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Analysis of Y chromosome haplogroups
in Parkinson’s disease

Francis P. Grenn,I ®Mary B. Makarious,"z’3 Sara Bandr’es-Ciga,I ®Hirotaka Iwaki,""’5
Andrew B. Singleton,"" Mike A. NaIIs,"4’5 and (®Cornelis Blauwendraat®® The International
Parkinson Disease Genomics Consortium (IPDGC)

Parkinson’s disease is a complex neurodegenerative disorder that is about 1.5 times more prevalent in males than females. Extensive
work has been done to identify the genetic risk factors behind Parkinson’s disease on autosomes and more recently on Chromosome X,
but work remains to be done on the male-specific Y chromosome. In an effort to explore the role of the Y chromosome in Parkinson’s
disease, we analysed whole-genome sequencing data from the Accelerating Medicines Partnership—Parkinson’s disease initiative
(1466 cases and 1664 controls), genotype data from NeuroX (3491 cases and 3232 controls) and genotype data from UKBiobank
(182 517 controls, 1892 cases and 3783 proxy cases), all consisting of male European ancestry samples. We classified sample Y chro-
mosomes by haplogroup using three different tools for comparison (Snappy, Yhaplo and Y-LineageTracker) and meta-analysed this
data to identify haplogroups associated with Parkinson’s disease. This was followed up with a Y-chromosome association study to
identify specific variants associated with disease. We also analysed blood-based RNASeq data obtained from the Accelerating
Medicines Partnership—Parkinson’s disease initiative (1020 samples) and RNASeq data obtained from the North American Brain
Expression Consortium (171 samples) to identify Y-chromosome genes differentially expressed in cases, controls, specific hap-
logroups and specific tissues. RNASeq analyses suggest Y-chromosome gene expression differs between brain and blood tissues
but does not differ significantly in cases, controls or specific haplogroups. Overall, we did not find any strong associations between
Y-chromosome genetics and Parkinson’s disease, suggesting the explanation for the increased prevalence in males may lie elsewhere.
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Parkinson’s disease is a progressive movement disorder that
includes symptoms such as tremors, slowed speech, bradyki-
nesia, loss of balance and muscle stiffness. While age is the
primary risk factor for Parkinson’s disease, genetic and likely
environmental factors contribute to its onset and progres-
sion.! Recent genetic studies have identified 92 Parkinson’s
disease risk variants in European and Asian ancestry popula-
tions, but common variation findings from genome-wide as-
sociation studies (GWASs) only account for 16-36% of
heritable risk.>® Environmental factors such as pesticide ex-
posure, smoking and caffeine intake have been linked to

isms are not fully understood.*”

Parkinson’s disease is ~1.5 times more prevalent in males
than in females with European ancestry.® However, it is un-
clear whether this difference is due to environmental or gen-
etic factors or a combination of the two. Studies have shown
that there are sex-specific differences in Parkinson’s disease
clinical presentation and progression.” To date, no signifi-
cant autosomal genetic differences have been found between
male and female Parkinson’s disease cases.'” A recent
Chromosome X GWAS did identify potential GWAS hits
but no significant differences in Parkinson’s disease risk be-
tween sexes.'' This leaves the male-specific Chromosome
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Y as a potential candidate for sex-specific Parkinson’s dis-
ease risk.

Chromosome Y is frequently excluded from large-scale
GWAS due to its size and unique characteristics.'> The Y
chromosome makes up ~2% of the total DNA in a human
male cell. Additionally, quality control filters typically used
in GWAS, such as Hardy—Weinberg equilibrium, do not ap-
ply to the hemizygous alleles of Chromosome Y. Lastly,
Y-chromosome reference panels for imputation are not
widely available for GWAS.'? Therefore, autosomes and
sex chromosomes are typically analysed separately.

Chromosome Y is unique in that it is passed exclusively
from father to son and only recombines in the pseudoautoso-
mal regions (PARs) that make up ~5% of its DNA. As a re-
sult, ~95% of Chromosome Y is identical between father
and son, with the exception of random mutations, making
it easy to identify ancestry and assign entire Y chromosomes
to haplogroups. These haplogroups, sometimes referred to as
clades, are defined by unique genetic markers and have been
used to identify associations with disease. For example, spe-
cific Y-chromosome haplogroups have been associated with
AIDS progression, coronary artery disease and infertility in
males.'*'” Therefore, the use of Y-chromosome hap-
logroups to identify associations with Parkinson’s disease
is a valid strategy when using large sample sizes. Here, we
take advantage of the structure of Chromosome Y to identify
haplogroups, variants and gene expression patterns poten-
tially associated with Parkinson’s disease risk in males using
multiple large cohorts.

