=11) and 19 individuals at Braak Lewy body stage 5 (Nyae =12,
Npemale = 7) Were included in the differential gene expression ana-
lysis. We chose to include samples from patients at Braak Lewy
body stage 5 as this is the stage at which Lewy bodies first appear
in the frontal cortex and is therefore likely to be subjected to
more pronounced disease relevant changes in gene expression.
Eighty-three samples were included in the eQTL analysis.

Differential gene expression analysis

The NEBNext Ultra RNA Library Prep Kit for lllumina was used for
library preparation after removal of cytoplasmic and mitochondrial
ribosomal RNAs. The library was paired-end sequenced on the
NovaSeq 6000 platform and quality control was performed with
FastQC®> and MultiQC.>® Salmon®” was used for alignment and
quantification (see Supplementary material for details).
Differential gene expression between males and females was as-
sessed using the DESeq2 R package (version 1.34.0).°® This was per-
formed separately for the neuropathologically healthy group (Braak
Lewy body stage 0, Nmale = 12, Nremale = 11) and the disease group
(Lewy body Braak stage 5, Nyale =12, Npemale =7) (Supplementary
Fig. 1). Mitochondrial genes were excluded and only genes with
counts >0 in all samples (21615 genes) were used in the analysis.
Cell-type proportions for each sample were estimated using
Scaden version 1.1.2°° (Supplementary material). The quality
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surrogate variable analysis (qSVA) framework® was used to esti-
mate and remove RNA quality confounding in differential expres-
sion analysis (Supplementary material). Gene expression analysis
was performed controlling for covariates (sex, age at death and
two or four qSVs for Braak Lewy body Stage O and Braak Lewy
body Stage 5, respectively) using the Wald test followed by FDR cal-
culation using the Benjamini-Hochberg procedure. A Pearson’s chi-
square test was used to determine whether there was a statistically
significant enrichment of genes located near the Parkinson’s dis-
ease loci among the differentially expressed genes between males
and females in the Braak Lewy body Stage 0.

Gene expression counts for 83 samples were transformed with vst()
function from DESeq2°® and adjusted for age at death, Braak Lewy
body stage and five qSVs. Count correction was performed using
the removeBatchEffect() function from the R package limma
(3.50.0).%*The list of 90 Parkinson’s disease risk loci identified in
the largest Parkinson’s disease GWAS™ was used to extract the
nearest gene and QTL nominated genes to each SNP. The associ-
ation between the Parkinson’s disease variants and the expression
of the nearest gene and QTL nominated genes to each SNP was in-
vestigated. Moreover, the association between the variants located
in the 11 pleiotropy loci identified in the conjunctional analysis and
their mapped genes was investigated. Genes not expressed in our
samples and HLA genes were excluded from the analysis. The asso-
ciation between the adjusted expression of 87 GWAS genes and 91
pleiotropy genes and the genotype of the corresponding SNP were
tested separately for each sex (Nyale = 41, Npemale = 42) using a linear
regression model [Im() function in R]. For the significant eQTLs in ei-
ther males (GWAS =7, pleiotropy =5) or females (GWAS =6, plei-
otropy =1), we fitted a linear model (Adjusted counts of gene of
interest ~ Genotype x Sex) using the Im() function and compared
the slopes using pairs() function in R to assess whether the geno-
type had the same effect on gene expression in both males and fe-
males or not. Since the analyses included only a small selection of
genes mapped from genome-wide significant SNPs and tested only
against the corresponding SNP, a nominal P-value was used as the
threshold of significance (P-value < 0.05).

We first compared the influence that ageing has on the adjusted
counts of the genes located in the 90 Parkinson’s disease risk loci
(87 genes)™ and in the 11 identified pleiotropy loci (91 genes) by fit-
ting a linear model (adjusted counts of gene of interest ~ Age x Sex).
Then, we compared the slopes of the fitted models using pairs()
function in R to determine whether or not ageing had the same ef-
fect in both sexes. For the genes that were affected by age in a sex-
specific manner (nine GWAS genes and nine pleiotropy genes), we
investigated the association between the ageing effect on gene ex-
pression and the genotype of the nearby SNP separately in females
and males by fitting a linear model (adjusted counts of gene of inter-
est ~ Age x Genotype) and then compared the slopes of the models
fitted to each genotype using pairs() function in R. The Im() function
in R was used to fit the linear models. The analyses included only a
small selection of genes mapped from genome-wide significant
SNPs, therefore, a nominal P-value was used as the threshold of sig-
nificance (P-value < 0.05) for these analyses.

