npj | parkinson’s disease Article

Published in partnership with the Parkinson’s Foundation

https://doi.org/10.1038/s41531-024-00704-3

Genetic variation and pesticide exposure
influence blood DNA methylation
signatures in females with early-stage
Parkinson’s disease
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Although sex, genetics, and exposures can individually influence risk for sporadic Parkinson’s disease
(PD), the joint contributions of these factors to the epigenetic etiology of PD have not been
comprehensively assessed. Here, we profiled sex-stratified genome-wide blood DNAm patterns, SNP
genotype, and pesticide exposure in agricultural workers (71 early-stage PD cases, 147 controls) and
explored replication in three independent samples of varying demographics (n =218, 222, and 872).
Using a region-based approach, we found more associations of blood DNAm with PD in females (69
regions) than in males (2 regions, AB,qj| 20.03, paq; < 0.05). For 48 regions in females, models including
genotype or genotype and pesticide exposure substantially improved in explaining interindividual
variation in DNAm (o, < 0.05), and accounting for these variables decreased the estimated effect of
PD on DNAm. The results suggested that genotype, and to a lesser degree, genotype-exposure
interactions contributed to variation in PD-associated DNAm. Our findings should be further explored
in larger study populations and in experimental systems, preferably with precise measures of
exposure.

Parkinson’s disease (PD) is a neurodegenerative disorder, the prevalence of
which is increasing worldwide, affecting an estimated 9.4 million individuals
as of 2020"%. PD is associated with aggregations in the brain known as Lewy
bodies, composed primarily of a-synuclein protein, which are confirmed
upon post-mortem examination and begin accumulating years to decades
prior to the onset of motor symptoms and clinical diagnosis’. Beyond the
brain, inflammatory changes are also associated with PD, as reduced lym-
phocyte levels can be detected prior to motor symptom onset*. As clinical

PD progresses over an approximately 14-year period from diagnosis to the
most advanced disease stage (Hoehn and Yahr stage V), studying living
individuals at the earliest stage of the disease may provide insight into its
molecular etiology at a time when sufficient symptoms have appeared for
diagnosis and similar pathology to the pre-symptomatic stage is assumed to
be present’. While approximately 10% of PD cases show monogenic
inheritance, the remaining 90% are considered “sporadic,” with common
genetic variations and environment/lifestyle factors influencing the

'Edwin S. H. Leong Centre for Healthy Aging, Faculty of Medicine, University of British Columbia, Vancouver, BC, Canada. 2Centre for Molecular Medicine and
Therapeutics, BC Children’s Hospital, Vancouver, BC, Canada. *Department of Medical Genetics, University of British Columbia, Vancouver, BC, Canada.
“Bioinformatics Graduate Program, University of British Columbia, Vancouver, BC, Canada. *Université Paris-Saclay, UVSQ, Inserm, Gustave Roussy, CESP,
94805 Villejuif, France. ®Department of Genetics/Epigenetics, Faculty NT, Saarland University, 66041 Saarbriicken, Germany. “Sorbonne Université, Institut du
Cerveau-Paris Brain Institute-ICM, INSERM, CNRS, Assistance Publique Hopitaux de Paris, Paris, France. ®Sorbonne University, Assistance Publique Hopitaux de
Paris, Paris Brain Insitute — ICM, Inserm, CNRS, Department of Neurology and CIC Neurosciences, Pitié-Salpétriére Hospital, Paris, France. °Paul Allen School of
Computer Science and Engineering, University of Washington, Seattle, WA, USA. '®These authors contributed equally: S. L. Schaffner, W.

Casazza.'"These authors jointly supervised this work: J. K. Dennis, A. Elbaz, M. S. Kobor. *A list of authors and their affiliations appears at the @ Parkinson’s
end of the paper. ></e-mail: michael.kobor@ubc.ca 4 Foundation

npj Parkinson’s Disease | (2024)10:98 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s41531-024-00704-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41531-024-00704-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41531-024-00704-3&domain=pdf
http://orcid.org/0000-0003-1619-1174
http://orcid.org/0000-0003-1619-1174
http://orcid.org/0000-0003-1619-1174
http://orcid.org/0000-0003-1619-1174
http://orcid.org/0000-0003-1619-1174
http://orcid.org/0000-0002-4636-4710
http://orcid.org/0000-0002-4636-4710
http://orcid.org/0000-0002-4636-4710
http://orcid.org/0000-0002-4636-4710
http://orcid.org/0000-0002-4636-4710
http://orcid.org/0000-0001-6408-0351
http://orcid.org/0000-0001-6408-0351
http://orcid.org/0000-0001-6408-0351
http://orcid.org/0000-0001-6408-0351
http://orcid.org/0000-0001-6408-0351
http://orcid.org/0000-0003-4158-2601
http://orcid.org/0000-0003-4158-2601
http://orcid.org/0000-0003-4158-2601
http://orcid.org/0000-0003-4158-2601
http://orcid.org/0000-0003-4158-2601
http://orcid.org/0000-0001-7325-0199
http://orcid.org/0000-0001-7325-0199
http://orcid.org/0000-0001-7325-0199
http://orcid.org/0000-0001-7325-0199
http://orcid.org/0000-0001-7325-0199
http://orcid.org/0000-0001-9724-5490
http://orcid.org/0000-0001-9724-5490
http://orcid.org/0000-0001-9724-5490
http://orcid.org/0000-0001-9724-5490
http://orcid.org/0000-0001-9724-5490
http://orcid.org/0000-0003-4140-1743
http://orcid.org/0000-0003-4140-1743
http://orcid.org/0000-0003-4140-1743
http://orcid.org/0000-0003-4140-1743
http://orcid.org/0000-0003-4140-1743
mailto:michael.kobor@ubc.ca

https://doi.org/10.1038/s41531-024-00704-3

Article

etiology’. The complex etiology, late-life, gradual onset of symptoms, and
the presence of inflammatory changes and Lewy bodies prior to clinical
diagnosis of sporadic PD highlights the need for a heightened under-
standing of early-stage disease pathogenesis, using peripheral tissue samples
such as blood, saliva, and cerebrospinal fluid (CSF) that can be obtained in a
minimally invasive manner in living patients’. Improving our under-
standing of molecular changes associated with early PD could also present
new opportunities for early interventions, that ideally might slow the course
of disease progression”®.

DNA methylation (DNAm), the most commonly studied epigenetic
mark in human populations, may embed genetic and environmental con-
tributions to PD risk, and when measured in blood, it can also reflect
immune-based changes observed in early PD pathogenesis*’. Blood DNAm
changes have been detected in prodromal PD and in patients with a disease
duration of 4 years or less (Hoehn and Yahr stage <3), suggesting that
DNAm could be used to assess molecular changes in patients with early- to
mid-stage PD'"'". However, although several studies reported PD-
associated changes in blood DNAm at site-specific and regional levels, the
number of associations replicated between studies decreased as sample size
increased, with the largest blood-based PD epigenome-wide association
study (EWAS) to date reporting that only two cytosine-guanine (CpG) sites
remained after a meta-analysis consisting of over 2000 individuals of Eur-
opean descent (1132 cases, 999 controls)'*"*"". This resembles the “Win-
ner’s Curse” effect commonly discussed in genetic analysis, where genome-
wide association (GWAS) studies show low replication across independent
studies'®. The “Winner’s Curse” in PD EWAS may be explained by con-
siderable heterogeneity in study design, population structure, disease pre-
sentation, pathology, genome, individual lifestyle factors, and exposure
history across individuals diagnosed with PD. As such, a balance between
achieving sufficient power for detection of possible PD-associated DNAm
differences while addressing the wide range of variation in PD and its risk
factors is desirable for the next generation of PD EWAS studies.

In addition, most PD EWAS to date have been performed in patients
with advanced PD, and the majority used single-CpG approaches, which do
not easily capture the spatially correlated nature of DNAm. A few studies
applied region-based approaches including comb-p, DMRcate, and Bum-
pHunter, which can address this spatial correlation and reduce the multiple
test correction burden in high-dimensional EWAS; however, replication of
results between these studies was limited'*”'’. Other region-based
approaches such as the recently developed CoMeBack have built upon
DMRcate by identifying correlated DNAm patterns within individuals in an
unsupervised manner, which has the potential to improve reproducibility
between studies'”. Taken together, the extent to which regional changes in
DNAm early in the course of PD progression can be consistently detected
across different populations remains to be elucidated.

At a conceptual level, DNAm patterns are associated with many of the
same genetic and environmental factors which underpin PD risk, presenting
additional challenges in epigenetic studies of PD. For instance, single
nucleotide polymorphisms (SNPs) contribute to approximately 20% of
variation in population blood DNAm levels**'. Sporadic PD also has a
genetic component, as evidenced by twin studies indicating an overall
heritability rate of 27%, with 90 common genetic variants accounting for
roughly 22% of this risk”*’. In attempts to explain the substantial remainder
of PD risk not attributed to genetic variation, a number of environmental
and lifestyle-related factors have also been shown to be associated with either
increased (e.g., pesticides, dairy intake, solvents, head trauma) or decreased
(e.g., smoking, caffeine intake, physical activity, ibuprofen use) risk of PD at
a population level>’. Among these, pesticide exposure is one of the most
well studied environmental risk factors for the development of PD, with
support from both epidemiological and experimental research. Case-
control and cohort studies in different countries have shown replicable
associations between occupational or environmental exposure to pesticides
and PD incidence’*. Early- and mid-life exposure to environmental tox-
icants has been hypothesized to initiate the abnormal accumulation of a-
synuclein in some individuals, possibly to a different extent in those with

genetic risk factors for sporadic PD**. Occupational and ambient pesticide
exposure also influence blood DNAm levels in PD patients and in adults
without PD, possibly in a sex-specific manner” . However, the mechan-
isms by which these environmental insults interact with the genome are not
well understood.

The joint impacts of SNP genotype and exposure on DNAm patterns
represent one potential mechanism for the contribution of such gene-
exposure interactions to PD risk, highlighting the importance of obtaining
genotyping and DNAm data from the same individuals for surveying gene
(G) x exposure (E) effects in PD epigenomics’*”. While a small number of
studies have separately assessed impacts of genotype or pesticide exposure
on DNAm patterns in PD patients, further research is needed to replicate
these associations and assess G x E interactions. To the best of our knowl-
edge, only two studies examined DNAm patterns in blood from PD patients
with regard to genotype, neither of which used genetic data from the same
individuals, and instead used publicly available GWAS data to investigate
associations between DNAm and genotype in PD'**. With respect to
pesticides, whether exposure impacts the association between PD and
altered DNAm levels is not yet fully understood”. However, exposure to
organophosphate (a widely used insecticide) affected DNAm patterns dif-
ferently in PD patients and healthy controls, suggesting possible interactions
between exposure, DNAm, and disease™. A recent small EWAS in 20
individuals with PD also reported blood DNAm differences between
patients who were or were not exposed to organochlorine insecticides,
though, studies with larger sample sizes are required to validate these
findings®.

Finally, biological sex also affects PD incidence, onset, and presenta-
tion, as well as influencing variation in DNAm"'~*. For example, the inci-
dence of PD is 1.5-2-fold higher in males than in females, and the origin of
this difference largely remains to be elucidated>***. Males with PD are also
more likely to experience cognitive decline and faster progression of diffi-
culties with activities of daily living, while females are more likely to
experience dyskinesia”’. Understanding the impact of PD in each sex is
important, particularly as females are more likely to experience side effects
of current PD treatments®. In addition, the prevalence of several of the
exposures associated with PD risk (e.g., smoking, pesticides) is considerably
different in men and women*'. Lastly, sex differences in routes of exposure
(e.g., household vs. occupational pesticide use) and mechanisms of exposure
(e.g., bio-accumulation in adipose tissue) are often present and may or may
not be reflected in exposure measurement**™*. However, most genetic and
epigenetic studies of PD to date have opted to control for sex as a covariate
rather than examining sex-specific aspects of PD etiology, with the excep-
tion of a recent sex-stratified EWAS in post-mortem brain'®'>'*!>24>2%%,

Overall, the gaps in existing research highlight the opportunity for
determining the degree to which findings from DNAm studies in PD may be
influenced by differences in sex, genetic background, and/or exposure his-
tory, and further research in patients in the early stages of the disease is
required to better understand the underlying biology at a time when some
interventions might be most impactful. In this study, we leveraged a unique
sample of French agricultural workers with early-stage sporadic PD
(TERRE) for whom detailed pesticide exposure history, whole-blood
DNAm, and genotype data were available to identify possible region-based
blood DNAm changes associated with early-stage PD. Individuals from
TERRE were stratified by sex due to sex differences in PD, autosomal
DNAm, and rates of pesticide exposure*~*>*". DNAm signatures of PD were
subsequently replicated in three independent samples, and tested for their
sensitivity to individual genotype and exposure to pesticides.