Methods

We used Y-chromosome whole-genome sequencing (WGS)
data from the Accelerating Medicines Partnership—
Parkinson’s Disease initiative (AMP-PD, https:/amp-pd.
org/), which includes data from multiple cohorts.'® This
data contained a total of 184 317 Y-chromosome variants
and 9887 samples, including 4146 controls, 2844
Parkinson’s disease cases, 2628 Lewy body dementia cases
and 269 samples with a neurological disorder other than
Parkinson’s disease or Lewy body dementia. Plink (v1.9)
was used to filter this data.'” Female samples were removed,
leaving 5470 male samples totalling 1895 controls, 1751
Parkinson’s disease cases, 1668 Lewy body dementia cases
and 156 samples with another neurological disorder. Of
these 5470 male samples, 5352 had European ancestry,
which were included for further analyses. Heterozygous
Y-chromosome variants were set to missing and completely
removed from all samples if they were heterozygous in
over 10% of the male samples, bringing the variant count
down to 183109. To match the hgl9 reference genome
used in the haplogroup calling tools, we used the UCSC lift-
over web tool (https:/genome.ucsc.edu/cgi-bin/hgLiftOver)
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to lift the hg38 AMP-PD data to the hg19 human genome ref-
erence build. We removed variants that failed to convert (41
081 variants) and variants that converted to a different
chromosome (345 variants), leaving us with a total of 141
683 variants. Non-European samples, samples with Lewy
body dementia, Parkinson’s disease genetic carriers of
known disease-causing variants identified from biased re-
cruitment and samples with a neurological disorder other
than Parkinson’s disease were removed from the AMP-PD
Parkinson’s disease case/control data set, leaving a total of
3130 samples, including 1466 cases and 1664 controls.

Y-chromosome un-imputed genotype data were obtained
from the UK Biobank (UKBB).?° This contained 488377
samples and 691 Y-chromosome variants. Parkinson’s dis-
ease phenotypes were based on data field 131023 (Codes
40, 41, 50, 51, 20, 30 or 31) and proxy Parkinson’s disease
phenotypes (individuals without Parkinson’s disease but
with an affected father with Parkinson’s disease) were based
on data field 20107 (Code 11). Female (based on Genetic Sex
Code 22001) and non-European samples were removed
using Plink (v1.9) leaving 188 192 samples. Of the remaining
male European samples, there were 182 517 controls, 1892
Parkinson’s disease cases and 3783 proxy cases. There
were about twice as many proxy samples as cases in the
UKBB data, so one-third of the total of 182 517 controls
were randomly selected for the UKBB Parkinson’s disease
case/control data set, leaving 1892 Parkinson’s disease cases
and 60 839 controls. The remaining two-thirds of the con-
trols were included in the UKBB proxy/control data set, in-
cluding 3783 Parkinson’s disease proxies and 121678
controls.

NeuroX data were downloaded from dbGAP (phs000918.
v1.p1).”! This data set included 7791 cases and 9036 con-
trols. The NeuroX data contained 139 Y-chromosome gen-
otyped variants. After standard sample level, quality
control was performed, including ancestry and relatedness,
as reported elsewhere,” 3491 cases and 3232 controls were
left, all of which had European ancestry.

After sample and variant level quality control, AMP-PD,
UKBB and NeuroX data were used to assign haplogroups
to each sample. Three haplogroup calling tools were applied
for comparison. Plink binary files were used as input for the
Single-Nucleotide Assignment of Phylogenetic Parameters
on the Y-chromosome (Snappy) tool.?* Plink binary files
were converted to vef format for the Yhaplo and
Y-LineageTracker tools.”*** Using output from these tools,
each sample was assigned a major haplogroup by extracting
the first character from each full haplogroup name (e.g.
Rlalalb to R, J2alb1 to ], etc.) to follow the grouping
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used by the International Society of Genetic Genealogy
Y-DNA Haplogroup Tree.”

Each of the three tools included its own set of reference
data used to identify Y-chromosome haplogroup based on
Y-chromosome variation. These three sets of reference data
were compared with determine if the use of original reference
data would lead to unbiased comparisons between tools.
Y-LineageTracker reference data were reformatted for use
in the Snappy and Yhaplo tools and used to reassign full
and major haplogroups to all samples. These results were
used in all downstream analysis to reduce bias between the
tools.