BRAIN 2023: 00; 1-13 | 5

For the data from the GWASs, information about patient consents
and ethical considerations are described in the original publica-
tions. Written informed consent was collected from the brain do-
nors or their next of kin for the use of clinical information and
tissue samples for research purposes. The gene expression part of
this study was approved The Regional Committee for Medical and
Health Research Ethics South-East Norway and the Medical Ethics
Committee of the VU University Medical Centre, Amsterdam.

Results

To study the genetic component to sex differences in Parkinson’s
disease, we investigated polygenic overlap between Parkinson’s
disease'® and the sex-specific traits age at menarche?® and age at
menopause.”’ The reversed stratified and stratified quantile-
quantile plots (Q-Q plots) indicate successive increments of SNP en-
richment for Parkinson’s disease conditioned on association
P-values for the sex-specific traits age at menarche and age at
menopause (Fig. 1A) and the sex-specific traits conditioned on asso-
ciation P-values for Parkinson’s disease (Fig. 1B). This suggests poly-
genic overlap between the phenotypes. At conditional FDR <0.05,
we identified 215 loci associated with age at menarche and 148
loci associated with age at menopause conditional on their associ-
ation with Parkinson’s disease (Supplementary Tables 2 and 3).

Performing conjunctional FDR analysis (FDR < 0.05), we identified
seven loci shared between Parkinson’s disease and age at menar-
che (Supplementary Table 4) and four loci shared between
Parkinson’s disease and age at menopause (Supplementary
Table 5). The chromosomal distribution of loci jointly associated
with Parkinson’s disease and sex-specific traits are illustrated in
Manhattan plots (Fig. 2). Eight of the 11 loci are novel for
Parkinson’s disease, and six are novel for the sex-specific traits
(Table 1).

We mapped 64 and 43 protein-coding genes to candidate SNPs
jointly associated with Parkinson’s disease and each of age at me-
narche and age at menopause, respectively (Supplementary
Tables 6 and 7). To do that, we employed three strategies: positional
mapping, eQTL and chromatin mapping. We performed gene-set
analyses in FUMA®® on each of these groups of genes. While there
were no significantly enriched terms for the genes mapped to the
shared loci between Parkinson’s disease and age at menopause
gene-sets, 59 gene-sets were enriched with mapped genes for
Parkinson’s disease and age at menarche. Among these gene-sets
there was a predominance of gene-sets related to immune function
(e.g. ‘antigen processing and presentation’ and ‘positive regulation
of immune response’) and vesicle trafficking (e.g. ‘clathrin coated
endocytic vesicle’ and ‘endoplasmic reticulum to Golgi transport
vesicle membrane’) (Supplementary Table 8). Moreover, pathway
analyses revealed a predominance of pathways related to immune
function (e.g. ‘MHC class II antigen presentation’, ‘antigen process-
ing and presentation’ and ‘phagosome’), infection control (‘viral
myocarditis’ and ‘staphylococcus aureus infection’) and auto-
immunity (‘asthma’ and ‘type I diabetes mellitus’) from genes
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Table 1 Shared loci between Parkinson’s disease and sex-specific traits

Sex-specific  Chr SNP Novelty eQTL mapping Gene expression in brain
trait
Sex-specific Sex-specific
eQTL age-related
expression
Menarche 1 1rs708723 In menarche ELK4, SLC45A3, NUCKS1, RAB7L1, SLC41A1, PM20D1, - NUCKSI1, SLC45A3
SLC26A9, AVPR1B, C1orf186, CTSE
Menarche 1 1s1352162 In Parkinson’s CEP170,SDCCAGS, AKT3,ZBTB18, Clorf100, ADSS, Clorf101, — ADSS, EFCAB2