Results

Predicted immune cell type composition was largely unaltered
between PD cases and controls in TERRE

As immune cell type differences have been reported in PD, we first used
DNAm profiles to bioinformatically derive blood cell type proportions in
TERRE and test for possible case-control shifts*'*'*. For comparison, we also
predicted cell type composition from DNAm profiles in three independent
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a Discovery sample
Sex-stratified epigenome-wide association analysis;
Quantification of G and E influences on DNAm

TERRE

n = 224 cases, 557 controls used for pesticide exposure imputation

Patients with disease duration < 1.5 years and matched controls,
profiled by EPIC BeadChip array
n = 88 cases, 177 controls

Outlier removal from DNAm data
n =74 cases, 157 controls

4
Individuals with genotyping
n =71 cases, 147 controls

/\

Females
n = 33 cases, 67 controls

Males
n = 38 cases, 80 controls

b Replication samples
Replication of PD-associated DNAm differences discovered in TERRE

DIGPD
Individuals from the first study time point (patient disease duration < 2 years),
profiled by EPIC BeadChip array
n = 153 cases, 189 controls

Outlier removal from DNAm data
n = 140 cases, 138 controls

N5
Individuals with genotyping
n =112 cases, 117 controls

$
Individuals without monogenic mutations (GBA E46K, LRRK2 G2019S)
n =110 cases, 112 controls

’/\\

Females
n = 46 cases, 47 controls

PEG1
Publicly available 450K BeadChip DNAm array data
n = 335 cases, 237 controls

N5
Outlier removal from DNAm data
n = 312 cases, 227 controls

4
Propensity matching between cases/controls and with TERRE
(age, predicted neutrophil proportion, predicted smoking, ethnicity)

n =102 cases, 116 controls (1:1 ratio with TERRE)

/-/\\

Females Males
n = 46 cases, 54 controls n =56 cases, 62 controls

Fig. 1 | Overview of discovery and replication samples assessed in this study.
a Discovery sample (TERRE). b Replication samples (PEG1, DIGPD, and SGPD).
The final numbers of individuals retained after propensity matching on the indicated

Males
n = 66 cases, 63 controls

SGPD
Publicly available 450K BeadChip DNAm array data
n = 959 cases, 930 controls

<
Outlier removal from DNAm data
n = 893 cases, 858 controls

4
Propensity matching between cases/controls and with TERRE
(age, predicted neutrophil proportion, predicted smoking, ethnicity)
n = 444 cases, 428 controls (4:1 ratio with TERRE)

//A\

Females Males
n =201 cases, 199 controls n = 243 cases, 229 controls

variables 1) between cases and controls, within each sample, followed by 2) with
TERRE are shown.

samples with differing demographics (Parkinson’s Environment and Genes
study, wave 1 (PEG1), including individuals with disease duration <3 years
recruited from agricultural regions in California, # = 539; Drug Interaction
With Genes in Parkinson’s Disease (DIGPD), including individuals with
disease duration <2 years recruited from clinics in France, n =222; and
System Genomics of Parkinson’s Disease (SGPD), including individuals of
varying disease duration recruited from clinics in Australia and New
Zealand, n=1751), two of which (PEG1 and SGPD) were previously
published by others'*"* (Fig. 1).

Female PD cases from TERRE showed nonsignificant trends
(Pagj > 0.05) toward lower neutrophil proportion and higher natural killer
(NK) cell proportion, in contrast to the decreased NK cells and elevated
neutrophils reported previously with PD status and recapitulated in our
analysis of DIGPD, PEG1, and SGPD (Fig. 2a, Supplementary Fig. 1A)*'*"*.
Conversely, males with PD had nonsignificant trends (p.q; > 0.05) toward

decreased CD8" and CD4" naive T cell proportions and decreases in other
lymphocytes and increases in neutrophils, more consistent with previously
reported immune cell type changes in PD and with the cell type composition
profiles we calculated in the three independent samples (Fig. 2b, Supple-
mentary Fig. 1B)*'*". To reduce the influence of these cell type proportions
on DNAm in TERRE, robust principal components (PCs) of cell type
composition were included as covariates in all downstream analyses.

Sex-specific differential DNA methylation was associated with
early-stage PD in TERRE in region-based epigenome-wide
association analysis

Adopting a reference co-methylated region (CMR)-based method, which
can detect regional DNAm patterns correlated within and across individuals,
we performed differential DNAm analysis between PD cases and controls
on whole-blood reference CMRs with stratification by sex (n = 100 females
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a TERRE case-control cell type differences in females
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b TERRE case-control cell type differences in males
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Fig. 2 | Predicted immune cell composition in PD cases and controls from
TERRE, stratified by sex. a Predicted cell type proportions in females from TERRE
(n=100). Dark pink: PD cases; bright pink: controls. b Predicted cell type propor-
tions in males from TERRE (n = 118). Dark blue: PD cases; light blue: controls.

CD4nv

x
Z

CD4mem 7|
Treg
CD8nv
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Padj > 0.05 for all case-control comparisons (¢ test with Benjamini-Hochberg
adjustment). Centre line: median; box limits: 25th and 75th percentiles; whiskers:
1.5 x interquartile range.

and 118 males) (Fig. 3a). 83% of the 42,776 reference CMRs covered in
TERRE (35,561 CMRs) had one or more probes that overlapped with cus-
tom CMRs called directly in TERRE using a minimum Spearman correla-
tion of 0.3 and maximum distance cutoff of 1kb, indicating good
correspondence between the reference and our dataset'.

With an adjusted p value cutoff of 0.05 and an absolute median CMR
AB.g; (PD case-control DNAm difference) cutoft of 0.03, 69 CMRs were
differentially methylated in the females-only analysis (median |AB,4;|0.044,
IQR 0.035-0.056) (Fig. 4a, Table 1, Supplementary Table 1), and two CMRs
were differentially methylated in the males-only analysis (median AB,g;

0.047 and 0.038) (Fig. 4b, Table 2), all of which had variable DNAm (range
>0.05 between the 10th and 90th percentiles of median {3 values for each
CMR) in both sexes except for two CMRs from the females-only analysis
(VSIGI and chrX:145509155-145509522). Simulations using the pwrE-
WAS tool indicated approximately 80% power to detect this number of
associations in females and 85% power to detect this number of associations
in males, using our significance and effect size thresholds (see Methods)™.
The total number of differentially methylated CMRs passing these thresh-
olds in each sex was higher than expected by chance (female enrichment
Pagj = 0.006, male enrichment p, g = 0.022, 1000 permutations).
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a Data collection and differential DNA methylation analysis

TERRE individuals with early-stage PD (n=71) and matched controls (n=147)

Occupational pesticide exposure
questionnaire and interview l

hd

DNA methylation
EPIC arrays (>850,000 CpGs)

Whole * DNA

Genotyping
NeuroChip arrays (>480,000 SNPs;

Sex-stratified differential
methylation analysis

b Quantification of G, E, and GxE: AlC-based model ranking
Which model best explains DNAm at PD-associated CMRs?

@

ooy
AR
D

Y
1 G 2 E

o0
S
.

Y
3 6 +

Fig. 3 | Overview of pesticide exposure, DNA methylation, and genotype data
generation and analysis in TERRE. a Pipeline for collection of pesticide exposure
history, identification of differentially methylated regions, and SNP genotyping.

b Overview of quantification of G, E, and G x E effects using AIC to rank variance

>8.3M SNPs post-imputation)

of

G: SNPs within 75kb
E: Imputed pesticide exposures
GXE: SNP-pesticide interaction

g

explained by G, E, G + E, and G x E models at each co-methylated region (CMR).
Pesticide icon created by Iconjam—Flaticon. Notepad icon created by Freepik—
Flaticon. DNA helix icon created by ranksol graphics—Flaticon.

In the analysis in females only, CMR size ranged from 7-2606 base
pairs (bp), covering 2-13 EPIC probes (average 368 bp in length, 3 probes
per CMR) (Table 1, Supplementary Table 1). Differentially methylated
CMRs in females mapped to 50 genes, including cell signaling proteins (e.g.,
ARAF, ST5, DLGAPI), transcription and translation regulators (e.g., FRX2,
NFATCI, CRTCI), and ion and nucleotide transporters (CACNAIH,
SLC35A1, SLC1A7, and SLC25A18) (Table 1, Supplementary Table 1). In
the analysis in males only, CMRs were 495 and 760 bp in length, covering 2
and 5 probes, respectively (Table 2). One of the two differentially methylated
CMRs in males mapped to the ANOS (Cl™ transport) and DDA (poly-
ubiquitination) genes, while the other was annotated to C60rf10 (encoding a
multifunctional, ubiquitously expressed protein) (Table 2). No differentially
methylated CMRs overlapped between the female- and male-specific ana-
lyses, and all CMRs differentially methylated by PD status in females except
for three (chr3:137228231-137228637, SPO11, and ASRGLI) had little or
no effect in the opposite sex (Supplementary Fig. 2). When males and
females were combined in an additive model, adjusting for the same cov-
ariates as well as for sex, only the chr3:137228231-137228637 CMR met
significance and effect size thresholds; other CMRs had correlated DNAm
patterns between sexes, with median AB,4; < 0.03 (Supplementary Fig. 3).
Overall, these results indicated that more PD-associated differential DNAm
was detectable in females from TERRE than in males.

A subset of PD-associated differentially methylated CMRs in
females from TERRE replicated in independent populations

In order to explore the underpinnings of variance in DNAm at PD-
associated differentially methylated CMRs, we conducted replication ana-
lyses in three independent samples with differing demographics (PEG1,
DIGPD, and SGPD). To test for replication and to examine overall con-
cordance in the magnitude of PD-associated DNAm differences at a larger
number of regions, we assessed whether median AB,q; values for CMRs
meeting p,q; < 0.05in TERRE (508 CMRs in females, 7 CMRs in males) were
correlated across samples without imposing an effect size cutoff’>”. As the
PEGI study was most similar to TERRE, including individuals with shorter
disease duration living in agricultural regions, we expected DNAm patterns

in this sample would have the strongest correlation with DNAm patterns
observed in TERRE. CMR Af,4; values were weakly correlated between
TERRE and PEGI females (r =0.14, p = 0.075), and uncorrelated between
TERRE and SGPD females (r = —0.096, p = 0.24) (Supplementary Fig. 4).

As overall covariate balance (age, predicted smoking, and predicted
neutrophil proportion) differed between the PD cases and controls in each
replication sample (standardized mean difference (SMD) 0.57-0.86) and
between each replication sample and TERRE (SMD 0.79-2.37), we next
assessed the effects of propensity matching in order to reduce potential bias
related to this imbalance (final # =218 matched individuals in PEGI,
n=2872 SGPD; SMD 0.54-1.15; Supplementary Table 2). In matched
females, AB,q; values were positively correlated between TERRE and PEG1
(r=0.23, p=0.0048) and between TERRE and DIGPD (r=0.097,
p=0.029) and showed no correlation between TERRE and SGPD
(r=—-0.13, p=0.11) (Fig. 5a). Of the 69 CMRs differentially methylated at
|ABag; | = 0.03 in TERRE, 62% of those also covered by the Illumina 450 K
array (26/42) had the same effect direction in PEG1, higher than expected by
chance (p,q; = 0.014, 1000 permutations), as compared with 55% and 46% of
CMRs with the same effect direction in either SGPD or DIGPD, no greater
than expected by chance (p,g; > 0.41, 1000 permutations).

Finally, we considered individual CMRs as replicated if they were
differentially methylated in the same direction and at a similar magnitude to
TERRE (|AB,g| 2 0.03) in at least one other replication sample. Two of the
26 CMRs with the same effect direction in PEG1 had |AB,g > 0.03
(NFATCI, chr6:27569167-27570549), as did five of the 32 CMRs with the
same effect direction in DIGPD, including three EPIC array-specific CMRs
(EPIC/450 K shared: MPDUI, chr5:2334885-2335317; EPIC-specific:
DLGAPI, chr5:120966065-120966289,  chr13:112860420-112862113;
Fig. 5a, Supplementary Table 3). In males, AB,q; values were uncorrelated
between TERRE and all three matched replication samples
(r=—-0.48-0.012, p=0.52-0.98), no CMRs had |AB,g| = 0.03 in the same
direction as TERRE, and either one or neither CMR with |AB,g| = 0.03 in
TERRE had the same sign in TERRE and the replication samples, no greater
than expected by chance (Fig. 5b, Supplementary Table 4, p,g; > 0.72, 1000
permutations).
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Sex-stratified models:
Median CMR B ~ PD + age + smoking + alcohol
consumption + head trauma + cell type PCs 1-6 +
genotype PCs 1-3 + plate + row

a Females (n = 100)

| 1 ACTC1 gene body
AACNA Median ABadi=-0.049
P CACNA1H
5| TPTE2P1 4LEAC { . padj= 0022
9 3 .o
) [ - : i
>- 44 o 12 ® N il
g g ° /: Control
— . _—
—— 1
g e —— .