To verify the accuracy of the haplogroups assigned to each
AMP-PD sample, we compared the haplogroups of all re-
lated samples. Plink2 was used to filter for a minimum allele
count of two and a Hardy—Weinberg equilibrium of 0.0001
before calculating relatedness coefficients using the
Kinship-based Inference for GWAS tool.'”*¢ We identified
129 pairs of related male samples after filtering for a min-
imum relatedness coefficient of 0.088. Of these, 124 pairs
were assigned the same major haplogroup and five pairs
had different major haplogroups (Supplementary Table 1).
The relatedness coefficients for these five samples were be-
tween 0.0884 and 0.177, suggesting they were second-degree
relatives who inherited their Y chromosome from different
fathers and are related through female relatives.

Plink was used to calculate Y-specific principal components
for all AMP-PD samples, including genetic Parkinson’s dis-
ease carriers, using only Y-chromosome variants to deter-
mine if samples cluster by major haplogroup. AMP-PD and
NeuroX autosomal principal components were calculated
with Plink and calculated with flashpca/2.0 for UKBB
data®” using autosomal variants from all four data sets, in-
cluding AMP-PD case/control, UKBB case/control, UKBB
proxy/control and NeuroX case/control data sets. The
Python statsmodels/0.12.1 package was used to perform lo-
gistic regression on four data sets to determine if haplogroup
could predict disease status in males. The first five autosomal
principal components for each data set and age (age at base-
line for AMP-PD, age at recruitment for UKBB and age at on-
set and age at recruitment for NeuroX cases and controls,
respectively) were included as covariates in this analysis.

The results of the logistic regression for each major hap-
logroup were meta-analysed using inverse variance weight-
ing under a fixed effect model with R/3.6 and the metafor/
3.0-2 package.”® The AMP-PD case/control, UKBB case/
control, UKBB proxy/control and NeuroX data sets were in-
cluded in this meta-analysis. Data for a major haplogroup
were excluded if there were <50 samples with the major hap-
logroup in the data set.

Logistic regression was also performed for each full hap-
logroup that was in >50 samples in any of the four data
sets. Results from the AMP-PD case/control, UKBB case/con-
trol, UKBB proxy/control and NeuroX data sets were
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meta-analysed using inverse variance weighting under a fixed
effect model with R/3.6 and the metafor/3.0-2 package.?®
Full haplogroups were only included in this meta-analysis
if they were present in >50 samples in at least two of the
data sets, where the UKBB case/control and UKBB proxy/
control data sets counted as one. This meta-analysis included
12 unique haplogroups that were present in >50 samples.

Single variant testing was performed for each data set inde-
pendently using logistic regression. A minor allele frequency fil-
ter of 0.05 was applied to each data set before performing
logistic regression with covariates of age, one-hot encoded ma-
jor haplogroup and the first five autosomal principal compo-
nents. One-hot encoded major haplogroups were only
included as covariates if the major haplogroup was present
in 50 or more samples in the data set to reduce instances of col-
linearity. Few genetic markers were available for both UKBB
(691 variants) and NeuroX (139 variants), but AMP-PD
WGS data had full Chromosome Y sequencing data available
(141 683 variants). Association results across the AMP-PD
case/control, NeuroX case/control, UKBB case/control and
UKBB proxy/control data sets were combined and filtered to
include only variants that were present in at least two of these
data sets, bringing the variant count from 3387 down to 29.
These 29 variants were meta-analysed using inverse variance
weighting under a fixed effect model with METAL* and an-
notated with ANNOVAR.?® The AMP-PD case/control data
set was analysed on its own since it was the only data set
with full coverage of the genome. This separate analysis uti-
lized data prior to lifting over to hg19 to include more variants
(183109 variants). Before performing association analyses, in-
sertions and deletions were removed, leaving 91 1135 variants,
followed by the removal of multiallelic variants, leaving 74 775
variants, due to the relatively high-sequencing false-positive
rate of these variant types. Age, the first five autosomal princi-
pal components and one-hot encoded major haplogroups for
major haplogroups G, I and J were included as covariates in
this analysis. A minor allele frequency filter of 0.05 was applied
to the results, leaving 1289 variants.

