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Progression from Parkinson’s disease (PD) to Lewy body dementia is a major clinical concern. Although
several progression-associated loci have been identified, their cumulative effects on cognitive decline
have not been systematically evaluated. To assess the dose-dependent effect of five candidate
progression loci linked to synaptic vulnerability (RIMS2, TMEM108, GBA1) and amyloid—-tau pathology
(APOE, WWOX), we analyzed 7745 participants from 24 cohorts with 28,737 longitudinal visits over 15
years using random-effects meta-analyses of cohort-specific Cox proportional hazards models.
Dementiarisk increased monotonically with the number of progressionloci (0, 1, 2, or >3). A single locus
conferred a 1.56-fold increase in risk (hazard ratio (HR) = 1.56, 95% CI: 1.28-1.89), rising to 3.21-fold for
two loci (HR =3.21, 95% CI: 2.19-4.70) and 7.49-fold for three or more loci (HR = 7.49, 95% CI:
4.98-11.28). Individually, GBA1 (HR = 2.09), APOE ¢4 (HR =1.71), RIMS2 (HR = 1.90), TMEM108

(HR =2.05), and WWOX (HR = 1.56) were associated with dementia risk, but there was heterogeneity
between clinical trials, biomarkers, and population-based cohorts. Multi-locus dosage increases
dementia risk in a monotonic manner and may improve stratification and clinical trial design in PD.

The number of patients with Parkinson’s disease (PD) is projected to reach
12 million worldwide by 2040, with profound implications for families and
public health". PD exhibits marked inter-individual variability in clinical
course, particularly with respect to cognitive decline and progression to
Lewy body dementia, which substantially affect quality of life’, caregiver
burden, and health-related costs’. Cognitive decline in PD does not respond
to dopamine replacement therapies, which effectively treat motor symp-
toms early in the disease. However, none of the existing PD therapies slows

the underlying Lewy body neuropathology, which appears to advance, in
part, from the brainstem to the cortex". This neuropathological progression
loosely correlates with a transition of clinical symptoms from disordered
movements to cognitive decline and dementia’.

The molecular®"* and clinical heterogeneity'”™'° of PD pose major
challenges for prognosis, clinical trial design, and the development of pre-
cision medicine approaches. Consequently, there has been growing interest
in identifying and validating the genetic drivers of disease progression;
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variants that influence longitudinal outcomes among individuals with PD,
rather than disease susceptibility. Accumulating evidence suggests that the
genetic architecture underlying progression is at least partly distinct from
that governing disease risk, necessitating dedicated study designs and ana-
lytical strategies'”.

Several candidate genetic progression loci have been nominated in PD,
including GBAI'"*', APOE e4'"***', RIMS2", TMEM108", WWOX"’, and
others''*******% To date, however, the cumulative or dose-dependent
impact of multiple progression-associated variants on dementia risk
remains incompletely characterized. Recently, Szwedo et al. examined the
cumulative effects of GBA1, APOE ¢4, SNCA, and MAPT loci on PD pro-
gression in six population-based incidence cohorts; none were observed for
SNCA and MAPT*.

Longitudinal study designs are essential for capturing the temporal
dimension of disease progression. They enable assessment of within-
individual change relevant for precision medicine and increase statistical
power through repeated measurements”. However, such studies require
deeply phenotyped cohorts and are substantially more resource-intensive
than traditional case-control designs, which do not capture disease
dynamics. Consequently, assembling large, well-characterized longitudinal
PD cohorts has been a major obstacle to elucidating the genetics of disease
progression. In Phase 1 of the International Genetics of Parkinson Pro-
gression Consortium (IGPP), we analyzed the genetic drivers associated
with progression from PD to dementia in 3821 PD patients over 31,053
longitudinal visits and 15 longitudinal cohorts". Very recently, Tan and
colleagues examined genetic variants associated with motor progression and
mortality in 11 longitudinal cohorts™.