35086900 35086920 35086940 35086960 35086980

. chr15 coordinate
0.10 -005 000 005 0.0
Adjusted Delta Beta
69 DM-CMRs
|ABad] 2 0.03, pagj= 0.05
b Males (n = 118)
1.00
]
ANO8,DDA1 -
6 T e 9 —— — -
o 2 ,' PD
a2 = 0501 g o= Camo
= 9
a & Contol
e ANO&DDAT 3' UTR H
g 2 Median ABagj = 0.047
2 padj=0.019
17433800 17433900 17434000 17434100 17434200
0 chr19 coordinate

2 DM-CMRs
|ABad] = 0.03, pagj< 0.05

Fig. 4 | PD-associated differentially methylated CMRs identified with sex stra- pink: controls. b Volcano plot: Adjusted PD case-control DNAm differences in males
tification. a Volcano plot: adjusted PD case-control DNAm differences in females  from TERRE (n = 118). Colored points pass thresholds of median CMR |AB, | 2 0.03
from TERRE (1 = 100). Colored points pass thresholds of median CMR |AB,q4;| 20.03  and p,gj < 0.05. Inset: the ANO8/DDA1 3'UTR CMR is shown as a representative
and p,g;j < 0.05. Inset: the ACTCI CMR is shown as a representative example. y axis: §  example. y axis: B value (level of DNAm) in female subjects from TERRE. Dark blue:
value (level of DNAm) in female subjects from TERRE. Dark pink: PD cases; bright ~ PD cases; light blue: controls.

Genetic variation explained more variation in DNAm at PD- DNAm at CMRs across data sets, we next determined whether adding addi-
associated CMRs than exposure to pesticides tional covariates to the models could better explain DNAm at PD-associated
To assess additional sources of variation in DNAm at PD-associated CMRs ~ CMRs in TERRE. We focused on PD-associated CMRs from the female-
and elucidate potential reasons for the varying concordance of changes in stratified analysis, highlighting CMRs that replicated in at least one other study.
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Table 1 | Top 25 differentially methylated CMRs in females from TERRE (ranked by adjusted p value)

CMR coordinates CMR Number of EPIC probes  Gene(s) Gene p value BH-adjusted Adjusted AB
length (bp) inCMR feature(s) p value
chr15:100913934-100913949 15 2 4.02x107 0.003 —0.031
chr13:25506131-25506384 253 4 TPTE2P1, Body 1.36x10™° 0.003 —0.071
LOC646405
chr16:1217652-1217858 206 2 CACNATH Body 1.51x10°° 0.003 0.047
chr11:22454152-22454662 510 6 6.46x10° 0.007 0.039
chr11:19529541-19530094 553 2 NAV2, TSS1500, 597x10° 0.007 0.031
NAV2-AS5 Body
chr20:62865953-62866093 140 3 MYT1 Body 6.44x10° 0.007 0.034
chrX:47419673-47419691 18 2 ARAF TSS1500 6.83x10° 0.007 0.048
chr7:25608634-25608674 40 2 1.03x10™° 0.009 0.046
chr10:3282437-3282651 214 3 1.42x10°° 0.010 0.093
chr18:77280264-77280587 323 3 NFATC1 Body 1.89x10°° 0.010 0.064
chr19:57630202-57630662 460 10 USP29 TSS1500 2.34x10° 0.011 0.054
chr19:57630691-57630711 20 2 USP29 TSS1500 3.12x10° 0.013 0.049
chr3:137228231-137228637 406 3 3.47x10° 0.013 0.046
chr14:99641017-99641152 135 2 BCL11B Body 3.94x10° 0.014 0.078
chr6:160023581-160024145 564 6 411x10° 0.014 0.107
chr16:80351660-80351734 74 2 LOC102724084 Body 413x107° 0.014 0.061
chrX:145509155-145509522 367 2 424x10° 0.014 0.035
chr7:100701511-100701518 7 2 MUC17 3'UTR 490x107° 0.015 0.072
chr10:1531243-1531530 287 4 ADARB2 Body 573x10° 0.016 0.034
chr5:34494278-34494484 206 2 581x10° 0.016 0.038
chr11:75142012-75142450 438 2 KLHL35 TSS1500 751x10° 0.018 0.038
chr12:95226786-95226994 208 2 MIR492 TSS1500 9.03x10° 0.019 —0.082
chr15:33023237-33023587 350 2 GREM1 Body 9.60x10° 0.019 0.067
chr19:18888081-18889004 923 3 CRTC1 Body 1.03x10* 0.019 0.094
chrX:107306969-107307863 894 3 VSIG1 Body 1.20x10*  0.021 0.034

n =33 cases, 67 controls.

BH Benjamini-Hochberg; bp, base pairs, CMR comethylated region, adjusted Ap difference in DNAm between PD cases and controls, adjusted for age, head trauma, alcohol consumption, smoking, cell

type PCs 1-6, and genotype PCs 1-3.

Table 2 | Differentially methylated CMRs in males from TERRE

CMR coordinates CM Number of EPIC probes Gene(s) Gene feature(s) p value BH-adjusted Adjusted AR
length (bp) in CMR p value

chr19:17433773-17434268 495 2 ANOS8,DDA1 3'UTR 1.17x10°  0.019 0.047

chr6:32294470-32295230 760 5 C6orf10 Body 6.04x10°  0.039 0.038

n =38 cases, 80 controls.

BH Benjamini-Hochberg, bp base pairs, CMR comethylated region, adjusted A difference in DNAm between PD cases and controls, adjusted for age, head trauma, alcohol consumption, smoking, cell

type PCs 1-6, and genotype PCs 1-3.

Noting that both PD and variation in DNAm are affected by genetics
and environment, we explored how accounting for genotype (G), expo-
sure to pesticides (E), their additive effect (G + E), and their interaction
(GXE) could explain variation in DNAm at PD-associated CMRs in
TERRE, correcting for multiple testing accordingly (Fig. 3b). This can be
ascertained by ranking the relative fit of models including G, E, G + E, or
G x E terms as covariates explaining variance in DNAm at each CpG or
region’>””. Of note, this approach is distinct from exploring the overall
contributions of genotype and exposure to genome-wide DNAm patterns
in TERRE, which can be ascertained by examining each covariate as a
main effect and considering all CMRs and/or CpGs passing quality con-
trol (QC) as opposed to only PD-associated CMRs (Supplementary
Table 5).

For G, we considered each SNP within 75 kb of each PD-associated
CMR, and for E, we considered each available pesticide with at least 10% of
individuals exposed on average across imputations within each sex. This
included insecticides, fungicides, and overall exposure to pesticides during
gardening in females (Supplementary Table 6). For each CMR, we ranked all
models (baseline, baseline + G, baseline + E, baseline + G + E, or base-
line + G + E + G:E) by their Akaike Information Criterion (AIC) value,
which explained the goodness of fit for each model adjusting for the number
of covariates included in each model (Fig. 6a, b; Table 3; Supplementary
Table 7). Of the seven replicated CMRs in females, six showed significant
improvement over the baseline, four of which were best explained by a
G-only model (NFATCI, DLGAP, chr13:112860420-112862113,
chr5:2334885-2335317) and the two of which were explained by a G x E
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Fig. 5| Correlation of PD-associated blood DN A methylation patterns in TERRE
and other populations after propensity matching. CMRs that passed p,q; < 0.05 in
TERRE epigenome-wide association analyses in each sex are shown (508 total in
females: 155/508 covered in PEG1 and SGPD 450 K array datasets, 506/508 covered
in DIGPD; 7 in males: 4/7 covered in PEG1 and SGPD, 7/7 in DIGPD). x axis:
median CMR |AB,4| in individuals from TERRE; y axis: median CMR [AB,4] in
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individuals from PEG1 (matched for age, predicted smoking, and predicted neu-
trophil proportion), DIGPD, or SGPD (matched for age, predicted smoking, and
predicted neutrophil proportion). Pearson’s correlation coefficients (r) and p values
are shown. a Left to right: AB,4j correlations in females from PEG1, DIGPD, and
SGPD. b Left to right: AP, correlations in males from PEG1, DIGPD, and SGPD.

model with respect to exposure to fungicides (DLGAPI,
chr18:77280264-77280587) (Table 3). Across all CMRs differentially
methylated in females, 48 CMRs (70%) showed significant improvement
over the baseline, and were best explained by models including G either
alone (36 CMRs, 52%) or including G in an additive or interaction model
with pesticide exposure (12 CMRs, 17%; Supplementary Table 7). SNP
genotype at the RARS2, LOC286083, LOC646588, ANKLEI, CACNAIH,
GRAMD2B, P2RX2, RPS3, and TPTE2P1 genes explained DNAm patterns
at three or more PD-associated CMRs each in females (Supplementary
Table 7). Of the 12 CMRs influenced by an exposure in females, two were
best explained by a G + E model (CRTCI and chr2:10,637,974-10,638,073
influenced by overall gardening-level exposure; Supplementary Table 7),
and ten were best explained by a GXE model with either overall gardening-
level exposure (six CMRs), exposure to fungicides (three CMRs), or expo-
sure to insecticides (one CMR) (Supplementary Table 7). To distinguish the
overall associations of pesticide exposure with DNAm in TERRE from the
contributions of pesticide exposure to PD-associated CMR model fit in
TERRE, we also ran sex-stratified EWAS with overall pesticide exposure as
the main effect; as expected, more associations of pesticide exposure with
DNAm in males than in females were uncovered when considering CMRs

and CpGs regardless of their association with PD status (Supplementary
Table 5).

Next, we assessed how the observed contribution of PD status to
DNAm level at each CMR changed when this effect was considered inde-
pendently of underlying G, G + E, or G x E effects. To do so, we selected the
model with the minimum AIC for each CMR and assessed the change in PD
effect on DNAm when accounting for the SNP or SNP—exposure pair
underpinning the model (Fig. 6¢; Table 3; Supplementary Table 7). In
replicated CMRs, the magnitude of the |AB,g| with respect to PD status
increased for two CMRs (chr5:2334885-2335317, a change of 0.004, and
chr6:27569167-27570549, a change of 0.002; Table 3). The remaining five
replicated CMRs showed a decrease in |AB,g|, ranging from 0.002-0.033
(Table 3). Considering all CMRs differentially methylated in females from
TERRE, we observed a similar change in |AB,g| with respect to PD status:
this was decreased for the majority of CMRs (30 of 48 CMRs (63%)), albeit
with generally larger changes in |AB,qj| (between 0.0004-0.1481 change,
average 0.0211 change). Of the CMRs showing an increased |AB,g| for PD
status the increase was modest, with maximum increases of 0.0287 at
MUCI17 accounting for a G x E model with the SNP rs112404953 and
gardening-level exposure, 0.0163 at SLITRK5 accounting for the G model of
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Fig. 6 | Sensitivity of PD CMR DNAm to genetic and exposure variables. CMRs
that passed pqgj < 0.05 and median CMR |Af,g = 0.03 in TERRE epigenome-wide
association analyses in females were fit to an exposure (E), genetic (G), additive
(G + E), or interactive (GXE) model. a Number of CMRs with a minimum AIC
corresponding to each model. b Minimum AIC value corresponding to the

minimum AIC model for each CMR. ¢ Changes in effect of PD on DNAm (AB,q;)
corresponding to the minimum AIC model for each CMR, relative to the base model.
Arrows show the direction of change for each PD effect, and CMRs with a PD effect
that changed by >0.03 are labeled.

Table 3 | Summary statistics of the minimum AIC G x E models for PD-associated CMRs replicated in females

CMR coordinates CMR SNP Nearest gene Exposure AB(E) AB(G) AB(GxE) AIC AAICvs. Changein Adjusted p
gene (s) to SNP base |AB.gl(PD)  value (F test)
model vs.
base model
chr18:3624189-3624430 DLGAP1 rs12604364 DLGAP1-AS2 n/a n/a 0.10 n/a —300 -110 —0.033 1.41x107"®
chr18:7728026-77280587 NFATC1  rs79426764 DLGAP1-AS2  Fungicide 1.27 -0.14 -0.63 —-164 -50 -0.018 1.22x 1077
chr6:27569167-27570549 n/a rs10807026 RARS2 Fungicide 0.09 -0.03 -0.14 —-261 -29 0.002 6.57x10°°
chr5:2334885-2335317 n/a rs2628156 GRAMD2B n/a n/a -0.04 n/a —244 -15 0.004 2.65x107°
chr13:112860420-112862113 n/a rs200658161 TPTE2P1 n/a n/a —0.06 n/a —-200 -12 -0.010 2.61x1072
chr5:120966065-120966289  n/a rs72793312 GRAMD2B n/a n/a 0.03 n/a -334 -10 —0.002 4.30x1072

n/a an effect not estimated in the minimum AIC model for a given CMR, A (E) coefficient for E (pesticide exposure) term, Ap (G) coefficient for G (SNP genotype) term, Ap (GxE) coefficient for the interaction

between G (SNP genotype) and E (pesticide exposure).

rs954384, 0.0114 at BBOX1 accounting for a G x E model with the SNP
rs10742165 and gardening-level exposure, and 0.0104 at MIR7-3HG
accounting for a G x E model with the SNP rs7257678 and gardening-
level exposure; the remainder of increases were less than 0.01 (Supple-
mentary Table 7). Therefore, G effects generally explained part of the
variation in DNAm at CMRs previously attributed to PD, suggesting
that these factors contributed to the association between PD and DNAm.
Moreover, no SNPs within a 1-Mb window of each of these CMRs
showed evidence of association with PD in an independent GWAS,

indicating that it is unlikely the genetic effects found here were simply
explaining PD status®.