disease EFCAB2

Menopause 2 15780104

In Parkinson’s DPYSL5, TMEM214, OST4, EMILIN1, KHK, CGREF1, ABHD1,
PREB, SLC5A6, ATRAID, CAD, TRIM54, MPV17, GTF3C2,

OST4, PREB,
ZNF513, IFT172

EIF2B4, SNX17, ZNF513, PPM1G, NRBP1, KRTCAP3, IFT172,
FNDC4, GCKR, ZNF512, CCDC121, GPN1, SUPT7L,

NIT2, TOMM70A, LNP1, TFG, ABI3BP - -
In Parkinson’s MCCC1, ABCC5, EIF2B5, DVL3, AP2M1, ABCF3, VWA5B2, - -

disease
SLC4A1AP, PPP1CB
Menopause 3 15905604 Inall
Menarche 3 1s843351
disease ECE2, CAMK2N2, EIF4G1
Menarche 6 1s660895 In menarche

BAG6, LY6G5B, LY6G6E, LY6G6D, C6orf25, LY6G6C, DXO,

STK19, C4A, Cé6orf10, HLA-DRB1, -DQA1, -DQB1, -DQAZ2,

-DQB2, -DOB, TAP2

Menopause 6 156932585 In menopause CEP85L, MCM9, ASF1A - -
Menarche 10 rs12571664 In Parkinson’s TIAL1, INPP5F, MCMBP, SEC23IP MCMBP -

disease
Menarche 12 1s10843831 In all ERGIC2, OVCH1-AS1, OVCH1, IPO8, CAPRIN2, TSPAN11 ERGIC2 -
Menopause 12 1rs7953894 In Parkinson’s ABCB9, SBNO1, SETDS, RILPL2, DDX55, ATP6VOA2 - -

disease
Menarche 17 1rs178830 In all ADORA2B, ZSWIM7, TTC19, NCOR1, PIGL, CENPV, UBB, - CCDC144A

TRPV2, CCDC144A

Chr = chromosome; eQTL = expression quantitative trait loci; SNP = single nucleotide polymorphism.

jointly associated with Parkinson’s disease and age a menarche
(Supplementary Table 9).

We also present spatiotemporal gene-expression analyses of
mapped genes for Parkinson’s disease and age at menarche using
normalized BrainSpan RNA sequencing data (Fig. 3), showing high-
est gene expression of genes jointly associated with Parkinson’s
disease and age at menarche directly prior to expected menarche.

We investigated sex-specific gene expression in the frontal cortex
of neuropathologically healthy individuals (Braak Lewy body
Stage 0) and of Parkinson’s disease patients (Braak Lewy body
Stage 5). We found a total of 142 differentially expressed genes
(FDR<0.05) in the neuropathologically healthy donors
(Supplementary Table 10), whereas when looking at differences in
gene expression between male and female donors at Braak Lewy
body Stage 5 we found only 11 differentially expressed genes
(FDR < 0.05) (Supplementary Table 11). None of the differentially ex-
pressed genes at Braak Lewy body Stage 5 were among the genes
differentially expressed in the neuropathologically healthy group.

None of the genes mapped to the identified shared loci between
Parkinson’s disease and sex-specific traits was among the genes
differentially expressed between males and females either in the
neuropathologically healthy individuals or the Parkinson’s disease
patients.

Three genes that are the nearest genes to significant lead
Parkinson’s disease GWAS'™ SNPs, LRRK2 (rs76904798 and
1s34637584), PAM (rs26431) and ITPKB (rs4653767) were among the
genes differently expressed in the neuropathologically healthy

group between males and females (Fig. 4A). LRRK2 and PAM were
upregulated in female samples as compared to male samples,
whereas ITPKB was downregulated. There was a statistically signifi-
cant enrichment of Parkinson’s disease risk genes among the genes
that were differentially expressed between males and females in
the neuropathologically healthy group (P =0.004).

Of note, no statistically significant differences in cell compos-
ition were found between males and females either in the neuro-
pathologically healthy group or in the Braak Lewy body Stage 5
group after correcting for multiple testing for all the cell-types
(Supplementary material and Supplementary Fig. 2).

We investigated whether the identified pleiotropy and Parkinson’s
disease SNPs could have a sex-specific effect on gene expression
that could contribute to the increased disease risk observed in the
male population.