Here, we evaluate the cumulative, dose-dependent effects of five
prioritized candidate progression loci on the risk of developing dementia in
the largest longitudinal PD population assembled to date, encompassing 24

Table 1 | Baseline characteristics

All Biomarker Population- Clinical trial
cohorts cohorts based cohorts cohorts
N, cohorts 24 12 7 5)
N (%), 8099 (100) 5265 (100) 1131 (100) 1703 (100)
patients
N (%), males  5137(63.4) 3339 (63.4) 691 (61.1) 1107 (65.0)
N, visits' 28,906 16,052 4561 8293
Years of study follow-up
Mean (SD) 3.8(2.9 3.4 (3.0) 4.4 (3.3) 4.6 (2.3
Median[IQR] 3.3 3[0.9-5.2] 4.3[1.6-6.0] 4.9 [3.0-6.8]
[1.4-5.9]
Age at enrollment
Mean (SD) 64.9 (10.1)  65.3(10.1) 68.2 (9.9) 61.5(9.4)
Median[IQR]  65.9 66 [59-72.1] 69.3[61.9-75.5] 62.4
[68.5-72] [65.7-68]
Years since PD onset
Mean (SD) 3.2(4.4) 4.2(4.9) 1.6 3.2 1.5(1.7)
Median[IQR] 1.5[0.3-4] 2.1[0.9-6] 0.2 [0-1.3] 1[0.3-2]
Years of
education
Mean (SD) 14.6 (3.6) 14.8 (3.4) 12.1(3.4) 15.8 (3.2)
Median[IQR] 15[12-16] 16 [12-16] 11 [10-14] 16 [14-18]
MMSE score®
Mean (SD) 28.3 (2.1) 28.1 (2.3 28.2(1.9) 28.8 (1.4)
Median[IQR] 29[28-30] 29 [27-30] 29 [27-30] 29 [28-30]

Based on the MMSE scores originally collected from the study visits and those converted from the
available Montreal Cognitive Assessment scores.

Abbreviations: IQR interquartile range, MMSE Mini-Mental State Examination, SD standard
deviation.

longitudinal cohorts with 7745 PD patients and 28,737 clinical visits with
cognitive assessments and a median follow-up of 3.3 years within the
International Genetics of Parkinson’s Disease Progression (IGPP) con-
sortium. By integrating data across biomarker, population-based incidence,
and clinical trial cohorts, this study directly tests whether aggregation of
progression-associated variants stratifies dementia risk in PD.

Results

Sample characteristics

The study population comprised 5265 patients (65%) from biomarker
cohorts, 1131 (14%) from population-based incidence cohorts, and 1703
(21%) from clinical trials (Table 1, Supplementary Table 1). The median
follow-up time was 3.3 years (interquartile range, 1.4-5.9). At enrollment,
patients had a mean age of 65 years (standard deviation [SD], 10.1) and a
mean disease duration of 3.2 years (SD, 4.4).

Out of the total of 8099 patients represented in the 24 cohorts, 7745
participants had the genetic and covariate data available for inclusion in the
downstream analyses (Supplementary Fig. 1). 17% (1330) of PD patients
carried the APOE ¢4 haplotype, 8.5% (662) carried the WWOX variant, 7.9%
(610) carried GBA1 variants, 2.4% (187) carried the TMEM108 variant, and
1.9% (151) carried the RIMS2 variant.

Patient characteristics varied across study designs. As anticipated,
patients in most population-based cohorts were recruited shortly after PD
onset; however, they were on average three years older than those in bio-
marker cohorts, consistent with ref. 13 (Table 1). In addition, patients from
population-based cohorts had, on average, fewer years of education than
those from other study designs, although baseline cognitive performance
did not differ across groups. Follow-up duration varied substantially across
cohorts regardless of design (Table 1).

Associations between multi-locus genetic dosage and dementia
risk in PD patients

Across cohorts, dementia risk increased monotonically with the number of
progression loci carried. In random-effects inverse-variance weighted meta-
analyses, carriers of a single locus had a 1.56-fold increased hazard of
dementia (HR = 1.56, 95% CI: 1.28-1.89), which rose to 3.21-fold for car-
riers of two loci (HR = 3.21, 95% CI: 2.19-4.70) and 7.49-fold for carriers of
three or more loci (HR =7.49, 95% CI: 4.98-11.28) (Table 2).