CMR DNAm was not associated with levodopa dosage in female
PD patients but showed inconsistent sensitivity to lag time
between pesticide exposure and sample collection

To rule out further potential sources of confounding, we performed sensi-
tivity analysis for female PD-associated CMRs in TERRE regarding levo-
dopa daily dosage (LED) and time since pesticide exposure. Twenty-three of
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33 female PD patients (70%) were receiving levodopa, and of these, 22
patients had LED information available. For each of the 69 PD-associated
CMRs in females, the model CMR median p ~ LED + age + plate + cell
type PC1 was run, using data from the 22 patients (Supplementary Meth-
ods). No CMRs had a median { associated with LED (all p,g; > 0.4).

We also assessed whether accounting for the lag time between pesticide
exposure and blood sample collection affected which model best explained
variation in DNAm for PD-associated CMRs in females. We assessed the
effect of exposures less than the median lag time across samples (i.e., recent
exposure) along with the effect of exposures greater than or equal to the
median lag time across all samples (i.e., past exposure, Supplementary
Methods). G models were still top-ranked for explaining CMR DNAm
when accounting for lag time in the majority of cases (31 of 36 CMRs where
G was originally top-ranked, or 86%). The five remaining CMRs that ori-
ginally had a top-ranked G model were better explained by GxE
(chr10:1531243-1531530, chr13:88328009-88330615, gardening, with
respect to different SNPs than in their top G model;
chr13:25506131-25506384, chr15:35086890-35086986, fungicide, both
with respect to the SNP in their previous top G model) or G + E models
(chr6:160023581-160024145, fungicide, with respect to the same SNP in its
previous top G model; Supplementary Tables 7 and 8). This likely resulted
from better fits of recent or past pesticide exposure with these models.
Neither lag time was consistently better at predicting changes in DNAm
(Supplementary Table 8).

Of the ten CMRs originally best explained by a G x E model, five were
recovered when accounting for lag time, two were better explained by a G
only model (chr18:77280264-77280587, 152330761 and
chr7:54955929-54956420, rs2330761), and the remainder no longer sig-
nificantly improved over the baseline model. Of the recovered G x E models,
two were better explained by a different exposure and SNP than in the
original analysis (chr11:22454152-22454662, fungicide, rs201451547 and
chr11:27076803-27076820, fungicide, rs11499776), and two were better
explained by the same exposure and a different SNP than in the original
analysis  (chr19:57630691-57630711, fungicide, rs28416079, and
chr5:34494278-34494484,  gardening,  rs10051815). Only  the
chrX:47419673-47419691 CMR remained best explained by the same G x E
model as in the original analysis (insecticides and rs3748517). One G + E
model, at chr19:18888081-18889004, remained best explained by
gardening-level exposure and genotype, but with respect to rs117360667.

Discussion

The discovery of molecular signatures of early-stage PD is important in
order to elucidate interindividual etiology, and to inform prevention and
intervention strategies to slow PD onset and/or progression. Our under-
standing of blood DNAm changes associated with PD is still unclear, as
variation in DNAm can be highly population-specific. In this study, we
determined regional, sex-specific blood DNAm signatures of early-stage PD
in TERRE, and assessed the influences of genotype and pesticide exposure
on these PD-associated molecular signatures. We demonstrated a subset of
differentially methylated CMRs in females that were robust when examined
in demographically matched populations. Additionally, genetic variation in
cis explained part of the association between DNAm and PD, with some
potential contribution of pesticide exposure to this relationship. Collec-
tively, our results illustrate the complex nature of DNAm changes associated
with PD, and emphasize the importance of taking genetic variation into
consideration in future PD EWAS.

In addition to neurological changes, PD and pesticide exposure are
related to changes in immune cell composition and inflammation, which
can be observed in blood"**. Therefore, blood-based DNAm alterations in
early-stage PD could partially reflect immune-based processes associated
with disease pathogenesis. However, as predicted immune cell composition
was unaltered between cases and controls in TERRE, lifestyle factors or
exposures unique to the sample may have also influenced blood cell type
composition. Along these lines, one of the CMRs which replicated only in
the pesticide-exposed sample, PEG1, mapped to the NFATCI gene, which

encodes a transcription factor controlling cytokine expression in T cells
during immune activation™. A second CMR that replicated in DIGPD was
annotated to the DLGAPI gene, which encodes an adaptor protein found at
glutamatergic synapses and may also be of interest for follow-up experi-
ments. Aside from the replicated CMR genes, the full list of PD-associated
CMRs in females from TERRE included additional genes which could have
relevance for PD: CRTCI, which has been reported as differentially
methylated in prefrontal cortex (PFC) neurons from PD patients and whose
protein product is involved in mitochondrial biogenesis; SLC1A7, encoding
a glutamate transporter; FXR2, whose protein product is involved in DNA
damage response; and ST5, SNPs of which are associated with PD pro-
gression, and whose protein product is involved in endosomal
trafficking®*. We note these potential links to PD will require further
experimental work to validate, as our study was not designed to causally
assess disease mechanisms.

In order to increase the chances of discovering biologically relevant
changes in DNAm in this study, we chose to examine PD-associated DNAm
patterns at blood-specific reference CMRs, which have spatially correlated
DNAm patterns that are consistent within individuals”. Focusing on
reference CMRs allowed us to assess DNAm patterns at regions that are co-
methylated in blood across different populations; however, it should also be
noted that the reference CMRs captured only 35% of the total CMRs called
uniquely in TERRE (35,907 of 102,723 CMRs with 1 or more probes in a
reference CMR). Similarly, the reference CMRs covered approximately 30%
of the CpGs and regions previously identified as differentially methylated in
the blood of PD patients, none of which were differentially methylated in
TERRE'*'*">"*, This was not unexpected due to the reduced CMR testing
space, low levels of replication reported previously for PD EWAS, and
variations in disease duration, cell type composition, and demographics of
the samples compared in this study'. For instance, obtaining detailed
information on demographic variables affecting both blood DNAm and PD
risk such as head trauma and alcohol consumption and accounting for these
variables in PD epigenetics studies may improve reproducibility. Along
these lines, our comparison of CMR effect sizes between samples indicated
that similar PD-associated DNAm trends were observed for some regions
when these effects were accounted for and when study populations were
more closely matched (i.e., PEGI, including early- to mid-stage patients
exposed to pesticides, and DIGPD, including early-stage patients also
recruited in France). Despite the lack of overlap with previous EWAS in the
blood of PD patients, several CMRs differentially methylated in the females
analysis mapped to genes previously reported as differentially methylated in
PFC neurons from PD patients (NAV2, CRTCI, NTSR1, ADARB2), and/or
in brain tissue from PD patients (CACNAIH, differentially methylated in
cingulate gyrus)'”*. Of note, both brain-based studies employed region-
based approaches to differential methylation analysis, which also may have
influenced reproducibility of the findings. Overall, our results and replica-
tion analyses indicated that whether specific CpGs and regions are called as
differentially methylated in each study is dependent on a variety of factors,
including demographics, sample size, statistical model, and approach to
differential DNAm analysis (including site-specific vs. regional, and criteria
used to define regions).

Sex and gender also influence DNAm patterns and may impact find-
ings of PD-associated DNAm changes, through biological and/or socio-
cultural mechanisms****"”. Considering that the incidence of PD in men is
nearly twice that in women, it was unexpected that more DNAm changes
were found in the blood of female patients (69 CMRs) than male patients (2
CMRs) and at similar magnitudes in the TERRE sample®. However, this
was consistent with a recent sex-stratified EWAS in the parietal cortex of PD
patients where 3 PD-associated CpGs were reported in men, and 87 in
women”. Similarly, it was somewhat surprising that pesticide exposure, and
in particular low-dose exposure, contributed to CMR model fit in females,
considering that male TERRE subjects had higher levels of pesticide expo-
sure (i.e., occupational). This can partly be explained by our restriction of the
G x E analysis to only PD-associated CMRs, a greater number of which were
observed in females. When PD status and genotype were not considered, i.e.
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when pesticide exposure was used as the variable of interest in a separate
EWAS, exposure effects were indeed detected in males, suggesting that the
effects of pesticide exposure as a whole and the effects of exposure con-
verging with PD and genotype were distinct. The three-category pesticide
exposure variable also does not capture all routes of exposure that could be
common in females in this study, including exposures related to household
tasks (e.g. handling contaminated objects and clothes, inhalation through
dust), drift-related environmental exposure, and accumulation of prior
exposures in adipose tissue****. These routes of exposure are challenging to
quantify and often under-estimated. Along these lines, associations of low-
dose (ambient) pesticide exposure with blood DNAm levels have been
reported in PD patients and healthy controls, as well as female-specific
associations of overall pesticide exposure with blood DNAm levels in
women™ . Taken together, a range of biological, lifestyle, and exposure
factors influence sex- and gender-related DNAm patterns and sex and
gender differences in PD susceptibility, presentation, and progression. Our
results supported existing calls to consider both biological underpinnings of
sex as well as the interactions between sex/gender and lifestyle/exposure in
epigenetic studies of PD and of other phenotypes*>*.

To better understand our ability to detect G x E effects in this study
regardless of sex, we looked to recent expression quantitative trait loci
(eQTL) literature, which would more accurately reflect the associations
we expected to find. Several eQTL studies have detected G x E effects
with sample sizes close to the number of female subjects in this study” .
Exposure to the specific pesticides underpinning the G x E effects
observed in TERRE (insecticides and fungicides) has also been asso-
ciated with PD risk in several epidemiological and experimental
studies™”"”*. Although our overall G x E results in females from TERRE
were consistent with these studies, our lag time sensitivity results alluded
to the importance of accurately measuring pesticide exposure with
respect to both recency of exposure and overall level of exposure in
future epigenetic studies of PD.

Finally, genetic variation was a major contributor to variation in
DNAm at PD-associated CMRs in this study, as G models frequently out-
ranked G + E and G x E models, and no models including E alone showed
improvement over the baseline. This was consistent with previous G x E
studies in cord blood and cord tissue, where E effects were also observed
primarily when included with genotype in either additive or interaction
models, and with the reported contribution of SNP genotype to DNAm
(estimated to influence 20-80% of overall DNAm variation)****”">"®, In the
specific context of pesticides, impacts of common genetic variation (GSTP1,
ABCBI) and PD-associated mutations (LRRK2 G2019S) on response to
herbicide, organochlorine, and paraquat exposure have been identified in
both human and model organism studies’~*’. While we identified different
SNPs associated with pesticide exposure in this study, it is still possible they
may have influenced response to exposure, which could be resolved with
more precise accounting of exposure and supported by experimental
studies”. On the whole, the lack of association between SNPs explaining
DNAm at PD-associated CMRs in TERRE and SNPs associated with genetic
risk for PD in populations of European ancestry suggested that SNP gen-
otype may impact DNAm levels at the given CMRs independently of PD
status (for instance, if PD cases and controls had different genotypes by
chance), and/or that genotype and PD could both be associated with
additional unmeasured factors, such as population-specific Gx G or G X E
interactions””. This is important to consider when designing and inter-
preting genetic and epigenetic association studies for PD, as common
genetic variation may confound associations between disease status and
DNAm. Genetic variation can be incorporated into EWAS of PD through
several approaches, such as examining whether CpGs differentially
methylated in PD patients have associated methylation quantitative trait loci
(mQTL), conducting Mendelian randomization analysis on candidate
CpGs to assess potential causal relationships between DNAm and pheno-
typic outcomes mediated by genetic variation, or quantifying the con-
tribution of genotype to PD-associated DNAm patterns when matched
genetic and epigenetic data is available'*". Obtaining detailed

measurements of environments, lifestyle factors, and exposures influencing
DNAm and PD risk, ideally in a quantitative manner, will also facilitate
exploration of G x E effects on DNAm and PD, an area which would benefit
from further methodological development.