Out of 101 genes (excluding six HLA genes) mapped to the 11
shared loci between Parkinson’s disease and the sex-specific traits,
91 were expressed in our samples. A total of six genes from four loci
were nominal eQTLs exclusively in one sex (five in males and one in
females) (Supplementary Table 12 and Supplementary Fig. 3).
Moreover, two of these genes (rs10843831, ERGIC2; and
1512571664, MCMBP) showed a different direction of the change in
expression in the two sexes (P < 0.05) (Fig. 5A).

Furthermore, we found that 87 of the 97 Parkinson’s disease
genes' were expressed in our samples. CAB39L was a nominal
eQTL both in the male and female samples with the risk allele T
being associated with an increase in the expression levels in both
sexes (Supplementary Fig. 4J). Six genes were nominal eQTLs
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Figure 3 Spatiotemporal gene expression of all mapped genes to shared loci between Parkinson’s disease and age at menarche. The dendrogram and
heat map were built using RNA sequencing data from BrainSpan over 11 developmental periods (columns) and 16 brain regions (rows). Gene expression
was measured as log2 transformed RPKM (reads per kilobase per million mapped reads). Global expression of mapped genes to shared loci between
Parkinson'’s disease and age at menarche had the highest expression during late childhood, most prominent in neocortical areas. Gene expression var-

ied from a minimum of 2.6 log2(RPKM) and to a maximum of 5.1 log2(RPKM).

exclusively in the male samples and five genes were nominal eQTLs
exclusively in the female samples (Supplementary Table 13 and
Supplementary Fig. 4). Only 2 of these 11 eQTLs (rs2042477,
KCNIP3; and 1512571664, GALC) showed a different direction of the
change in expression in the other sex (P < 0.05) (Fig. 4B).

As ageing is known to influence gene expression in a sex-specific
manner'® and is the main risk factor for Parkinson’s disease,®? we
next investigated age-related gene expression differences between
males and females for the genes located in the 11 shared loci be-
tween Parkinson’s disease and sex-specific traits and in
Parkinson’s disease risk loci.

We found that the age-related expression of nine genes from
three loci shared between Parkinson’s disease and sex-specific
traits (NUCKS1, SLC45A3, ADSS, EFCAB2, CCDC144A, IFT172, OST4,
PREB and ZNF513) was nominally statistically significantly different
between males and females (Supplementary Table 14 and
Supplementary Fig. 5). Next, we focused on these genes showing
sex-specific age-related expression and checked whether the geno-
type of the SNPs located in these loci was influencing age-related
gene expression in a sex-specific manner. We found that the
age-related expression of two genes (NUCKS1 and SLC45A3) located
in the menarche locus 1 was also associated with the genotypes of a
SNP (rs708723) exclusively in female or in male samples, respect-
ively (Fig. 5B).

Moreover, we found that the age-related expression of nine
Parkinson’s disease genes (NUCKS1, SIPA1L2, STK39, SCARB2,
CLCN3, RNF141, GALC, DNAH17 and DCAF16) was statistically sig-
nificantly different between males and females (Supplementary
Table 15 and Supplementary Fig. 6). Next, we focused on these
genes showing sex-specific age-related expression and checked
whether the genotype of the SNPs located in each locus was influ-
encing the age-related gene expression in a sex-specific manner.
We found that rs823118 influences the age-dependent expression
of NUCKS1 only in females (Fig. 4C).

Discussion

Here, by combining large GWAS datasets from Parkinson’s disease
and sex-specific traits with in-depth RNA sequencing data from hu-
man brains, we investigated sex-specific differences associated
with Parkinson’s disease that could partly explain the increased in-
cidence of the disease in the male population. We thereby demon-
strate that the lack of clear sex differences in allele frequencies for
Parkinson’s disease SNPs®® does not exclude a genetic contribution
to sex differences in incidence.