In pooled frailty Cox models, effect estimates were attenuated but
remained strongly dose-dependent (one locus: HR=144, 95% CIL
1.20-1.71; two loci: HR =2.36, 95% CI: 1.82-3.06; three or more loci:
HR =561, 95% CI: 3.35-9.39) (Fig. 1; Table 2).

We performed sub-group analyses for the 12 biomarker cohorts, the 7
population-based cohorts, and the 5 clinical trial cohorts, respectively, that
are part of the International Genetics of Parkinson’s Disease Progression
(IGPP) consortium. Dose-dependent monotonic increases in dementia risk
were observed in three types of cohort designs included: biomarkers,
population-based, and clinical trial cohorts (Table 2). All associations were
significant in the biomarkers and population-based cohorts but failed to
reach statistical significance in the clinical trials, likely due to the limited
sample size available for this analysis in this subgroup.

In these multi-locus analyses, patients were simplistically classified
according to the number of progression-associated loci carried without
weights assigned to each locus. Individual hazard ratios, however, vary
between loci. We thus explored a weighted 5-locus polygenic score. It was
well correlated with the number of progression loci present (R =0.96),
yielding comparable results to the unweighted multi-locus burden (Sup-
plementary Fig. 5). This is consistent with the view that the simple burden
(number) of progression loci carried is in itself highly informative.

Heterogeneity in the diagnostic criteria for dementia across the 24
cohorts may introduce variability in the detection and timing of event
ascertainments, potentially influencing estimates. To explore this further,
we conducted a sensitivity analysis restricted to the 12 cohorts using
operationalized level 1 MDS dementia criteria. This subgroup analysis,
which is curtailed by a substantially smaller sample size, was comparable to
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Table 2 | Multi-locus genetic dosage and risk of dementia in PD

All cohorts Biomarker cohorts Population-based cohorts Clinical trial cohorts

HR (95% CI)* NP HR (95% CI)’ N® HR (95% CI)* N° HR (95% CI)* N®
Randome-effects meta-analysis of cohort-specific estimates
One locus 1.56 (1.28, 1.89) 17 1.52 (1.11, 2.08) 2.08 (1.58, 2.75) 5 1.29 (0.55, 3.01) 3
Two loci 3.21(2.19, 4.70) 17 3.04 (1.62,5.71) 4.03(1.82, 8.91) 5 2.65(0.61, 11.52) 3
Three or more loci 7.49 (4.98, 11.28) 17 5.57 (3.17,9.81) 9 11.03 (4.53, 26.83) 5 3.87 (0.55, 27.38) 3
Frailty Cox model of combined samples
One locus 1.44 (1.20,1.71) 17 1.45(1.15, 1.83) 9 1.83(1.27, 2.64) 5 1.27 (0.80, 2.02) 3
Two loci 2.36 (1.82, 3.06) 17 2.03(1.43,2.87) 9 3.37 (2.04, 5.57) 5 2.64 (1.30, 5.38) 3
Three or more loci 5.61 (3.35, 9.39) 17 3.91 (1.58, 9.69) 9 9.77 (4.57, 20.88) 5 5.66 (1.33, 24.02) 3

Footnotes:*Based on comparison of carriers versus non-carriers of minor allele for single-nucleotide polymorphisms in RIMS2, TMEM108, and WWOX, carriers versus non-carriers of APOE-g4
allele,carriers versus non-carriers of GBAT mutation, or patients with any 1, 2, or 2+ mutations in RIMS2 (rs182987047), TMEM108, WWOX, APOE-e4, or GBA1 versus patients with none of these mutations.
°Number of cohorts for which the hazard ratio can be estimated, including those with infinite confidence intervals.

Abbreviations: HR hazard ratio.

the full analysis without indication of overt bias introduced by differing
diagnostic criteria of dementia.

To increase power for the primary analyses, both heterozygous and
homozygous carriers of the APOE &4 haplotype were included in the APOE
&4 haplotype carrier group. Exploratory analyses of heterozygous and
homozygous carriers of the APOE &4 haplotype showed elevated risk of
dementia for PD patients homozygous for the APOE 4 allele, as expected
(Supplementary Fig. 6). Subgroup analysis limited to homozygous APOE &4
haplotype carriers was consistent with a monotonic increase in dementia
risk in association with the number of progression loci carried for the limited
subset of patients homozygous for APOE &4 (Supplementary Fig. 6).