In this study, we showed that DNAm changes were detectable in early-
stage PD, and were largely influenced by demographics and in cis genetic
variation. As epigenetic associations were seen so early in disease progres-
sion, blood DNAm could potentially reflect residual immune cell compo-
sition changes remaining after adjustment, and/or be one mechanism
relating common genetic variation to early molecular changes associated
with sporadic PD*. Despite these insights, several limitations of our study
should be taken into consideration. First, while the sample size was small for
detecting G X E interactions, the TERRE sample presented a unique
opportunity to assess the effects of genotype and pesticide exposure on
DNAm in the same individuals®. Second, the level of exposure and manner
in which it was measured differed between TERRE and PEG1. Published
studies assessing the effects of pesticide exposure on DNAm in PEG1
focused on ambient exposures (organophosphate, pyrethroid) assessed via
geographic information systems, which were not measured here, and could
have a different impact on DNAm than gardening or occupational pesticide
exposure’ . Additionally, recall bias may have affected pesticide exposure
ascertainment in TERRE and the comparison with PEGI, as household and
occupational exposures were self-reported in both samples’’. However, our
study adds to the literature on how pesticide exposure impacts DNAm,
whether this differs by sex, and the degree to which it is associated with PD.
Third, due to the differences in exposures between males and females in
TERRE and since all individuals were cisgender, we cannot conclude defi-
nitively whether the sex-specific DNAm patterns observed in this study
were due to biological sex differences or were related to exposure history or
other sociodemographic discrepancies. Finally, we were unable to test the
joint impacts of genotype and pesticide exposure on DNAm in the repli-
cation samples, as none had detailed information on both of these variables
collected for cases and controls. Despite this, we observed improved repli-
cation of results upon propensity matching, illuminating the population
specificity of PD-associated regional DNAm changes.

The results presented here support an association of genetic variation
with DNAm patterns in early-stage sporadic PD in a unique agricultural
population with detailed pesticide exposure history. By characterizing
relevant genetic and exposure-related sources of variation in PD-associated
blood DNAm, we highlighted the population specificity of PD-related
DNAm patterns and the need for careful consideration of confounders in
PD EWAS. On the whole, our results emphasize the importance of assessing
epigenetic variation in the context of genetic background in future
investigations.

Methods

Study samples and design

Identification of sex-specific DNAm signatures of PD was performed in the
TERRE case-control study consisting of individuals enrolled in the
Mutualité Sociale Agricole (MSA) health insurance system for French
agricultural workers and their spouses, as described previously™** (Figs.
1 and 3). Cases were selected from MSA-enrolled individuals who developed
PD. Controls were selected from individuals free of parkinsonism and
enrolled in the MSA who applied for healthcare reimbursements between
February 1998 and 2000. A maximum of three controls per patient were
selected randomly from groups of the same sex, age (+2 years), and MSA
affiliation office. Of a total of 224 PD patients and 557 controls, 71 patients
with a short PD duration (<1.5 years) and 147 controls for whom both
genotyping and whole blood DNAm data were available and passed quality
control checks were included in this study (n=33 female PD cases, 67
female controls; 38 male PD cases, 80 male controls; 99% (215 of 218
participants) self-reported White; 1% (3 participants) self-reported North
African) (Fig. 1, Supplementary Table 9). This represented a sample of
patients with very short disease duration, as the median survival in PD is
estimated to be of 13.4 years®.
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A replication of sex-stratified differential DNAm analysis in whole
blood was conducted in DIGPD, a longitudinal sample of 411 French
patients with PD (duration <5 years at baseline) followed up annually for
7 years (Fig. 1)****¥. To examine the replicability of DNAm changes asso-
ciated with early-stage PD identified in the TERRE sample in patients with
the earliest stages of PD from DIGPD, individuals with disease duration
<2 years at baseline and age- and sex-matched PD-free controls were
selected for DNAm profiling on the EPIC BeadChip array™. After excluding
individuals with monogenic PD mutations (5 with GBA E326K and 2 with
LRRK2 G2019S), a total of 110 patients were included in the analysis (94%
(104 of 110 patients) self-reported White; 3% (3 patients) self-reported
North African; 3% (3 patients) self-reported Black, Asian, or Latino). These
patients were compared to 112 controls, for whom extended demographic
information beyond age and sex was not available. Considering PD patients
only, the male:female ratio, proportion of smokers, and self-reported race
distribution was similar between TERRE and DIGPD (Supplementary
Table 10). However, PD patients from DIGPD had less pesticide exposure,
fewer individuals on levodopa or dopamine agonist medications, and more
education on average compared to PD patients from TERRE (Supple-
mentary Table 11). Detailed information on levodopa and dopamine ago-
nist treatment for PD patients from DIGPD was previously published”’.

Additional replication analysis was conducted with publicly available
whole blood DNAm data from PEGI, a population-based study of PD
patients (n = 335) and controls (n = 237) recruited from agricultural areas in
central California between 2000 and 2007 (89% (508 participants) self-
reported White; 11% (64 participants) self-reported Hispanic; Fig. 1)"%
(GSE111629). Participants were recruited by neurologists, public service
announcements, and local medical centers, and had lived in California for at
least 5 years prior to recruitment. Only PD patients with a disease duration
of 3 years or less were included. The PEG1 study had a higher proportion of
smokers, and a similar male:female ratio and pesticide exposure level to
TERRE (Supplementary Table 10).

Replication was also assessed using publicly available whole blood
DNAm data from the SGPD sample (n=1292 cases, 1041 controls),
composed of participants of European descent from three studies conducted
in Australia and New Zealand: the Queensland Parkinson’s Project (QPP),
the New Zealand Brain Research Institute PD case-control study (NZBRI),
and the Sydney PD case-control study (SYD) (Fig. 1)"”. These studies
recruited PD patients of variable disease duration (2-40+ years), with
community-based volunteers as controls. The GEO data set consists of 959
PD patients and 930 controls, excluding subjects that failed QC
(GSE145361). The final subset has a similar male:female ratio, lower average
pesticide exposure, and higher average smoking duration than TERRE
(Supplementary Table 10).

Measures

In the TERRE sample, PD was diagnosed by a neurologist specializing in
movement disorders, and was defined as the presence of parkinsonism with
exclusion of drug-induced phenotypes or further nervous system
involvement. No PD patients had known monogenic mutations.

In the DIGPD sample, patients were diagnosed by movement disorder
neurologists according to the UK Parkinson’s Disease Society Brain Bank
criteria”. In PEG1, PD was diagnosed using the UK Brain Bank and Gelb
diagnostic criteria, while in SPGD, PD was diagnosed with the Calne
criteria’ ",

Occupational pesticide exposure in TERRE was assessed with a two-
phase procedure, including a self-report questionnaire designed for this
study, followed by occupational health interviews conducted at the homes of
individuals exposed to pesticides via their profession to obtain detailed
information on history of pesticide exposure, including the number and
type of farms where the individuals had worked; which pesticides they had
personally sprayed; the frequency, duration, and method of spraying; and
number of years that they were exposed™’**. An overall pesticide exposure
variable with 3 levels (never exposed, gardening/household exposure, or
occupational exposure) was created based on self-reports and interviews

with occupational health physicians. Binary (never/ever) occupational
exposure variables for individual pesticides were created based on the
occupational health interviews during site visits by physicians. Chemical
composition was determined and coded using a pesticide dictionary (http://
www.alanwood.net/pesticides). Missing values for individuals exposed to
pesticides were imputed as described previously, using models including
crop/animal, time period, disease status, sex, age, and mini-mental state
examination (MMSE) as covariates™. Missingness across the 781 TERRE
subjects originally analyzed ranged from 0-16% across all exposures. The
average rate of exposure across these imputations in the subset of TERRE
subjects with shared DNAm and genotyping measures is presented in
Supplementary Table 6 (3 exposures in females: insecticides, fungicides, and
gardening-level exposure).

In the TERRE sample, each participant was interviewed by a physician
to record demographic data and administer the MMSE (Supplementary
Table 9)*. Data was collected for cases and controls via questionnaires on
education level, self-reported race, smoking, head trauma, and alcohol
consumption, and for medication use and disease duration for PD cases. In
the DIGPD sample, the above information was recorded for PD cases, and
was unavailable for controls*. In the PEG1 sample, only participant age, sex,
and ethnicity were publicly available, while in SGPD, only age and sex were
available. Smoking scores were estimated in DIGPD, PEG1, and SGPD
using the SSc method in the EpiSmokEr package””. For comparison,
smoking scores were also estimated in TERRE with this approach, with
current and former self-reported smokers scoring higher than never-
smokers (Supplementary Fig. 5).

Biological sample and data processing

Here, we conducted region-based epigenome-wide association analysis
using new EPIC array whole blood DNAm data from the TERRE sample,
focusing on whole blood reference CMRs discovered with the CoMeBack
approach, which have correlated DNAm patterns in blood both within and
across individuals”. To further test the replicability of CMRs showing dif-
ferential DNAm between cases and controls in TERRE, we also assessed
whole blood DNAm patterns in new EPIC array data from the DIGPD
sample, and downloaded raw idat files for the PEG1 and SGPD whole blood
DNAm data sets from GEO"".

Whole blood was collected in tubes containing ethylenediaminete-
traacetic acid (EDTA), and DNA was extracted using a saline (Qiagen® kit)
or phenol (LockGel® tube)-based protocol in accordance with the respective
manufacturer’s recommendations. DNA was then precipitated with etha-
nol, washed, and resuspended in Tris-EDTA buffer. The concentration and
purity were determined spectrophotometrically, and after adjusting to a
concentration of 200 ng/ul the DNA was stored at —20 °C.

For the TERRE and DIGPD samples, DNAm was assessed at 853,307
CpGs using the Illumina HumanMethylationEPIC BeadChip array. The
PEG1 and SGPD data sets from GEO each included DNAm data from the
Mlumina HumanMethylation450 BeadChip array at 482,421 CpGs
(GSE111629, GSE145361).

Quality control and preprocessing of DNAm data was conducted
separately in each sample assessed in this study (TERRE, DIGPD, PEG1,
and SGPD). Raw idat files for all individuals in each sample were read into R
3.6 for data analysis using the minfi package™. As part of subject-level quality
control, we confirmed clinically reported sex using principal component
analysis (PCA) on X chromosome B values, percentage of missing values on
the Y chromosome, and the getSex function from the minfi package (Sup-
plementary Fig. 6, Supplementary Table 12)”. For subjects flagged for
potential sex mismatches after these checks, X/Y chromosome copy number
was additionally confirmed using the conumee package, and any subjects
with copy number mismatches were removed (3-6 individuals per sample;
Supplementary Fig. 6, Supplementary Table 12)'”. After applying addi-
tional subject filtering procedures (summarized in Supplementary Table
12), 34 subjects were removed from TERRE (231 remaining), 64 subjects
were removed from the first time point of DIGPD (278 remaining),
28 subjects were removed from PEG1 (539 remaining), and 138 subjects
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were removed from SGPD (1751 remaining) (Supplementary Table 12)'".
The TERRE and DIGPD data sets were later subset to individuals with
complete self-reported smoking data in TERRE, matched genotyping data,
individuals from the first study time point of DIGPD (PD duration
<2 years), and individuals without familial mutations (71 cases, 147 controls
in TERRE; 110 cases, 112 controls in DIGPD; after normalization and prior
to epigenome-wide association analysis) (Fig. 1). To reduce effects of
unwanted sources of technical variation, functional normalization was
performed in each study using adjustedFunnorm from the wateRmelon
package'”.

After normalization, low-quality probes, cross-hybridizing probes, and
polymorphic probes were removed separately from each sample to ensure
quality control at the individual CpG level (summarized in Supplementary
Table 13)'”. X and Y chromosome probes were retained to allow for the
possibility of assessing sex chromosome DNAm in sex-stratified analysis.
This left 803,777 probes in TERRE, 803,734 probes in DIGPD, 424,263
probes in PEG1, and 424,699 probes in SGPD.

In the TERRE and DIGPD samples, subjects were initially randomized
on the EPIC BeadChip arrays by disease status but not by sex. Batch vari-
ables (plate, chip, and sample position on the chip) were correlated with sex
in TERRE and DIGPD, and were thus accounted for as covariates in
downstream linear regression analysis rather than adjusting the DNAm data
during preprocessing, so as not to remove sex-associated variation during
batch correction (Supplementary Figs. 7 and 8). For the PEG1 and SGPD
samples, these batch variables could be adjusted for prior to replication
analysis using the ComBat function from the sva package'”. In PEGI,
ComBat was applied to remove chip position effects; chip was not corrected
for as samples were not balanced by disease status across chips. In SGPD,
ComBat was used to correct chip and chip position effects. Plate information
was not publicly available for PEG1 and SGPD.

Full details of genotyping data preprocessing are included in the
Supplementary Methods. Briefly, the Illumina NeuroChip array was used to
profile cases and controls. PLINK was used for preimputation QC'””. The
following preimputation steps were applied: removal of strand-ambiguous
SNPs, mismatch between recorded sex and sex chromosome complement
as determined on the array, a 0.05 call rate filter for SNPs, an individual
missingness filter of 0.02, a minor allele frequency (MAF) filter of 0.01, and
finally a heterozygosity filter removing individuals with F,.. > 0.2'”. At this
stage, we computed genotype PCs, noting that 240 of 245 (98%) individuals
with genotyping data were self-reported as White (Supplementary Fig. 9,
Supplementary Methods). The first three PCs explained 16% of variation in
total. Variants with Hardy-Weinberg equilibrium p < 1 x 107*° were then
removed. We included the X chromosome using the default PLINK
encoding for X chromosome genotypes in males”. SNPs were imputed to
the 1000 Genomes Phase 3 European reference panel using the Michigan
imputation server (Supplementary Fig. 10). We kept SNPs with imputation
quality R*>0.3, resulting in 8,354,189 SNPs for analysis.