By performing conjunctional FDR analyses, the present study
revealed that 11 genomic loci are jointly associated with
Parkinson’s disease and sex-specific traits. Intriguingly, only three
of these loci had been previously associated with Parkinson’s dis-
ease and none is directly linked to oestrogen signalling pathways.
However, some of the genes mapped to the identified SNPs are ex-
pressed in the ovaries (Supplementary Table 6), and therefore their
expression could still be mediated by oestrogen signalling path-
ways. The mechanisms through which oestrogens might reduce
the risk of Parkinson’s disease are not fully understood. It is pos-
sible that the SNPs located in these genomic loci could for example
interact with oestrogen receptors that are widespread in the brain??
or with other related pathways such as the phosphatidylinositol 3
kinase (PI3K)/Akt pathway?® and the extracellular signal-regulated
kinase (ERK1/2) pathway,?” ultimately contributing to the observed
sex-specific differences in Parkinson’s disease. Post-translational
modulations, such as the phosphorylation that inhibits the
pro-apoptotic protein Bad, are proven important in Parkinson’s dis-
ease. Moreover, oestrogens are known to affect gene expression
directly or indirectly.

We mapped genes to the 11 genomic loci associated with
Parkinson’s disease and sex-specific traits. These genes were
used to perform gene-set and pathway analyses. A large portion
of the gene-sets enriched with genes mapped to loci shared be-
tween Parkinson’s disease and age at menarche are related to pro-
cesses known to be important for Parkinson’s disease.®® These
include activation and regulation of the immune response and
gene-sets that belong to cellular compartments involved in
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Figure 4 Sex-specific expression of genes mapped to Parkinson’s disease loci. (A) Sex-specific expression of genes mapped to Parkinson’s disease loci
in the superior frontal cortex of neuropathologically healthy donors: [A(i)] LRRK2 (rs76904798 and rs34637584) and [A(ii)] PAM (rs26431) show higher
expression levels in females (F) compared to males (M). [A(iii)] ITPKB (rs4653767) shows lower expression levels in females (F) compared to males
(M). (B) Genes showing a sex-specific allelic effect/expression quantitative trait loci (€QTL) and a statistically different direction in the two sexes:
[B(i)] KCNIP3 (rs2042477) and [B(ii)] GALC (rs979812). (C) Of the nine genes with statistically significant different age-related expression between the
sexes, NUCKS1 sex-specific age-related expression is associated with the rs823118 genotype in [C(i)] females but not [C(ii)] males. A = adenine; C = cyto-

sine; G = guanine; T = thymine.

endosomes and MHC process. Pathway analysis further highlighted
the importance of the immune system as it identified pathways re-
lated to autoimmune diseases, infectious diseases, antibody pro-
duction and antigen presentation. These results revealed putative
mechanisms important for the sex differences in Parkinson’s

64,65

disease, like sex differences in immune responses and even

sex differences in microglial phenotypes.®®*”
The spatiotemporal gene-expression analysis identified devel-
opmental time periods where these mechanisms set to action.

Interestingly, genes mapped from loci shared Dbetween

202 Arenigad 61 U0 1sanb Aq 621 1.92.//6ZPEME/UIRIG/EE0L 0 L/10P/3|dILE-9OUBADE/UIEIG/WOY"dNO"DIWSPED.//:SA))Y WO PAPEOjUMOd



Genetic sex differences in Parkinson's disease

A Sex-specific allelic effect / eQTLs
Ai ERGIC2 expression by rs10843831

P-value in females = 0,402 P-value in males = 0.029

15 11.5
1] 2 .
5 110 5 110
z g i
3 3 —]
5 05 5 05
2 10, 2 10.
2 2

10.0 10.0

T TC cc ™ TC cc

B Sex-specific age-related expression
Bi NUCKS?1 age-related expression in females

TT versus TC P-value = 0.155
TT versus CC P-value = 0.033
TC versus CC P-value = 0.651

g
Y

Adjusted Counts
=
E
]

142
65 70 75 80 85 20
Age
rs708723 “© TT == TC == CC

Biii SLC45A3 age-related expression in females

TT versus TC P-value = 0.254
TT versus CC P-value = 0.992
TC versus CC P-value = 0.434

©

]
5
8 o
o =]
2 o
w8
=
b=)
< o o o
] m o m
b o
7
o
65 70 75 80 85 90
Age

rs708723 O TT =i~ TC == CC

BRAIN 2023: 00; 1-13 | 9

Aii MCMBP expression by rs12571664

P-value in females = 0.042 P-valuein males = 0.273
10.5 10.5

o
w
e
w

Adjusted Counts
=

Adjusted Counts
3

©
©
bl
©

o

T

Bii NUCKST age-related expression in males

TT versus TC P-value = 0.995
TT versus CC P-value = 0.937
TC versus CC P-value = 0.947