To complement these time-to-event analyses, we estimated the genetic
effects on longitudinal change of MMSE scores over study years using LMM.
A consistent monotonic dose-response relationship was observed in
longitudinal cognitive analyses, in which the annual decline in MMSE
accelerated from an additional 0.04 points per year for carriers of one
progression locus to 0.48 points per year for carriers of three or more loci
(Fig. 1). However, this association reached statistical significance only in
carriers of three or more progression loci in the meta-analysis of all cohorts.
Subgroup analysis tailored to biomarkers, population-based incidence
cohorts, and clinical trials showed statistically significant associations
between three or more loci and decline in MMSE scores over time in all three
study design types (Supplementary Table S3).

Associations between individual progression loci and dementia
risk in PD patients

Each of the five loci was individually associated with dementia risk in meta-
analysis, but there was heterogeneity in individual cohorts and in the type of
study designs.

Overall, the lead RIMS2 variant (rs182987047) was significantly related
to increased risk of dementia in PD (HR = 1.90, 95% CI: 1.42-2.52; Fig. 2,
Table 3). Although no evidence of global heterogeneity was observed
(PP = 0%), effect estimates differed across cohort types (Py’ < 0.01).

This subgroup analyses indicated associations in clinical trial cohorts
(HR =2.94, 95% CI: 2.57-3.37) and biomarker cohorts (HR = 1.80, 95% CI:
1.23-2.62), while there was no statistically significant association reached in
the population-based cohorts (HR = 1.78, 95% CI: 0.76-4.15; Fig. 2). In the
secondary meta-analysis using frailty model Cox PH of pooled individual-
level data effect estimates for the RIMS2 variant were attenuated and non-
significant (Table 3).

A second independent RIMS2 variant was also related to increased
dementia risk in the meta-analysis (HR = 1.61, 95% CI: 1.26-2.06). No
evidence of heterogeneity was detected either globally or within cohort types
(I = 0%). Although point estimates were numerically higher in clinical trial
cohorts (HR = 2.34, 95% CI: 1.04-5.27) than in biomarker (HR = 1.59, 95%
CI: 1.10-2.30) or population-based cohorts (HR = 1.45,95% CI: 0.81-2.60),

differences across cohort types were not statistically significant (Py’ = 0.18).
As observed for the lead variant, effect estimates derived from pooled
individual-level analyses were attenuated.

For GBAI variants, meta-analysis of 18 cohorts identified a robust
association with dementia risk (HR = 2.09, 95% CI: 1.72-2.53; Fig. 3, Table
3). No evidence of heterogeneity was detected either globally or within
cohort types (I*=0%), and no between-type differences were observed
(Py’ = 0.86). Effect estimates were consistent but attenuated in the pooled
analyses (Table 3).

For the APOE &4 haplotype, meta-analysis of 20 cohorts yielded a
summary HR of 1.71 (95% CI: 1.29-2.28; Fig. 4, Table 3). Substantial
between-cohort heterogeneity was detected both overall (I =53%) and
within cohort types (I =37-66%), although no evidence of differential
effects across cohort types was observed (Py’ = 0.64). Effect estimates from
pooled individual-level analyses were consistent but again attenuated
(Table 3).

For TMEM108, meta-analysis of 20 cohorts yielded a summary HR of
2.05 (95% CI: 1.33-3.15; Supplementary Fig. S2, Table 3). Moderate
between-cohort heterogeneity was observed (I> = 23%), driven primarily by
population-based cohorts (I* =58%). However, no evidence of effect
modification by cohort type was detected (Py* = 0.97). In pooled individual-
level analyses, effect estimates were attenuated but remained consistent with
a contribution to dementia risk (Table 3).

Finally, for WWOX, meta-analysis of 21 cohorts identified a sig-
nificant association with dementia risk (HR = 1.56, 95% CI: 1.17-2.07;
Supplementary Fig. S3, Table 3). Between-cohort heterogeneity was
modest (I = 34%) and was largely explained by low heterogeneity within
each cohort type (I* =5-18%). Notably, effect estimates for WWOX
showed minimal attenuation in pooled individual-level analyses
(Table 3).