Statistical analysis

To assess and account for the effects of differing immune cell propor-
tions on DNAm levels in the TERRE sample for region-based EWAS,
cell type proportions were predicted in raw DNAm data using the
extended EPIC array blood cell type reference, which can be used to
predict proportions of 12 immune cell types (as compared with the 6 cell
types included in the original IDOL library)'””. Robust PCs of cell type
were generated with the pcaCoDa function from the robCompositions
package to create non-compositional variables for use in downstream
linear regression'®. The first six PCs of cell type explained 89% of the
variance in cell type proportions in TERRE and were uncorrelated with
PD status (p>0.05, ANOVA; Supplementary Fig. 11). Due to legal
requirements, the DIGPD data were analyzed on a different server
without licensing to use the extended IDOL library. Therefore, for
comparison between the discovery and replication samples, the original
IDOLlibrary including 6 immune cell types was used to predict cell type
proportions in TERRE, DIGPD, PEGI, and SGPD'”.

We selected covariates for EWAS in TERRE using a combination
of data-driven and literature-informed approaches. In order to evaluate
potential contributors to variance in DNAm in TERRE, we applied
PCA to pre-processed DNAm data and assessed the correlation of
demographic variables, predicted cell type proportions, genotype PCs,
and batch variables (plate, chip, and position) with the first 10 DNAm
PCs (Supplementary Fig. 12). Age, smoking, head trauma, alcohol
consumption, overall pesticide exposure, cell type proportions, and
batch variables were each associated with the first 2 DNAm PCs, while
genotype PCs 1-3 were associated with DNAm PCs 6 and 10
(Pagj < 0.05, ANOVA). We considered age, cell type PCs 1-6, plate, chip
position, and genotype PCs 1-3 as core covariates for differential
methylation analysis due their contribution to variance in the TERRE
data as well as known contributions of these factors to DNAm variance
in general, based on literature®™''™'"". As the second stage of our analysis
was focused on contributions of pesticide exposure to model fit at PD-
associated CMRs, we adjusted CMR regression models for additional
non-exposure variables in our PD EWAS. The fits of models also
including smoking, head trauma, and alcohol consumption were
evaluated in a stepwise manner within each sex using the variance
inflation factor (VIF), AIC, p-value histograms, and quantile-quantile
(Q-Q) plots (Supplementary Figs. 13 and 14, Supplementary Tables
14,15). For comparison, we additionally ran sex-stratified EWAS where
pesticide exposure was the main effect, evaluating covariates via the
same metrics (VIF, AIC, p-value histograms, and Q-Q plots; Supple-
mentary Table 5).

Due to known sex-related differences in PD, autosomal DNAm,
and PD-associated exposures between males and females, we employed
a sex-stratified approach for differential DNAm analysis. Regional
DNAm levels were calculated separately in each sex using the median
value across 42,776 reference autosomal CMRs for whole blood from
the 450 K and EPIC arrays (excluding 881 reference CMRs where one
or more probes did not pass quality control)”. Prior to differential
DNAm analysis, a variability filter was applied to select reference
CMRs with a range of >0.05 between the 10th and 90th percentiles of
median B values for each CMR'”, which yielded 29,363 variable
reference CMRs in females, 29,190 variable reference CMRs in males,
and 29,708 variable reference CMRs in the sex-combined sample
(Supplementary Fig. 15). For comparison, CMRs were also called using
the “cmr” function in CoMeBack, with cell-type-corrected 8 values as
input, and employing the same parameters used to construct the
reference (minimum Spearman correlation of 0.3, maximum dis-
tance 1 kb)".

Propensity matching with the “full” method as implemented in the
Matchlt package was used to calculate sample weights for regression, in
order to improve covariate balance between PD cases and controls and
to achieve more accurate effect estimations''”. Weights were calculated
separately in each sex based on smoking history, alcohol consumption,
head trauma, and age with generalized linear regression and a probit
link function, using a caliper width of 0.2 (Supplementary Fig. 16)'"*.
We additionally adjusted for matching covariates in regression analysis,
as this can reduce residual confounding and limit estimation bias'"”.
Robust linear regression was performed with the model CMR median
B ~ PD + age + smoking + alcohol consumption + head trauma + cell
type PCs 1-6 + genotyping PCs 1-3 + plate + row, separately in each
sex. Chip was not included, as TERRE subjects were not balanced by sex
across chips, and some chips had few individuals from TERRE because
TERRE and DIGPD samples were run together. CMRs were considered
statistically significant at a minimum p,4; < 0.05 and absolute median
ABagj=0.03 (B coefficient for PD from linear regression analysis
adjusted for all above covariates). This effect size threshold was chosen
to exceed the root mean square error (RMSE) between technical
replicates (maximum 0.024 in TERRE).

Power calculations for sex-stratified EWAS were implemented using
the pwrEWAS R package’'. For females, we performed 1000 simulations
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with the following input parameters: 100 individuals (33% cases, 67%
controls); target AP 0.03; 29,363 CpGs tested for differential methylation; 69
differentially methylated CpGs; detection { limit 0.03; “limma” method;
FDR critical value 0.05; and adult blood tissue. For males, we performed
1000 simulations with the same parameters using 118 individuals (32%
cases, 68% controls); 29,190 CpGs tested for differential methylation; and 2
differentially methylated CpGs. We also simulated the number of differ-
entially methylated CMRs (p,g; < 0.05, |median Ap,g; | 20.03) in each sex
under the null by shuffling PD case-control labels and repeating EWAS
using the shuffled disease status, for a total of 1000 permutations. Adjusted
p-values were calculated based on how many simulations had a larger or
small number of differentially methylated CMRs than the real number
under the null, divided by the number of permutations.

Propensity matching can improve effect estimation when com-
paring studies, and covariate adjustment following this matching
reduces residual confounding and minimizes bias'"*'**. In order to
assess the influence of demographic differences on replicability of PD-
associated DNAm patterns across populations, we matched TERRE and
the larger replication samples (PEGI, SGPD) on age, predicted smok-
ing, and predicted neutrophil proportion prior to replication analysis,
and adjusted all effect sizes for these factors (Fig. 1b, Supplementary
Figs. 17, 18, Supplementary Methods)"”'"*'"°. As DIGPD was of a
similar size to TERRE (n = 222 after QC), this sample was not subset for
replication analysis; however, effect sizes were adjusted for relevant
covariates (Supplementary Methods).

The median CMR AB,4; was compared between TERRE and each
replication sample for CMRs differentially methylated in TERRE at
Pagj <0.05 (508 in females, 7 in males) and also covered in each data set,
which varied according to array platform (EPIC versus 450 K) and
probes removed during data quality control (506 female CMRs covered
in DIGPD; 7 male CMRs covered in DIGPD; 155 female CMRs covered
in PEG1 and SGPD; 4 male CMRs covered in PEG1 and SGPD).
Pearson’s correlations were computed between TERRE case-control
APagj values and DIGPD, PEG1, or SGPD case-control AB,q; values™®.
CMRs were considered replicable at median |AB,g;| 20.03 in the same
direction as in TERRE.

For each CMR median { found to be significantly associated with PD
(Pagj < 0.05, |AB,gj| 20.03) in female subjects in TERRE, we performed
sensitivity analysis to test the fit of a genotype (G) model, exposure (E)
model, an additive genotype plus exposure (G + E) model, and a genotype-
by-exposure (G x E) model (Fig. 3b), accounting for both PD status and the
covariates included in our region-based EWAS. For G, we considered SNPs
within a 75-kb window centered on each median CMR p associated with
PD. For E, we considered pesticides with at least 10% of subjects exposed on
average across imputations (3 in females; Supplementary Table 6, Supple-
mentary Fig. 19); these included an overall exposure variable (never/gar-
dening use) and exposure variables for occupational use of fungicides and
insecticides (never/ever exposed). The E model results were combined
across 10 imputations of pesticide exposure using the mice package,
accounting for intersample differences by weighted regression (as described
in EWAS section)"*"”. Models were fit using “rlm” from the MASS pack-
age, Huber M-estimator, 150 iterations in R version 3.6.2"".

The full set of covariates for each model was as follows:

* G: CMR median f ~ genotype + PD + age + smoking + alcohol
consumption + head trauma 4 cell type PCs 1-6 4 genotype PCs

1-3 + plate + row, for all SNPs within 75 kb of each CMR

* E: CMR median P~ pesticide exposure status+ PD + age +
smoking + alcohol consumption + head trauma+ cell type PCs

1-6 + genotype PCs 1-3 + plate + row, for each pesticide

* G+E: CMR median B~ genotype + pesticide exposure status +

PD + age + smoking + alcohol consumption + head trauma + cell

type PCs 1-6 + genotype PCs 1-3 + plate + row, for each pesticide

and all SNPs within 75 kb of each CMR
* GxE: CMR median (3~ genotype + pesticide exposure status 4
genotype:pesticide  exposure  status + PD + age + smoking +

alcohol consumption + head trauma + cell type PCs 1-6 + genotype
PCs 1-3 + plate + row, for each pesticide and all SNPs within 75 kb of
each CMR

In the first stage of our analysis, we computed the change in AIC of each
model relative to a base model without G, E, or G x E terms, and assessed the
significance of this change in model fit using the F-test, accounting for
multiple testing within each pesticide exposure (Fig. 3b)'". Of the four
tested, the model with the lowest AIC for each CpG was selected as best
explaining DNAm™*”'"", In the second stage, we quantified the extent to
which G, E, and G X E terms impacted the contribution of PD to changes in
DNAm at each CMR. To do so, we fit the best model for each PD-associated
CMR, and compared the relative change in effect of PD on DNAm. In
addition, we examined whether genetic variants associated with DNAm at
each CMR were within 1 Mb of any of those associated with PD status in a
large independent GWAS®.

Ethics and inclusion statement

This study was co-lead by researchers based in France, the country of
recruitment for the TERRE and DIGPD samples. The French team was
responsible for the study design, implementation, and molecular profiling of
samples and was collaboratively involved in data analysis and manuscript
writing, as agreed among study authors ahead of the research. The research
protocol of the TERRE study was approved by the ethics committee of
Hopital du Kremlin-Bicétre, and all subjects provided written informed
consent. The research protocol of the DIGPD study was approved by the
ethics committee of the University of Paris VI, and all subjects provided
written informed consent. All data storage and analysis was conducted on
French servers with the exception of some calculations using TERRE DNA
methylation data, where a legal agreement was in place to transfer this data
to Canada. The results are relevant for studying epigenetic patterns in the
specific population of French agricultural workers focused on in this work,
and similar epidemiological and genetic studies conducted in French PD
patients, including the specific samples used in this work, are cited
throughout.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

Data availability

The TERRE and DIGPD DNAm and genotyping data analyzed in the
present study are subject to access restrictions via the European Union
General Data Protection Regulation (GDPR) and to maintain participant
privacy. Requests for access can be directed to alexis.elbaz@inserm.fr,
including the proposed purpose for data use, and are subject to governance
constraints and privacy restrictions. The PEG1 and SGPD DNAm data
analyzed in this study are available on GEO (GSE111629, GSE145361).

Code availability
The code used in this manuscript is publicly available at github.com/
samschaf/TERRE_GxE.

Received: 7 August 2023; Accepted: 5 April 2024;
Published online: 07 May 2024

References

1. Maserejian, N., Vinikoor-Imler, L. & Dilley, A. Estimation of the 2020
global population of Parkinson’s Disease (PD). MDS Abstracts.
https://www.mdsabstracts.org/abstract/estimation-of-the-2020-
global-population-of-parkinsons-disease-pd/ (2020).

2. Feigin, V. L. et al. Global, regional, and national burden of
neurological disorders during 1990-2015: a systematic analysis for
the Global Burden of Disease Study 2015. Lancet Neurol. 16,
877-897 (2017).

npj Parkinson’s Disease| (2024)10:98

14


https://github.com/samschaf/TERRE_GxE
https://github.com/samschaf/TERRE_GxE
https://www.mdsabstracts.org/abstract/estimation-of-the-2020-global-population-of-parkinsons-disease-pd/
https://www.mdsabstracts.org/abstract/estimation-of-the-2020-global-population-of-parkinsons-disease-pd/
https://www.mdsabstracts.org/abstract/estimation-of-the-2020-global-population-of-parkinsons-disease-pd/

https://doi.org/10.1038/s41531-024-00704-3

Article

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Villar-Piqué, A., Lopes da Fonseca, T. & Outeiro, T. F. Structure,
function and toxicity of alpha-synuclein: the Bermuda triangle in
synucleinopathies. J. Neurochem. 139, 240-255 (2016).

Jensen, M. P. et al. Lower lymphocyte count is associated with
increased risk of Parkinson’s disease. Ann. Neurol. 89,

803-812 (2021).

Hoehn, M. M. & Yahr, M. D. Parkinsonism: onset, progression, and
mortality. Neurology 17, 427-427 (1967).