14.7

Adjusted Counts
= =
w o

-
T

13.9 A

70 80 90 100
Age

rs708723 =0~ TT =#y= TC == CC

Biv SLC45A3 age-related expression in males

TT versus TC P-value = 0.313
TT versus CC P-value = 0.035
TC versus CC P-value = 0.150

Adjusted Counts

70 80 90 100
Age
rs708723 ~©- TT =#= TC =il= CC

Figure 5 Sex-specific expression of genes mapped to loci shared between Parkinson’s disease and sex-specific traits. (A) Genes showing a sex-specific
allelic effect/expression quantitative trait loci (eQTL) and a statistically different direction in the two sexes: [A(i)] ERGIC2 (rs10843831) and [B(ii)] MCMBP
(rs12571664). (B) Of the nine genes with a statistically significant different age-related expression between the sexes, [B(i and ii)] NUCKS1 and [B(iii and
iv)] SLC45A3 sex-specific age-related expression is associated with rs708723 genotype (Locus 1 of loci shared between Parkinson’s disease and age at
menarche) exclusively in female or male samples, respectively. C = cytosine; T = thymine.

Parkinson’s disease and age at menarche are expressed in the hu-
man brain at the highest levels in late childhood, fitting with the
years prior to menarche, and highlighting how processes early in
life might affect diseases that tend to develop late in life. The fact
that gene expression during this time period was highest in cortical

structures is particularly intriguing, since cortical structures are
known to be affected by the neuropathological hallmarks of
Parkinson’s disease only in late stages of the disease.®®
Spatiotemporal gene-expression analysis was only performed
with genes mapped to loci shared between Parkinson’s disease
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and age at menarche, as spatiotemporal mapping was not available
for older age-groups than middle adulthood and hence did not cov-
er the age-range where menopause tends to occur.

We did not find significant gene-sets or pathways for the genes
mapped to loci overlapping between Parkinson’s disease and age at
menopause. The primary reason for stronger genetic overlap be-
tween Parkinson’s disease and age at menarche than age at meno-
pause is likely to be differences in sample size. Moreover, the exact
age at menopause, defined as 12 months of amenorrhoea, would
likely be more approximate than age at menarche, due to a variety
of symptoms ranging from hot flashes and night sweats to irregular
periods when approaching menopause. So, in addition to the high-
er statistical power, data on age at menarche is likely to be more ac-
curate than the age at menopause.

To highlight genes that might be involved in the mechanisms
leading to an increased disease incidence in the male population
and that consequentially should be further prioritized for experi-
mental validation, we performed sex-specific, age-related gene ex-
pression analysis and sex-specific eQTL analysis.

We found that differences in gene expression between males
and females are more prominent in the neuropathologically
healthy donors than in patients with Parkinson’s disease and that
there is no overlap between the two groups. This might be because
the transcriptome of females that develop Parkinson’s disease is
more similar to the male transcriptome, compared to females
that stay neurologically healthy throughout their life. Further, dis-
ease might affect gene expression to an extent that masks sex
differences.