Genetic associations between individual progression loci and
decline in MMSE scores over time

We estimated the genetic effects of each variant on longitudinal, serial
MMSE scores during follow-up since study enrollment using LMM.
Compared to non-carriers, carriers of each of the five individual genotypes
had an extra annual decline in MMSE score of 0.06-0.16 points (Supple-
mentary Table S3). However, only the association between RIMS2 variants
and longitudinal decline in MMSE reached statistical significance (annual
change in MMSE for carriers versus non-carriers per random-effects model:
—0.08; 95% CI: —0.15, —0.01; I’ = 0%).

Discussion

The central finding of our study is that the cumulative burden of five
progression loci predicts dementia risk much more strongly than any single
locus, supporting a polygenic, additive architecture of cognitive progression
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Fig. 1 | Multi-locus genetic dosage shapes cognitive disease progression in PD.
a Covariate-adjusted survival curves show time to event (dementia) for patients with
PD carrying variants in one, two, three, or more progression loci (y-axis, % PD
patients free of dementia; x-axis, time from diagnosis). Patients with PD without a
progression variant (light blue line) and those carrying one (orange), two (red), three
or more locus variants (purple dashed line) are shown. b Adjusted mean MMSE
scores across time predicted from the estimated fixed-effect parameters in the LMM
for carriers of one or more variants (orange; red; purple lines) and non-carriers (light
blue) (y-axis, MMSE scores; x-axis, time in study). ¢ Covariate-adjusted survival
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curves show time to dementia for patients with PD who are carriers of the APOE g4
haplotype (orange; heterozygous or homozygous); APOE &4 plus GBAI (red; one or
more GBAI variants); or APOE &4 plus GBAI plus at least one of the other three
lower-frequency progression loci (purple; RIMS2, TMEM108, WWOX). d Adjusted
mean MMSE scores across time predicted from the estimated fixed-effect para-
meters in the LMM for the corresponding multi-locus progression genotypes
(orange; red; purple lines) and non-carriers (light blue) (y-axis, MMSE scores; x-axis,
time in study). Cox PH models with two-sided Wald test (a, c); shaded ribbons
indicate *s.e.m. across time (b, d).

in PD. This study represents the largest harmonized longitudinal genetic
analysis of PD progression to date, particularly for cognitive decline and
dementia outcomes. Leveraging 7745 patients with nearly 29,000 long-
itudinal clinical visits across 24 cohorts, we demonstrate that the cumulative
burden of progression-associated genetic loci strongly influences dementia
risk in PD.

Across cohorts, dementia risk increased monotonically with the
number of progression loci carried, revealing a clear dose-response rela-
tionship. In random-effects meta-analyses, carriers of a single locus had a
1.56-fold increased risk of Lewy body dementia, which rose to 3.21-fold for
carriers of two lociand 7.49-fold for carriers of three or moreloci. Each of the

five loci—GBA1, APOE, RIMS2, TMEM108, and WWOX—is also asso-
ciated with dementia risk on its own, but their combined burden was far
more informative than any single genotype. GBAI is a locus convergently
associated with both the genetic architecture of disease susceptibility and
progression'’, while APOE, RIMS2, TMEM108, and WWOX are divergent
progression loci—loci linked to progression, but not the genetic architecture
of disease susceptibility”.

This multi-locus signal remained strongly dose-dependent in
pooled frailty Cox models that explicitly accounted for between-cohort
variation, demonstrating that the effect is not an artifact of any single
cohort or analytical framework. 17% (1,330) of PD patients carried the
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Fig. 2 | Forest plot of associations between RIMS2 rs182987047 (A > T) and risk of developing dementia in Parkinson’s disease patients over time in longitudinal cohorts
grouped by cohort design (e.g., biomarkers cohort; population-based cohort; clinical trial).