Lesage, S. & Brice, A. Parkinson’s disease: from monogenic forms to
genetic susceptibility factors. Hum. Mol. Genet. 18, R48-R59 (2009).
Parnetti, L. et al. CSF and blood biomarkers for Parkinson’s disease.
Lancet Neurol. 18, 573-586 (2019).

Chen, H. & Ritz, B. The search for environmental causes of
Parkinson’s disease: moving forward. J. Parkinsons Dis. 8,

S9-S17 (2018).

Schaffner, S. L. & Kobor, M. S. DNA methylation as a mediator of
genetic and environmental influences on Parkinson’s disease
susceptibility: Impacts of alpha-Synuclein, physical activity, and
pesticide exposure on the epigenome. Front. Genet. 13,

1-19 (2022).

Henderson-Smith, A. et al. DNA methylation changes associated
with Parkinson’s disease progression: outcomes from the first
longitudinal genome-wide methylation analysis in blood.
Epigenetics 14, 365-382 (2019).

Pike, S. C., Havrda, M., Gilli, F., Zhang, Z. & Salas, L. A.
Immunological shifts during early-stage Parkinson’s disease
identified with DNA methylation data on longitudinally collected
blood samples. npj Parkinsons Dis. 10, 1-16 (2024).

Vallerga, C. L. et al. Analysis of DNA methylation associates the
cystine-glutamate antiporter SLC7A11 with risk of Parkinson’s
disease. Nat. Commun. 11, 1238 (2020).

Masliah, E., Dumaop, W., Galasko, D. & Desplats, P. Distinctive
patterns of DNA methylation associated with Parkinson disease:
identification of concordant epigenetic changes in brain and
peripheral blood leukocytes. Epigenetics 8, 1030-1038 (2013).
Moore, K., McKnight, A. J., Craig, D. & O’Neill, F. Epigenome-wide
association study for Parkinson’s disease. Neuromolecular Med. 16,
845-855 (2014).

Chuang, Y. H. et al. Parkinson’s disease is associated with DNA
methylation levels in human blood and saliva. Genome Med. 9,

76 (2017).

Palmer, C. & Pe’er, I. Statistical correction of the Winner’s Curse
explains replication variability in quantitative trait genome-wide
association studies. PLoS Genet. 13, 1006916 (2017).

Young, J. |. et al. Genome-wide brain DNA methylation analysis
suggests epigenetic reprogramming in Parkinson disease. Neurol.
Genet. 5, €342 (2019).

Henderson, A. R. et al. DNA methylation and expression profiles of
whole blood in Parkinson’s disease. Front. Genet. 12,

640266 (2021).

Gatev, E., Gladish, N., Mostafavi, S. & Kobor, M. S. CoMeBack: DNA
methylation array data analysis for co-methylated regions.
Bioinformatics 36, 2675-2683 (2020).

McRae, A. F. et al. Contribution of genetic variation to
transgenerational inheritance of DNA methylation. Genome Biol. 15,
R73 (2014).

Villicaia, S. & Bell, J. T. Genetic impacts on DNA methylation:
research findings and future perspectives. Genome Biol. 22,

127 (2021).

Goldman, S. M. et al. Concordance for Parkinson’s disease in twins:
A 20-year update. Ann. Neurol. 85, 600-605 (2019).

International Parkinson’s Disease Genomics Consortium (IPDGC).
Wellcome Trust Case Control Consortium 2 (WTCCC2). A two-stage
meta-analysis identifies several new loci for Parkinson’s disease.
PLoS Genet. 7, 1002142 (2011).

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Nalls, M. A. et al. Large-scale meta-analysis of genome-wide
association data identifies six new risk loci for Parkinson’s disease.
Nat Genet 46, 989-993 (2014).

Chang, D. et al. A meta-analysis of genome-wide association
studies identifies 17 new Parkinson’s disease risk loci. Nat. Genet.
49, 1511-1516 (2017).

Escott-Price, V. et al. Polygenic risk of Parkinson disease is
correlated with disease age at onset. Ann. Neurol. 77,

582-591 (2015).

Blauwendraat, C., Nalls, M. A. & Singleton, A. B. The genetic
architecture of Parkinson’s disease. Lancet Neurol. 19,

170-178 (2020).

Ihle, J. et al. Parkinson’s disease polygenic risk score is not
associated with impulse control disorders: a longitudinal study.
Parkinsonism Relat. Disord. 75, 30-33 (2020).

Nalls, M. A. et al. Identification of novel risk loci, causal insights, and
heritable risk for Parkinson’s disease: a meta-analysis of genome-
wide association studies. Lancet Neurol. 18, 1091-1102 (2019).
Ascherio, A. & Schwarzschild, M. A. The epidemiology of
Parkinson’s disease: risk factors and prevention. Lancet Neurol. 15,
1257-1272 (2016).

Ohlander, J. et al. Impact of occupational pesticide exposure
assessment method on risk estimates for prostate cancer, non-
Hodgkin’s lymphoma and Parkinson’s disease: results of three
meta-analyses. Occup. Environ. Med. 79, 566-574 (2022).
Hatcher, J. M., Pennell, K. D. & Miller, G. W. Parkinson’s disease and
pesticides: a toxicological perspective. Trends Pharmacol. Sci. 29,
322-329 (2008).

van der Plaat, D. A. et al. Occupational exposure to pesticides is
associated with differential DNA methylation. Occup. Environ. Med.
75, 427-435 (2018).

Paul, K. C. et al. Organophosphate pesticide exposure and
differential genome-wide DNA methylation. Sci. Total Environ. 645,
1135-1143 (2018).

Furlong, M. A. et al. An epigenome-wide association study of
ambient pyrethroid pesticide exposures in California’s central valley.
Int. J. Hyg. Environ. Health 229, 113569 (2020).

Teh, A. L. et al. The effect of genotype and in utero environment on
interindividual variation in neonate DNA methylomes. Genome Res.
24,1064-1074 (2014).

Czamara, D. et al. Integrated analysis of environmental and genetic
influences on cord blood DNA methylation in new-borns. Nat.
Commun. 10, 2548 (2019).

Kia, D. A. et al. Identification of candidate Parkinson disease genes
by integrating genome-wide association study, expression, and
epigenetic data sets. JAMA Neurol. 78, 464-472 (2021).
Angelopoulou, E., Paudel, Y. N., Papageorgiou, S. G. & Piperi, C.
Environmental impact on the epigenetic mechanisms underlying
Parkinson’s disease pathogenesis: a narrative review. Brain Sci. 12,
175 (2022).

Go, R. C. P. et al. Genome-wide epigenetic analyses in Japanese
immigrant plantation workers with Parkinson’s disease and
exposure to organochlorines reveal possible involvement of glial
genes and pathways involved in neurotoxicity. BMC Neurosci. 21,
31 (2020).

Cerri, S., Mus, L. & Blandini, F. Parkinson’s disease in women and
men: what'’s the difference? J. Parkons Dis. 9, 501-515 (2019).
Iwaki, H. et al. Differences in the presentation and progression of
Parkinson’s disease by sex. Mov. Disord. 36, 106-117 (2021).
Vaidya, B., Dhamija, K., Guru, P. &Sharma, S. S. Parkinson’s disease
in women: mechanisms underlying sex differences. Eur. J.
Pharmacol. 895, 173862 (2021).

Gatev, E. et al. Autosomal sex-associated co-methylated regions
predict biological sex from DNA methylation. Nucleic Acids Res. 49,
9097-9116 (2021).

npj Parkinson’s Disease | (2024)10:98

15



https://doi.org/10.1038/s41531-024-00704-3

Article

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Moisan, F. et al. Parkinson disease male-to-female ratios increase
with age: French nationwide study and meta-analysis. J. Neurol.
Neurosurg. Psychiatry 87, 952-957 (2016).

Atinkut Asmare, B., Freyer, B. & Bingen, J. Women in agriculture:
pathways of pesticide exposure, potential health risks and
vulnerability in sub-Saharan Africa. Environ. Sci. Eur. 34, 89 (2022).
Dahiri, B. et al. Impact of pesticide exposure among rural and urban
female population. An overview. Int. J. Environ. Res. Public Health
18, 9907 (2021).

Deziel, N. C. et al. A review of nonoccupational pathways for
pesticide exposure in women living in agricultural areas. Environ.
Health Perspect. 123, 515-524 (2015).

Kochmanski, J., Kuhn, N. C. & Bernstein, A. |. Parkinson’s disease-
associated, sex-specific changes in DNA methylation at PARK7
(DJ-1), SLC17A6 (VGLUT2), PTPRN2 (IA-2B), and NR4A2 (NURR1) in
cortical neurons. npj Parkinsons Dis. 8, 1-13 (2022).

Elbaz, A. et al. Professional exposure to pesticides and Parkinson
disease. Ann. Neurol. 66, 494-504 (2009).

Graw, S., Henn, R., Thompson, J. A. & Koestler, D. C. pwrEWAS: a
user-friendly tool for comprehensive power estimation for
epigenome wide association studies (EWAS). BMC Bioinformatics
20,218 (2019).

Wilson, S. L., Leavey, K., Cox, B. J. & Robinson, W. P. Mining DNA
methylation alterations towards a classification of placental
pathologies. Hum. Mol. Genet. 27, 135-146 (2018).

Lussier, A. A. et al. DNA methylation as a predictor of fetal alcohol
spectrum disorder. Clin. Epigenetics 10, 5 (2018).

Tansey, M. G. et al. Inflammation and immune dysfunction in
Parkinson disease. Nat. Rev. Immunol. 22, 657-673 (2022).
Klein-Hessling, S. et al. NFATc1 controls the cytotoxicity of CD8+
T cells. Nat. Commun. 8, 511 (2017).

Marshall, L. L. et al. Epigenomic analysis of Parkinson’s disease
neurons identifies Tet2 loss as neuroprotective. Nat. Neurosci. 23,
1203-1214 (2020).

Madabhushi, R., Pan, L. & Tsai, L. H. DNA damage and its links to
neurodegeneration. Neuron 83, 266-282 (2014).

Maiti, P., Manna, J. & Dunbar, G. L. Current understanding of the
molecular mechanisms in Parkinson’s disease: targets for potential
treatments. Transl. Neurodegener. 6, 28 (2017).

Tan, M. M. X. et al. Genome-wide association studies of cognitive
and motor progression in Parkinson’s disease. Mov. Disord. 36,
424-433 (2021).

Peters, S. A. E., Huxley, R. R. & Woodward, M. Do smoking habits
differ between women and men in contemporary Western
populations? Evidence from half a million people in the UK Biobank
study. BMJ Open 4, e005663 (2014).

Habib, R. R., Hojeij, S. & Elzein, K. Gender in occupational health
research of farmworkers: a systematic review. Am. J. Ind. Med. 57,
1344-1367 (2014).

Higgins, S. T. et al. A literature review on prevalence of gender
differences and intersections with other vulnerabilities to tobacco
use in the United States, 2004-2014. Prev. Med. 80, 89-100 (2015).
White, A. Gender differences in the epidemiology of alcohol use and
related harms in the United States. Alcohol. Res. Curr. Rev. 40,
1(2020).

Elbaz, A. et al. Risk tables for parkinsonism and Parkinson’s disease.
J. Clin. Epidemiol. 55, 25-31 (2002).

Shapiro, J. R., Klein, S. L. & Morgan, R. Stop ‘controlling’ for sex and
gender in global health research. BMJ Glob. Health. 6,

005714 (2021).

Cortes, L. R, Cisternas, C. D. & Forger, N. G. Does gender leave an
epigenetic imprint on the brain? Front. Neurosci. 13, 173 (2019).
Ng, B. et al. Using transcriptomic hidden variables to infer context-
specific genotype effects in the brain. Am. J. Hum. Genet. 105,
562-572 (2019).

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Flynn, E. D. et al. Transcription factor regulation of eQTL activity
across individuals and tissues. PLoS Genet. 18,

e1009719 (2022).

Kim-Hellmuth, S. et al. Cell type specific genetic regulation of
gene expression across human tissues. Science 369,

eaaz8528 (2020).

Narayan, S., Liew, Z., Bronstein, J. M. & Ritz, B. Occupational
pesticide use and Parkinson’s disease in the Parkinson Environment
Gene (PEG) study. Environ. Int. 107, 266-273 (2017).

Tanner, C. M. et al. Occupation and risk of parkinsonism: a
multicenter case-control study. Arch. Neurol. 66,

1106-1113 (2009).

Pouchieu, C. et al. Pesticide use in agriculture and Parkinson’s
disease in the AGRICAN cohort study. Int. J. Epidemiol. 47,
299-310 (2018).

Paul, K. C. et al. A pesticide and iPSC dopaminergic neuron screen
identifies and classifies Parkinson-relevant pesticides. Nat.
Commun. 14, 2803 (2023).

Kamel, F. et al. Pesticide exposure and self-reported Parkinson’s
disease in the agricultural health study. Am. J. Epidemiol. 165,
364-374 (2007).

Lemire, M. et al. Long-range epigenetic regulation is conferred by
genetic variation located at thousands of independent loci. Nat.
Commun. 6, 6326 (2015).