RNA sequencing (RNASeq) data from the North American
Brain Expression Consortium (NABEC) were used to quan-
tify gene expression in the frontal cortex in 171 male sam-
ples, consisting entirely of population controls.*! Gene
expression was quantified twice to determine if the exclusion
of Y-chromosome PARs, the only regions of the Y chromo-
some that recombine with the X chromosome, alters expres-
sion levels. To do so, we used two different reference
genomes, a version of the GENCODE release 38 hg38 refer-
ence genomes with Y PARs masked and the default
GENCODE release 38 hg38 reference genome, which in-
cludes Y PARs by default.**

XYalign was used to mask Y PARs in one of the reference
genome files.** The genomeGenerate runMode from STAR
was then used to generate a genome file containing masked
Y PARs using the output from the XYalign tool and an
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annotated transcript file from GENCODE.** We followed
the same parameters used by AMP-PD to generate reference
genomes in anticipation of comparing expression between
NABEC and AMP-PD samples. Similar steps were taken to
generate a reference genome file including Y PARs, the
only difference being that the default GENCODE files in-
clude Y PARs as input. NABEC male samples were mapped
to both the Y PAR masked reference genome and the default
reference genome using the alignReads runMode in STAR.
The featureCounts tool from the Subread package was
used to count mapped reads for genes in all samples,*® fol-
lowing the same parameters used in the AMP-PD RNASeq
pipelines. The featureCount data were combined into two
expression matrices, one containing counts for samples
mapped to the reference genome with Y PARs masked and
one containing counts for the samples mapped to the default
reference genome. Each count matrix included a total of 171
samples and 60708 genes, 566 of which were located on
Chromosome Y. The edgeR R package was used to filter
out genes with low expression, leaving a total of 22049
genes and identify genes differentially expressed between
the Y PAR masked and unmasked data.*® This analysis
was followed up by thresholded testing using the glmTreat
function, which repeated the test for differential expression
but relative to a minimum log-fold change of two, instead
of the default log-fold change of zero. This thresholded test-
ing was applied to all other differential expression analyses
as well.

Blood-based RNASeq data were obtained from AMP-PD
to compare Y-chromosome gene expression in blood with
the previously quantified brain expression data. Expression
data quantified with featureCounts were available at base-
line for 563 Y-chromosome genes and 1020 AMP-PD sam-
ples after removing Parkinson’s disease genetic carriers and
non-European samples. This was combined with our re-
quantified NABEC frontal cortex expression data generated
using a reference genome including Y PARs. A total of 553
genes were common between the two data sets, including
1020 blood samples and 171 brain samples. EdgeR was
used to filter out genes with low expression, leaving a total
of 275 genes and to identify genes differentially expressed
in brain and blood tissues in all samples while adjusting for
major haplogroup.

EdgeR was used to identify Y-chromosome genes differen-
tially expressed between Parkinson’s disease cases and con-
trols in AMP-PD samples while adjusting for both sample
age and major haplogroup. Genes with low expression
were removed prior to analysis, leaving 278 genes for the
1020 AMP-PD samples, including 722 cases and 298
controls.

A similar analysis was done to identify genes differentially
expressed between major haplogroups in AMP-PD samples
while adjusting for case/control status. Genes with low ex-
pression were filtered out prior to performing this analysis,
leaving a total of 240 genes for the 1020 AMP-PD samples.
This was only performed for major haplogroups present in at
least 40 samples, leaving major haplogroups E, G, 1, J and
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R. Gene expression for samples with each of these major
haplogroups was compared with expression for all samples
with a different major haplogroup. Gene counts were plotted
for Y-chromosome genes of interest along with case/control
status and sample major haplogroup obtained from
Y-LineageTracker to visualize differences in gene expression.
This was repeated with the NABEC frontal cortex expres-
sion, excluding case/control status because all samples
were controls.

All AMP-PD (https:/amp-pd.org/) and UKBB (https:/www.
ukbiobank.ac.uk/) data are available via application on their
websites and the NeuroX data are available via dbGap at
phs000918.v1.p1. NABEC data are available via dbGap at
phs001354.v1.p1. All codes are available on the GitHub page:
https:/github.com/neurogenetics/chrY_haplogroups_PD.

Results

In total, we included 6849 Parkinson’s disease cases, 3783
proxy cases and 187413 controls derived from AMP-PD,
UKBB and NeuroX cohorts. We called haplogroups for all
included samples using three different tools: Snappy,
Yhaplo and Y-LineageTracker (Fig. 1). Full haplogroup fre-
quencies, major haplogroup frequencies and the number of
unique haplogroups identified by each tool using each cohort
were recorded to compare across tools (Supplementary
Tables 2-8, Fig. 2). Overall, concordance was high between
tools within the AMP-PD cohort but comparably lower
within the UKBB and NeuroX cohorts.