APOE ¢4 allele, 8.5% (662) carried the WWOX variant, 7.9% (610)
carried a GBAI variant, 2.4% (187 patients) carried the TMEMI108
variant, and 1.9% (151) carried the RIMS2 variant. Carriers of one or two
progression loci were common, with 25% (1907) and 5.8% (449),
respectively. Notably, fewer than 1% of patients (44) carried three or
more loci, yet more than one-third of these individuals converted to
dementia during follow-up, underscoring the clinical salience of high
genetic burden despite its rarity.

Robust identification of genetic modifiers of disease progression
requires longitudinal study designs”'. Longitudinal analyses capture
temporal disease dynamics, enable within-individual modeling of change,
and substantially increase statistical power through repeated measurements.
By integrating long-term follow-up, extending up to 15 years, across
population-based incidence cohorts, biomarker studies, and clinical trials,

our study overcomes key limitations of prior work, while Cox event-history
models appropriately handle censoring and loss to follow-up.
Importantly, the genetic dosage effect generalized across the spectrum
of PD study designs—biomarker cohorts, population-based incidence
cohorts that approximate real-world PD, and clinical trial cohorts—pro-
viding an empirical bridge between discovery genetics and the settings in
which prognostic tools are ultimately deployed. Cohort diversity enabled us
to directly interrogate how cohort composition and study design influence
genetic effect estimates, consistent with recent work demonstrating sub-
stantial differences in age at enrollment, treatment exposure, and progres-
sion trajectories between research-based and real-world PD populations'**.
Among individual loci, RIMS2 showed the most pronounced design-
specific heterogeneity. RIMS2 variants were associated with increased
dementia risk and accelerated cognitive decline in this expanded meta-
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Table 3 | Associations between individual progression loci and dementia risk in PD patients

All cohorts Biomarker cohorts Population-based cohorts Clinical trial cohorts

HR (95% CI)* NP HR (95% CI)* NP HR (95% CI)* N® HR (95% CI)* N°
Randome-effects meta-analysis of cohort-specific estimates
RIMS2 1.90 (1.42, 2.52) 21 1.80(1.23, 2.62) 11 1.78 (0.76, 4.15) 6 2.94 (2.57, 3.37) 4
APOE-¢4 1.71 (1.29, 2.28) 20 1.64 (1.12,2.38) 10 2.08 (1.27, 3.40) 6 1.62 (0.19, 14.0) 4
GBA1 2.09 (1.72, 2.53) 18 2.02 (1.49, 2.73) 10 2.29(1.32,3.97) 5) 2.12 (1.52, 2.95) 3
TMEM?108 2.05(1.33, 3.15) 20 1.90(0.98, 3.72) 10 2.17 (0.68, 6.95) 6 2.05(0.78, 5.35) 4
WWOX 1.56 (1.17,2.07) 21 1.16 (0.81, 1.66) 11 2.30(1.38, 3.83) 6 1.85 (0.69, 4.98) 4
Frailty Cox PH model
RIMS2 1.40(0.99, 1.98) 24 1.35(0.83,2.21) 12 1.27 (0.73, 2.22) 7 2.39(0.75, 7.64) 5
APOE-¢4 1.46 (1.24,1.72) 23 1.41(1.13,1.77) 11 1.84 (1.38, 2.46) 7 1.05 (0.65, 1.71) 5)
GBA1 1.83(1.47,2.27) 18 1.75 (1.34, 2.30) 10 1.91 (1.20, 3.04) 8 2.19 (1.24, 3.86) 3
TMEM108 1.59 (1.16, 2.19) 24 1.46 (0.92,2.32) 12 1.97 (1.19, 3.27) 7 1.20 (0.44, 3.29) 5
WWOX 1.47 (1.22,1.78) 24 1.10(0.85, 1.42) 12 2.24(1.61,3.11) 7 1.87(1.10, 3.18) 5

Footnotes: *Based on comparison of carriers versus non-carriers of minor allele for single-nucleotide polymorphisms in RIMS2, TMEM108 and WWOX, carriers versus non-carriers of APOE-¢4 allele,
carriers versus non-carriers of GBA1 mutation, or patients with any 1, 2 or 2+ mutations in RIMS2 (rs182987047), TMEM108, WWOX, APOE-¢4 or GBAT versus patients with none of these mutations.
°Number of cohorts for which the hazard ratio can be estimated, including those with infinite confidence intervals.