None of the genes mapped to the shared loci between
Parkinson’s disease and sex-specific traits was among the differen-
tially expressed genes. However, we found an enrichment of genes
located in known Parkinson’s disease risk loci identified in GWAS"?
(LRRK2, PAM and ITPKB) among the genes differentially expressed
between the sexes in the neuropathologically healthy individuals.
LRRK2 mutations comprise the most common cause of the auto-
somal dominant form of Parkinson’s disease® and genetic variation
in the LRRK2 locus is associated with an increased risk of sporadic
Parkinson’s disease. LRRK2 encodes leucine-rich repeat kinase 2,
which phosphorylates a broad range of proteins involved in mul-
tiple processes such as neuronal plasticity, autophagy, vesicle traf-
ficking and dopaminergic neuron apoptosis.”®”? In our study, we
found that LRRK2 could also play arole inincreasing Parkinson’s dis-
ease incidence in males. No studies, other than the Parkinson’s dis-
ease GWAS,* have linked PAM to Parkinson’s disease. However,
PAM is highly expressed in the rat uterus and regulated by oestro-
gens.”* We further found higher PAM expression levels in females;
therefore, also in human brain, oestrogen levels might regulate
PAM expression. However, further investigations are needed to
understand the possibly protective role that this gene has in disease
development and how it might influence disease incidence. ITPKB,
in addition to the association with Parkinson’s disease GWAS SNP
154653767, has been linked to Alzheimer’s disease where it has
been shown to have higher expression levels in the cerebral cortex
of patients than in control subject and to exacerbate Alzheimer’s
pathology in mice as it is involved in the regulation of neuronal
cell apoptosis.”> Moreover, ITPKB has been involved in Alzheimer’s
disease pathogenesis in females.”® The ITPKB upregulation that we
observed in males could therefore play a similar role in
Parkinson’s disease patients, not observed in females.

Since the existence of sex-specific eQTLs has been demon-
strated,”” we performed sex-specific eQTL analyses for the newly
identified shared loci between Parkinson’s disease and the sex-

K. Nordengen et al.

specific traits and for the 90 Parkinson’s disease risk SNPs.'® For
these analyses, we set a threshold for significance at a nominal
P-value of 0.05. To strengthen the validity of our results, we further
investigated the significant eQTLs by comparing the effect that the
genotype has on the direction of the expression in females and
males. We suggest that the expression of two genes located in the
11 shared loci between Parkinson’s disease and sex-specific traits
may be influenced in a sex-specific manner by the nearby SNP,
showing a different effect in the two sexes. The rs10843831 SNP,
associated with age at menarche, was a putative sex-specific
eQTL for the ERGIC2 gene as an increase in its expression was asso-
ciated with the C allele only in males, and the opposite trend was
observed in females [Fig. 5A(i)] ERGIC2 encodes the endoplasmic
reticulum-Golgi intermediate compartment protein 2. Little is
known about this protein but based on its sequence and structure
similarity to the protein encoded by ERGICI, it has been suggested
that it has a possible role in transport between the endoplasmic re-
ticulum and Golgi.”” Because of the fundamental role that the endo-
plasmic reticulum plays in regulating protein homeostasis, this
organelle has been implicated with Parkinson’s disease.”® In fe-
males, the rs12571664 SNP, associated with age at menarche, was
a putative sex-specific eQTL for the MCMBP gene showing the op-
posite trend in males [Fig. 5A(ii)]. MCMBP encodes the mini-
chromosome maintenance complex-binding proteins acting as a
regulator of DNA replication.”® Further studies are needed to eluci-
date whether these genes play a role in Parkinson’s disease devel-
opment and increased incidence in the male population.

When investigating Parkinson’s disease SNPs, we found that two
of them influenced the expression of KCNIP3 and GALC in a sex-
specific manner showing also a statistically significant different ef-
fect in the two sexes. However, little is known about the functions
of the proteins encoded by these genes and further studies are
needed to elucidate whether they have a role in Parkinson’s disease
and, if so, how they could affect disease risk in a sex-specific manner.

Finally, as age is the main risk factor for Parkinson’s disease and
age-related gene expression can be sex-specific,”® we explored the
hypothesis that the identified shared SNPs between Parkinson’s
disease and sex-specific traits and the Parkinson’s disease risk
SNPs could be associated with changes in age-related gene expres-
sion in a sex-specific manner. We first identified the genes showing
sex-specific age-related expression setting a threshold for signifi-
cance at a nominal P-value of 0.05; next, we investigated whether
the age-related sex-specific expression of the significant genes
was also influenced by the genotype. Only two of the genes,
SLC45A3 and NUCKS1, were nominally significant in both levels of
analyses. The age-related sex-specific expression of both these
genes was associated with the rs708723 SNP shared between
Parkinson’s disease and age at menarche. Interestingly, the
age-related sex-specific expression of NUCKS1 was also associated
with the Parkinson’s disease SNP rs823118. Therefore, even though
these results were only nominally significant, we suggest that this
locus, and in particular of NUCKS1, could play an important role in
Parkinson’s development and that it could be linked to sex-specific
differences of the disease.