Y-chromosome major haplogroup frequencies were obtained
from six different studies to compare our frequencies with those
of European populations in specific countries (Supplementary
Table 9). These included Belgium, The Netherlands,®”
Poland,*® Spain, Portugal,’® Belarus,*® the UK,*' Algeria,
Egypt and Italy.** Major haplogroup frequencies identified in
European ancestry samples using Y-LineageTracker for the
AMP-PD, UKBiobank and NeuroX cohorts were similar to
those of other European countries.

To visualize the differences between haplogroups,
Y-specific principal components were calculated for
AMP-PD samples using Y-chromosome data. The first two
principal components were plotted with the major hap-
logroups obtained from all three tools. Initial clustering fo-
cused on major haplogroups A and B since they were the
earliest haplogroups to split off from the most recent com-
mon ancestor, making them two of the oldest major hap-
logroups**** (Fig. 3A, Supplementary Fig. 1). Removal of
these haplogroups and outlier samples shows clear clustering
based on identified major haplogroups (Fig. 3B, Supplementary
Fig. 1).
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Logistic regression was performed on each data set for each
major haplogroup obtained from Y-LineageTracker to de-
termine if a major haplogroup can predict disease status
(Supplementary Table 10). These results were combined to
perform a meta-analysis for each major haplogroup
(Supplementary Table 11). The meta-analyses only included
data sets with at least 50 samples of the major haplogroup.
Major haplogroup E was nominally significant (P <0.05)
but did not pass multiple test correction (P <0.05/10).

Logistic regression was conducted on each data set for
each full haplogroup obtained from all three haplogroup
calling tools to identify variants making up haplogroups
that predict disease status. Logistic regression was only per-
formed on haplogroups that had 50 or more samples in the
data set (Supplementary Table 12). These results were com-
bined to perform a meta-analysis for each full haplogroup
present in at least two of the cohorts. No full haplogroups
were significant after multiple test correction (P<0.05/
12 =0.00416; Supplementary Table 13).

Plink logistic regression was performed to identify
Y-chromosome variants associated with Parkinson’s disease

while adjusting for covariates of age, one-hot encoded major
haplogroup and the first five autosomal principal compo-
nents. METAL was used to meta-analyse the AMP-PD case/
control, UKBB case/control, UKBB proxy/control and
NeuroX case/control data sets together. However, given the
lack of Chromosome Y coverage in the UKBB and NeuroX
cohorts, very few variants could be meta-analysed
(Supplementary Table 14). In total, we meta-analysed 29 var-
iants and none passed correction for multiple testing. A sep-
arate analysis of the AMP-PD data identified a total of 241
Y-chromosome variants with a P-value of <0.05, but none
passed multiple test correction (Supplementary Table 15).

In addition to assessing genetic associations between
chromosome Y and Parkinson’s disease, we investigated (i)
if the PARs affect gene quantifications of Y-chromosome
genes, (ii) whether blood and brain gene expression of the
Y chromosome is comparable and (iii) whether gene expres-
sion differences of the Y chromosome are associated with
Parkinson’s disease or Y-chromosome haplogroup.
Previous studies have suggested that the removal of the
Y chromosome, including Y PARs, from the reference
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Figure 3 Y-chromosome genetic principal components with Y-chromosome major haplogroups. The first two principal
components are plotted with all major haplogroups (A) and with major haplogroups A, B and one outlier sample removed (B).

genome improves mapping quality and alters downstream
variant calling results across the X chromosomes of female
samples.?? To determine if similar behaviour exists on the
Y chromosome of male samples, we measured differences
in Y-chromosome gene expression when masking Y PARs
in male samples. To do so, we re-quantified frontal cortex
expression in NABEC samples using a Y PAR masked ref-
erence genome and a reference genome including Y PARs.
EdgeR was used to compare the results of these two meth-
ods. Thresholded testing was applied using the glmTreat
function to test for differential expression relative to a
minimum log-fold change of two, instead of the default
log-fold change of zero. This resulted in 17 differentially
expressed genes (Supplementary Table 16). All of these
genes were upregulated in samples mapped to the Y PAR
masked reference genome and were located in PARs.
Therefore, we concluded that the presence of Y PARs
would not impact any additional analysis of
Y-chromosome gene expression.