Abbreviations: HR hazard ratio.

analysis, which nearly doubled the sample size of prior work'”. Effect esti-
mates for RIMS2 variants were strongest in the clinical trial cohorts, sig-
nificant but attenuated in biomarker cohorts, and non-significant in the
population-based cohorts. Patients enrolled in clinical trials were sub-
stantially younger at baseline than those in other cohort types, raising the
possibility that RIMS2 exerts a larger influence on dementia risk earlier in
the course of disease or in younger patients. Alternatively, patients in clinical
trials typically have fewer comorbidities, and this could modulate the
association independent of age. The observed heterogeneity could also
simply reflect reduced precision due to the low minor allele frequencies of
RIMS?2 variants. In contrast, APOE &4 effects were consistent across study
designs but varied between cohorts, whereas GBAI, TMEMI08, and
WWOX showed minimal heterogeneity, suggesting locus-specific sensitiv-
ity to cohort composition and recruitment context.

Despite this heterogeneity, pooled estimates for APOE ¢4 and GBAI
closely matched prior studies'*****, supporting the robustness and inter-
nal validity of our analytical framework. GBAI remains the most con-
sistently replicated genetic driver of both PD susceptibility and cognitive
progression” ****"***%_ GBA mutations implicate defective synaptic vesicle
endocytosis in cognitive dysfunction”, and lysosomal dysfunction and a-
synuclein clearance as central mechanisms™. APOE &4, while classically
associated with Alzheimer’s disease, is increasingly recognized as a modifier
of dementia risk in Lewy body disorders, possibly acting through both
amyloid-tau co-pathology and direct regulation of a-synuclein
pathology ™. The aggregate effects of APOE e4 and GBA1 align with our
previous analysis in a subset of the population-based incident-cohorts™.

The additional progression loci identified in an unbiased, genome-
wide survival study (GWSS)"” RIMS2 (Chr. 8), TMEM108, and WWOX
provide further mechanistic insight into cognitive vulnerability in PD.
RIMS2 and RIMSI encode presynaptic active zone proteins essential for
vesicle docking, priming, and Ca*-dependent neurotransmitter release* ™.
Autosomal recessive mutations of RIMS2 cause human syndromic con-
genital cone-rod synaptic disease with neurodevelopmental delay™. RIMS2
is a GWSS locus for cognitive disease progression in PD"/, while RIMSI is a
GWAS locus for PD susceptibility”. In mice, disruption of RIM proteins
impairs synaptic transmission, learning, and memory" . RIM proteins
directly recruit a-synuclein to the synaptic release machinery®, linking
synaptic dysfunction to synuclein pathology. TMEM108 has been impli-
cated in dendritic spine development and synaptic plasticity, with animal
models showing cognitive and behavioral deficits upon gene disruption,
consistent with a role in synaptic resilience”. WWOX, an Alzheimer’s dis-
ease GWAS locus™, modulates tau phosphorylation®.

Together, these findings support a potential unifying model in which
synaptic vulnerability (RIMS2, TMEM108, GBAI) and amyloid-tau path-
ways (APOE, WWOX) converge to shape individual trajectories of cognitive
decline in PD. This genetic architecture aligns closely with neuropatholo-
gical observations, in which cortical spread of Lewy bodies correlates with
cognitive decline*”, synaptic defects on SV2A PET imaging™', and amyloid
plaques and neurofibrillary tangles are present in up to one-third of
patients™””. The design of the current study does not allow direct correlation
of the genetic risk loci with the underlying pathological substrates of
dementia. The complex interplay between multiple pathologies warrants
further investigation, which will be possible in the subsets of cohorts with a-
synuclein seed amplification, tau, and Amyloid beta biomarkers™, and
postmortem neuropathology.