Fraser, H. B., Lam, L. L., Neumann, S. M. & Kobor, M. S. Population-
specificity of human DNA methylation. Genome Biol. 13, R8 (2012).
Wilk, J. B. et al. Herbicide exposure modifies GSTP1 haplotype
association to Parkinson onset age: the GenePD Study. Neurology
67, 2206-2210 (2006).

Chen, J. et al. GST P1, a novel downstream regulator of LRRK2,
G2019S-induced neuronal cell death. Front. Biosci. Elite Ed. 4,
2365-2377 (2012).

Rudyk, C. et al. Leucine-rich repeat kinase-2 (LRRK2) modulates
paraquat-induced inflammatory sickness and stress phenotype. J.
Neuroinflamm. 16, 120 (2019).

Dutheil, F., Beaune, P., Tzourio, C., Loriot, M. A. & Elbaz, A.
Interaction between ABCB1 and professional exposure to
organochlorine insecticides in Parkinson disease. Arch. Neurol. 6,
739-745 (2010).

Lin, X. et al. Developmental pathways to adiposity begin before birth
and are influenced by genotype, prenatal environment and
epigenome. BMC Med. 15, 50 (2017).

Bergstedt, J. et al. The immune factors driving DNA methylation
variation in human blood. Nat. Commun. 13, 5895 (2022).

Kraft, P., Yen, Y. C., Stram, D. O., Morrison, J. & Gauderman, W. J.
Exploiting gene-environment interaction to detect genetic
associations. Hum. Hered. 63, 111-119 (2007).

Galanaud, J. P. et al. Cigarette smoking and Parkinson’s disease: a
case-control study in a population characterized by a high
prevalence of pesticide exposure. Mov. Disord. 20,

181-189 (2005).

Elbaz, A. et al. Survival study of Parkinson disease in Olmsted
county, Minnesota. Arch. Neurol. 60, 91-96 (2003).

Grover, S. et al. Replication of a novel Parkinson’s locus in a
European ancestry population. Mov. Disord. 36,

1689-1695 (2021).

Corvol, J. C. et al. Longitudinal analysis of impulse control disorders
in Parkinson disease. Neurology 91, e189-e201 (2018).

Costello, S., Cockburn, M., Bronstein, J., Zhang, X. & Ritz, B.
Parkinson’s disease and residential exposure to maneb and
paraquat from agricultural applications in the central valley of
California. Am. J. Epidemiol. 169, 919-926 (2009).

Bower, J. H., Maraganore, D. M., McDonnell, S. K. & Rocca, W. A.
Incidence and distribution of parkinsonism in Olmsted County,
Minnesota, 1976-1990. Neurology 52, 1214-1220 (1999).

npj Parkinson’s Disease | (2024)10:98

16



https://doi.org/10.1038/s41531-024-00704-3

Article

90. Gibb, W. R. & Lees, A. J. The relevance of the Lewy body to the
pathogenesis of idiopathic Parkinson’s disease. J. Neurol.
Neurosurg. Psychiatry 51, 745-752 (1988).

91. Gelb, D. J., Oliver, E. & Gilman, S. Diagnostic criteria for Parkinson
disease. Arch Neurol. 56, 33-39 (1999).

92. Hughes, A. J., Daniel, S. E., Kilford, L. & Lees, A. J. Accuracy of
clinical diagnosis of idiopathic Parkinson’s disease: a clinico-
pathological study of 100 cases. J. Neurol. Neurosurg. Psychiatry
55, 181-184 (1992).

93. Calne,D.B., Snow, B. J. &Lee, C. Criteria for diagnosing Parkinson’s
disease. Ann. Neurol. 32, S125-S127 (1992).

94. Clavel, J., Glass, D. C., Cordier, S. & Hémon, D. Standardization in
the retrospective evaluation by experts of occupational exposure to
organic solvents in a population-based case-control study. Int. J.
Epidemiol. 22, S121-S126 (1993).

95. Engel, L. S. et al. Parkinsonism and occupational exposure to
pesticides. Occup. Environ. Med. 58, 582-589 (2001).

96. Folstein, M. F., Folstein, S. E. & McHugh, P. R. “Mini-mental state”. A
practical method for grading the cognitive state of patients for the
clinician. J. Psychiatr. Res. 12, 189-198 (1975).

97. Bollepalli, S., Korhonen, T., Kaprio, J., Anders, S. & Ollikainen, M.
EpiSmokEr: a robust classifier to determine smoking status from
DNA methylation data. Epigenomics 11, 1469-1486 (2019).

98. Elliott, H. R. et al. Differences in smoking associated DNA
methylation patterns in South Asians and Europeans. Clin.
Epigenetics 6, 4 (2014).

99. Aryee, M. J. et al. Minfi: a flexible and comprehensive bioconductor

package for the analysis of Infinium DNA methylation microarrays.

Bioinformatics 30, 1363-1369 (2014).

Hovestadt, V. & Zapatka, M. conumee: enhanced copy-number

variation analysis using lllumina DNA methylation arrays.

Bioconductor https://bioconductor.org/packages/conumee/ (2023).

Merrill, S. M. et al. Associations of peripheral blood DNA methylation

and estimated monocyte proportion differences during infancy with

toddler attachment style. Attach. Hum. Dev. 25, 132-161 (2023).

Wang, Y. etal. InterpolatedXY: a two-step strategy to normalize DNA

methylation microarray data avoiding sex bias. Bioinformatics Oxf.

Engl. 38, 3950-3957 (2022).

Pidsley, R. et al. Critical evaluation of the lllumina MethylationEPIC

BeadChip microarray for whole-genome DNA methylation profiling.

Genome Biol. 17, 208 (2016).

Leek, J. T., Johnson, W. E., Parker, H. S., Jaffe, A. E. & Storey, J. D.

The sva package for removing batch effects and other unwanted

variation in high-throughput experiments. Bioinformatics 28,

882-883 (2012).

Chang, C. C. et al. Second-generation PLINK: rising to the challenge

of larger and richer datasets. GigaScience 4, 7 (2015).

Lam, M. et al. RICOPILI: rapid imputation for COnsortias PlpeLlne.

Bioinformatics 36, 930-933 (2020).

Salas, L. A. et al. Enhanced cell deconvolution of peripheral blood

using DNA methylation for high-resolution immune profiling. Nat.

Commun. 13, 761 (2022).

Templ, M., Hron, K. & Filzmoser, P. robCompositions: an R-package

for robust statistical analysis of compositional data. In

Compositional data analysis: theory and applications. 341-355

(Wiley, 2011).

Koestler, D. C. et al. Improving cell mixture deconvolution by

identifying optimal DNA methylation libraries (IDOL). BMC

Bioinformatics 17, 120 (2016).

Fox, J. & Weisberg, S. An R companion to applied regression. 473

(SAGE Publications, 2011).

Akaike, H. Information theory and an extension of the maximum

likelihood principle. In Selected Papers of Hirotugu Akaike. (eds

Parzen, E., Tanabe, K. & Kitagawa, G.) 199-213 (Springer, 1998).

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112. Ho, D., Imai, K., King, G. & Stuart, E. A. Matchlt: nonparametric
preprocessing for parametric causal inference. J. Stat. Softw. 42,
1-28 (2011).

Nguyen, T. L. et al. Double-adjustment in propensity score matching
analysis: choosing a threshold for considering residual imbalance.
BMC Med. Res. Methodol. 17, 78 (2017).

Hamada, A. Using meta-analysis and propensity score methods to
assess treatment effects toward evidence-based practice in
extensive reading. Front. Psychol. 11, 617 (2020).

Shenker, N. S. et al. DNA methylation as a long-term biomarker of
exposure to tobacco smoke. Epidemiology 24, 712-716 (2013).
Campagna, M. P. et al. Epigenome-wide association studies:
current knowledge, strategies and recommendations. Clin.
Epigenet. 13, 214 (2021).

van Buuren, S. & Groothuis-Oudshoorn, K. mice: multivariate
imputation by chained equations in R. J. Stat. Softw. 45,

1-67 (2011).

Venables, W. N. & Ripley, B. D. Modern Applied Statistics with S 4th
edn. (Springer, 2002).

Chambers, J., Freeny, A. & Heiberger, R. Analysis of variance;
designed experiments. In Statistical Models in S (Routledge, 1992).

113.

114.

115.

116.

117.

118.

119.

Acknowledgements

We would like to thank Dr. Nicole Gladish and Dr. Jeffrey Bone for valuable
consultations on statistical analysis, and Alan Kerr, Beryl Zhuang, Dr. Wendy
Robinson, Dr. Carolyn Brown, and Lea Separovic for helpful feedback on the
manuscript. We thank Badreddine Mohand Oumoussa and Abiba Doukani
for their technical support at the P3S Post-Genomic Platform of Sorbonne
University. We thank the DIGPD Study Group for providing clinical data on
DIGPD, Drs. Beate Ritz, Steve Horvath, and Jacob Gratten for sharing the
PEG1 and SGPD DNAm data sets on GEO, and Professor Allan McRae for
providing chronological age information for the SGPD sample. This research
was enabled, in part, by the use of the FlowSorted.BloodExtended. EPIC
package developed at Dartmouth College, which is subject to the licensing
terms made available by Dartmouth Technology Transfer and which soft-
ware is provided “AS IS” with no warranties whatsoever'””. This work was
supported by the Canadian Institutes of Health Research [EGM-141897], the
French National Research Agency [ANR-15-EPIG-0001], and The Federal
Ministry of Education and Research [01KU1503A]. S.L.S. was funded by a
Canadian Institutes of Health Research (CIHR) Doctoral Award. The DIGPD
study was supported by a grant from the French Ministry of Health (PHRC
AOR0810), and a grant from the Agence nationale de sécurité du médica-
ment et des produits de santé (ANSM 2013). The research leading to these
results has received funding from the program “Investissement d’Avenir”
ANR-10-IAIHU-06. Genotyping of TERRE cases and controls with the
NeuroChip was funded through an EU Joint Programme for Neurodegen-
erative Disease Research (JPND) grant to the Courage-PD project.

Author contributions

S.L.S. performed DNA methylation data preprocessing, differential DNAm
analysis, and differential DNAm replication analysis and co-wrote the
manuscript. W.C. performed genotyping data preprocessing, quantification
of genetic and exposure-related effects on DNAm, and co-wrote the
manuscript. C.D. provided genotype data and feedback on preprocessing.
F.A. provided DNA methylation data and feedback on preprocessing. C.W.
and S.M. provided feedback on DNA methylation preprocessing, differential
DNAm analysis, and differential DNAm replication analysis. A.E. performed
multiple imputations of pesticide data. J.M.S.-H., S.L., AB., J.C.C., JK.D,,
S.M.,A.E.,and M.S.K. designed the study. All authors read and approved the
final manuscript. S.L.S. and W.C. are equal first authors, and J.K.D., A.E.,
and M.S.K. are equal senior authors.

Competing interests
The authors declare no competing interests.

npj Parkinson’s Disease | (2024)10:98

17


https://bioconductor.org/packages/conumee/
https://bioconductor.org/packages/conumee/

https://doi.org/10.1038/s41531-024-00704-3

Article

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41531-024-00704-3.

Correspondence and requests for materials should be addressed to
M. S. Kobor.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

DIGPD Study Group

F. Artaud®, S. Lesage ®’, A. Brice’, J. C. Corvol ®"2 & A. Elbaz ®>"

A full list of members and their affiliations appears in the Supplementary Information.

npj Parkinson’s Disease| (2024)10:98

18


https://doi.org/10.1038/s41531-024-00704-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0003-4158-2601
http://orcid.org/0000-0003-4158-2601
http://orcid.org/0000-0003-4158-2601
http://orcid.org/0000-0003-4158-2601
http://orcid.org/0000-0003-4158-2601
http://orcid.org/0000-0001-7325-0199
http://orcid.org/0000-0001-7325-0199
http://orcid.org/0000-0001-7325-0199
http://orcid.org/0000-0001-7325-0199
http://orcid.org/0000-0001-7325-0199
http://orcid.org/0000-0001-9724-5490
http://orcid.org/0000-0001-9724-5490
http://orcid.org/0000-0001-9724-5490
http://orcid.org/0000-0001-9724-5490
http://orcid.org/0000-0001-9724-5490

	Genetic variation and pesticide exposure influence blood DNA methylation signatures in females with early-stage Parkinson&#x02019;s disease
	Results
	Predicted immune cell type composition was largely unaltered between PD cases and controls in�TERRE
	Sex-specific differential DNA methylation was associated with early-stage PD in TERRE in region-based epigenome-wide association analysis
	A subset of PD-associated differentially methylated CMRs in females from TERRE replicated in independent populations
	Genetic variation explained more variation in DNAm at PD-associated CMRs than exposure to pesticides
	CMR DNAm was not associated with levodopa dosage in female PD patients but showed inconsistent sensitivity to lag time between pesticide exposure and sample collection

	Discussion
	Methods
	Study samples and�design
	Measures
	Biological sample and data processing
	Statistical analysis
	Ethics and inclusion statement
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