Next, we conducted a linear regression with edgeR to
identify Y-chromosome genes differentially expressed be-
tween brain and blood tissues to assess whether blood ex-
pression could be used as a proxy for brain gene
expression. Using blood expression from the 1020
AMP-PD samples and brain expression from the 171
NABEC samples, we identified a total of 208 genes upre-
gulated in blood tissues, 53 genes upregulated in brain tis-
sues and 14 genes that were not differentially expressed in
either of the tissues. Thresholded testing relative to a log-

fold change of two was applied, resulting in a total of 163
genes upregulated in blood tissues, 27 genes upregulated
in brain tissues and 85 genes that were not differentially
expressed, suggesting blood is a poor proxy for brain tis-
sue when quantifying gene expression (Supplementary
Table 17).

Finally, we assessed whether gene expression differences
on the Y chromosome are associated with Parkinson’s dis-
ease or Y-chromosome haplogroup. Genes differentially ex-
pressed in Parkinson’s disease cases and controls were
identified with edgeR using the blood-derived AMP-PD
data. One pseudogene, KDMSDP1, was significantly upre-
gulated in some cases but did not remain significant after
thresholded testing relative to a log-fold change of two
was applied (Supplementary Table 18). Next, differences
in Y-chromosome gene expression between major hap-
logroups were identified in AMP-PD samples using edgeR.
Only major haplogroups present in at least 40 samples
were compared, leaving major haplogroups E, G, 1, J and
R (Supplementary Fig. 2). After filtering out genes with
low expression, we identified a total of 64 genes upregulated
in individuals with major haplogroup G and eight genes up-
regulated in samples with major haplogroup J. Four of these
72 genes had a log-fold change greater than two
(Supplementary Fig. 3). None of the total 240 genes were
differentially expressed in major haplogroup E,I and R sam-
ples when compared with samples with different hap-
logroups. However, when we applied thresholded testing
relative to a log-fold change of two, no genes were
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differentially expressed in haplogroup

(Supplementary Tables 19-23).

any major

Discussion

Here we assessed whether Y-chromosome variation contri-
butes to Parkinson’s disease using the largest publicly avail-
able case/control Parkinson’s disease data sets containing
Y-chromosome genotypes. We used three different tools,
each with their own algorithm and reference data, to call Y
haplogroups. Reference data from each tool were compared
to determine if the use of each tool’s reference data would al-
low for an unbiased comparison between haplogroup calling
tools (Supplementary Fig. 4). Y-LineageTracker included
more variants compared with the other tools (73223 for
Y-LineageTracker, 16551 for Yhaplo and 29586 for
Snappy; Supplementary Fig. 4B). Additionally, the AMP-PD
data set, the data set with the most variants, had more variants
in Y-LineageTracker’s reference data compared with the other
two tools (8863 for Y-LineageTracker, 2712 for Yhaplo and
3961 for Snappy; Supplementary Fig. 4C). However, Yhaplo
had the largest percentage of variants in its reference file in-
cluded in all three cohorts (~16% for AMP-PD, ~1.3% for
UKBB, ~0.3% for NeuroX) (Supplementary Fig. 4D). In spite
of this, reference data from Y-LineageTracker were used for
downstream analysis because it was the most up-to-date and
the largest of the three reference data sets. Haplogroup fre-
quency comparisons between data sets with default and up-
dated Y-LineageTracker reference data showed little change
between major haplogroups (~87 to ~99% samples with
the same major haplogroup when using original versus up-
dated reference data), but full haplogroups showed a much
larger change (~0.2 to ~43% samples with the same full hap-
logroups when using original versus updated reference data)
and an increase in the number of unique full haplogroups,
confirming our hypothesis that use of each tool’s original ref-
erence data would lead to biased results when comparing tools
(Supplementary Table 8).

The three haplogroup calling tools had the highest con-
cordance rates for major haplogroups in the AMP-PD co-
hort. Differences were more pronounced in the UKBB and
NeuroX cohorts; however, the major haplogroup was typic-
ally consistent (Fig. 2). This is likely due to the smaller num-
ber of variants included in these genotyped cohorts
compared with the WGS AMP-PD cohort.