Together, these results demonstrated the strength of the plei-
otropy analysis. However, we acknowledge that there were some
limitations to the current study. First, the Parkinson’s disease
GWAS™ included sex as a covariate possibly affecting the ability
to identify sex-specific effects. Nonetheless, it has been shown
that there is a high genetic correlation between the male and fe-
male Parkinson’s disease GWAS’ and that there are no sex differ-
ences in Parkinson’s disease risk alleles neither in autosomes’
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nor sex chromosomes.®® For these reasons, we believe that our ap-
proach of identifying loci that are pleiotropic with both Parkinson’s
disease and sex-specific age-related traits allowed us to capture
biologically relevant gene loci, which were further verified using
gene expression data from the human brain. Additionally, the sex-
specific traits used in this study focused on the length of the
reproductive life in females, without including factors that might
temporarily increase (e.g. pregnancies) or decrease (e.g. breastfeed-
ing) the circulating oestrogen levels. Also, while sex hormone levels
rise fast around age at menarche, the decrease is more gradual
starting already from the end of the third decade of life, until
most females enter menopause in their fifties. Only at this point
do the oestrogen levels in females become more comparable to
the levels in males. Furthermore, while functionally annotating
candidate SNPs reduces the probability of missing causal variants,
this approach increases the number of false positives to the gene-
mapping, gene-set enrichment and gene-expression analyses. We
also acknowledge the small samples size and consequently the
low statistical power of the RNA sequencing data used. However,
we think that these limitations were counterbalanced by the strin-
gent criteria used to select the samples included and by the careful
selection of covariates which allowed us to exclude possible differ-
ence in gene expression caused by difference in cell composition or
RNA quality between the analysed groups. Moreover, we acknow-
ledge that setting a nominal P-value of 0.05 as threshold for signifi-
cance for the eQTL and age-related expression analysis might lead
to false positive findings. However, the analysis that employed this
P-value included only a small number of genes and loci already
found to be significant in other genome-wide analyses that ad-
justed for multiple testing. Additionally, to limit the number of false
positives identified in the sex-specific eQTL analysis, we further
prioritized only the eQTLs showing a significantly different change
in expression in the two sexes; whereas, in the age-related sex-
specific expression analysis, we highlighted only the genes whose
age-related expression was also influenced by the corresponding
SNP. Therefore, we believe that by combining several layers of ana-
lysis we were able to highlight genes likely involved in the disease
and in the mechanisms leading to an increased incidence in the
male population. However, further functional studies are needed
to confirm our findings.

We also note that although our horizontal pleiotropy approach
identifies genetic overlap between Parkinson’s disease and
oestrogen-related traits, these results do not determine whether a
causal link between hormone levels and Parkinson’s disease risk
is driving this signal. Further research will be needed to disentangle
the causal mechanisms, where Mendelian randomization could be
a relevant genetic method.®

Not only Parkinson’s disease, but several neurological diseases,
show differences in incidence between sexes. Examples of this
being higher frequencies of Alzheimer’s disease®! and migraine®?
in females. Our approach, using conjunctional FDR analyses to re-
veal pleiotropy between Parkinson’s disease and sex-specific traits,
holds the potential to be valuable also for other neurological
diseases.

In conclusion, in our study we identified new variants which show
pleiotropy between Parkinson’s disease and age at menarche or age
at menopause. This demonstrates a genetic contribution to differ-
ences in Parkinson’s disease incidence, despite the lack of sex differ-
ences in allele frequencies. These findings have implications for the
understanding of how sex affect gene function and expression, and
conjunctional FDR analysis could hence be used to detect functional
genetic variance even in cases with no differences in allele frequency.
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Moreover, gene expression and eQTL analysis point to candidate
genes for future studies that could possibly explain the higher inci-
dence of Parkinson’s disease in males supporting the existence of
sex-biased eQTLs for Parkinson’s disease risk variants. This shared
genetic pattern between Parkinson’s disease and sex-specific traits
underlines the importance of continued efforts to understand the
biological processes that explain the lower Parkinson’s disease inci-
dence in females, as potentially protective biological processes could
be future targets for disease modifying drugs.
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Data supporting the findings of this study are openly available from
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