Major haplogroup R was the most common in all three of
our cohorts (AMP-PD, UKBiobank and NeuroX), being
present in at least half of all samples. Our comparison
with other studies shows that the same is applicable for
European countries such as Belgium, The Netherlands,
the UK, Poland, Spain, Portugal and Belarus
(Supplementary Table 9). All included cohorts and these
countries had the same major haplogroup with the second
highest frequency (named I), with the exception of Spain
and Portugal. It should be noted that major haplogroup fre-
quencies in our included cohorts were distinct from those

BRAIN COMMUNICATIONS 2022: Page 9 of 13 | 9

found in the Northern African countries of Algeria and
Egypt and in areas of southern Europe, including Italy.
Samples included in our study were obtained from
European ancestry populations, so these comparisons sup-
port the accuracy and reliability of the Snappy, Yhaplo and
Y-LineageTracker haplogroup calling tools for determining
major haplogroups.

However, the same cannot necessarily be stated for the com-
parability of these tools when assigning full Y-chromosome hap-
logroups. Of the three tools, Y-LineageTracker identified the
most unique full haplogroups in the AMP-PD and NABEC co-
horts and Yhaplo identified the most unique full haplogroups in
the UKBB and NeuroX cohorts (Supplementary Table 8). This
contrast is likely due to differences in algorithms used by the
tools and in Chromosome Y variant coverage across included
cohorts. However, only a small percentage (<20%) of the var-
iants explored through each tool were present in each of the
three cohorts. Therefore, it is possible that precise
Y-chromosome haplogroups were incorrectly assigned for
some samples. However, the similarity of major haplogroup fre-
quencies with past studies suggests these tools are very reliable
when identifying major haplogroups.

Y-LineageTracker was used to determine major hap-
logroups in our analyses because it identified the most unique
full haplogroups in the WGS AMP-PD data set and included
the most comprehensive and up-to-date reference data.
Interestingly, we observed a large difference between cohorts
when comparing the percentage of variants included in the
Y-LineageTracker reference data (~12.1% for AMP-PD,
~0.42% for UKBB and ~0.07% for NeuroX).

The large difference in percentages suggests that WGS data,
such as the AMP-PD data, are a much better fit for our analyses
than genotype data, such as the UKBB and NeuroX data. The
performance of these tools will likely increase as methods to
identify Y-chromosome variants improve, such as the develop-
ment of Y-chromosome imputation panels, allowing for a bet-
ter understanding of the relationship between Y-chromosome
haplogroups and Parkinson’s disease.

The meta-analysis of the logistic regression per haplogroup
identified no major haplogroups associated with Parkinson’s
disease after multiple test correction (Supplementary
Table 11). Likewise, a meta-analysis focusing on the more spe-
cific full haplogroups resulted in no full haplogroups asso-
ciated with Parkinson’s disease after multiple test correction
(Supplementary Table 13). No Y-chromosome variants were
found to be associated with disease after multiple test correc-
tion in the analysis of AMP-PD data or in a meta-analysis of
all data sets (Supplementary Tables 14 and 15). Therefore,
our analyses identified neither Y-chromosome haplogroups
nor Y-chromosome variants significantly associated with
Parkinson’s disease.

While Y-chromosome gene expression was overall low in
both brain and blood tissues, we identified clear differences
in Y-chromosome gene expression between these tissues
both before and after applying thresholded testing with a
log-fold change filter to the edgeR results (Supplementary
Table 17). This is in line with previous studies that have
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shown Y-chromosome genes to be most highly expressed in
sex-specific tissues.*’

A large proportion of genes were removed from the data
sets used in each differential expression analysis when genes
with zero expression in all samples were removed and when
the filterByExpr edgeR function was used. After applying
these filters, a total of 22 049 of the 60 708 (including auto-
somal genes) NABEC genes remained for the Y PAR ana-
lysis, 275 of the 553 genes remained for the NABEC brain
versus AMP-PD blood analysis, 278 of the 563 AMP-PD
genes remained for the Parkinson’s disease case/control ana-
lysis and 240 of the 563 AMP-PD genes remained for the ma-
jor haplogroup analysis.

Comparison of gene expression between samples mapped
to a reference genome without Y PARs and samples mapped
to a reference genome with Y PARs identified a total of 17
genes significantly upregulated in the samples without Y
PARs. All of these genes were located in PAR regions on
the X chromosome. This was expected, because Y PARs
were not present in the reference genome used for these sam-
ples. Gene expression was not significantly different for
genes in any other areas of the genome. This suggests that
masking PARs when quantifying gene expression likely
does not significantly alter expression levels of genes outside
of PARs when using brain derived data sets.

Differences in gene expression between major hap-
logroups were identified in major haplogroups G and ]
(Supplementary Tables 20 and 22). Genes with high log-fold
change values displayed clear differences in expression levels
between samples (Supplementary Fig. 3). However, none of
these genes remained significant after thresholded testing
was applied, suggesting gene expression patterns are not spe-
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lack of differentially expressed genes in the Parkinson’s dis-
ease case/control analysis, suggesting Y-chromosome gene
expression patterns are not specific to disease status
(Supplementary Table 18).

To-date, chromosome Y Parkinson’s disease studies have
focused on several genes, including SRY. In vitro studies sug-
gest upregulation of SRY protects against 6-hydroxydopa-
mine induced Parkinson’s disease in male dopaminergic
neurons.*® An iz vivo study has demonstrated that inhibition
of SRY diminishes dopaminergic cell damage in 6-hydroxy-
dopamine and rotenone induced Parkinson’s disease rat
models.*” A study of Parkinson’s disease in Asian popula-
tions has found no significant association between SRY var-
iants and disease risk.*® In concordance with this study, we
found no significant SRY variants to be associated with
Parkinson’s disease and expression patterns of SRY in brain
and blood tissue was overall low, suggesting this gene does
not play a major role in Parkinson’s disease (Fig. 4).
Mouse studies have shown that SRY expression is precisely
regulated during embryonic development, going from high
to low expression in a few days, to properly trigger male de-
velopment.*” This suggests an assessment of SRY expression
in the brain of older individuals, like in our study, may be of
limited use. Additionally, SRY indirectly leads to the produc-
tion of testosterone, a steroid found to be significantly low-
ered in human Parkinson’s disease cases.’” Findings such
as these suggest SRY, or other genes involved in sex deter-
mination or hormone regulation, may indirectly influence
male neurobiology, potentially explaining the increased
prevalence of Parkinson’s disease in males.”"

While our analyses included a large number of samples
and Y-chromosome variants, further inspection of the in-

cific to Y-chromosome haplogroups. There was a similar cluded variants reveals that a large portion of
A AMP-PD SRY (ENSG00000184895.7) Expression B NABEC Cortex SRY (uc004fqg.1) Expression
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Figure 4 SRY expression in blood from AMP-PD samples and frontal cortex from NABEC samples. SRY counts were obtained from
featureCounts grouped by case/control status and major haplogroup in blood tissues using AMP-PD data (A) and in brain tissues using NABEC

frontal cortex data (B).
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Chromosome Y remains to be explored (Supplementary Fig.
5). This empty region, spanning ~30 megabases, is a known
heterochromatic region of Chromosome Y, often referred to
as Yq12 and consists mostly of DYZ1 and DYZ2 repeats.’>
This region, covering ~50% of Chromosome Y, and the two
PARs were not covered in our analyses due to lack of data.
Therefore, our assigned haplogroups only account for the
euchromatic and non-recombining areas of Chromosome
Y. Interestingly, relatively few variants overlapped between
each cohort and the Y-LineageTracker reference data used
to assign haplogroups, suggesting single variant analyses
are a logical next step after haplogroup association to inves-
tigate variants not included in haplogroup assignment
(Supplementary Fig. 4C).

The heterochromatic region on the long arm of
Chromosome Y has typically been left out of sequencing stud-
ies due to the difficulties involved in sequencing highly repeti-
tive regions, leading some to assume this region is genetically
inert and unimportant.’®> However, numerous studies have
shown that this may not be the case. For example, noncoding
RNA transcribed from heterochromatin on Yq12 has been
shown to regulate isoforms of CDC2L2, a chromosome one
gene.”* Variation in Yq12 heterochromatin has been reported
in humans, but its significance is unknown.’> Additionally,
partial Y chromosomal heterochromatin deletions have been
shown to induce increased vulnerability to stress in mice and
reduced neurogenesis in the hippocampus.®® These findings
support previous predictions that heterochromatin may be in-
volved in the regulation of euchromatic gene expression.’’
Methods such as long read sequencing are likely required to
properly characterize the heterochromatic and repetitive
Yq12 region of Chromosome Y.’® Future studies will need
to take this into account when reassessing the role of
Chromosome Y in Parkinson’s disease.

Overall, our data suggest that genetic variation on
Chromosome Y does not have a major effect on risk for
Parkinson’s disease. However, disease association may exist
in Y-chromosome variants not included in this study.
Additionally, regulatory Y-chromosome variants may indir-
ectly affect Parkinson’s disease risk. Future research will
need to reassess these scientific questions once additional
WGS data and more genetically diverse data are available.
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