Several limitations merit consideration. Screening for GBA I mutations
was incomplete; although a substantial subset of participants underwent
sequencing (for details, Ref. 21) and all participants were genotyped for
common variants, a modest number of rare pathogenic or complex GBA1
variants likely remained undetected. This explains why GBAI carrier fre-
quency was lower than in Liu et al.”', which was focused on patients with
targeted GBA1 sequencing (e.g., 10.3% in Liu et al.*' vs. 7.9% in the current
study). We and others previously showed that the type of GBAI mutations
further fine-regulates enzyme activity and rate of cognitive progression**".
More work will be needed to ascertain whether multiple progression loci
have monotonic effects or whether more defined, complex interactions
exist. Cognitive assessment relied on the MMSE, which is known to
underestimate a decline of executive functions™, the most prominent
characteristics of dementia in PD; more sensitive instruments such as the
MoCA may detect earlier changes and increase statistical power™. It will be
important to clarify the non-genetic determinants of progression at scale,
including the role of comorbidities™, detailed neuropsychological assess-
ments, imaging, and biological markers. This study focused on cognitive
disease progression, but multiple other domains are important as well,
including motor and psychiatric phenotypes'. The study is predominantly
limited to individuals of European ancestry and will require extension to
other populations. People with dementia beginning within the first year of
PD were excluded from this analysis; dedicated studies of people diagnosed
with dementia with Lewy Bodies will be needed to determine if these loci
also associate with their trajectories. Finally, identifying additional
progression-associated loci will require large-scale, unbiased genome-wide
survival analyses.

These insights are relevant for therapeutic development and clinical trial
design. Disease-modifying drugs that target the mechanisms driving disease
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Weight Weight
Cohort name logHR SE(logHR) GBA1 HR 95%—-Cl (common) (random)
OPDC 0.2135 0.3863 — —5— 1.24 [0.58; 2.64] 9.2% 9.2%
HBS 0.3554 0.7365 ——-—:— 1.43 [0.34; 6.04] 2.5% 2.5%
AZSAND -17.3056 7549.0226 . 0.00 [0.00; Inf] 0.0% 0.0%
DIGPD 0.4176 1.3550 : 1.52 [0.11; 21.61] 0.8% 0.8%
BioPark 0.9342 0.3677 —— 2.55 [1.24; 5.23] 10.2% 10.2%
PDBP 0.0495 0.7681 e 1.05 [0.23; 4.73] 2.3% 2.3%
PIB 1.7251 0.4950 ——i—— 5.61 [2.13; 14.81] 5.6% 5.6%
PPMI 0.8517 0.4592 —— 2.34 [0.95; 5.76] 6.5% 6.5%
SCOPA 0.6499 0.2425 - 1.92 [1.19; 3.08] 23.5% 23.5%
SCOPA-C 0.4511 0.6574 —t— 1.57 [0.43; 5.70] 3.2% 3.2%
<
<
CamPalGN 1.0417 0.4815 —;—-— 2.83 [1.10; 7.28] 6.0% 6.0%
EPIPARK 1.5844 0.9418 ——————> 4.88 [0.77; 30.89] 1.6% 1.6%
ParkWest 0.8459 0.6478 —1———  2.33 [0.65; 8.29] 3.3% 3.3%
PICNICS -0.0885 0.7521 _— 0.92 [0.21; 4.00] 24% 2.4%
PINE 0.7960 0.4325 —— 2.22 [0.95; 5.17] 7.4% 7.4%
>
<.>
DATATOP 0.6883 0.5082 ——-,— 1.99 [0.74; 5.39] 5.3% 5.3%
PreCEPT 1.1101 1.0538 ; 3.03 [0.38; 23.94] 1.2% 1.2%
LS1 0.7403 0.3942 s 2.10 [0.97; 4.54] 8.9% 8.9%
<>
<
Common effect model <I> 2.09 [1.66; 2.63] 100.0% .
Random effects model (HK) <& 2.09 [1.72; 2.53] 100.0%
1 T T T
0.050.1 05 1 2 10

Heterogeneity: /12 = 0%, ©> = 0, p = 0.89 Hazard Ratio
Test for subgroup differences (common effect): XZ =0.19,df =2 (p = 0.91)
Test for subgroup differences (random effects): y%= 0.29, df = 2 (p = 0.86)

Fig. 3 | Forest plot of associations between GBAI mutation status and risk of developing dementia in Parkinson’s disease patients over time in longitudinal cohorts grouped

by cohort design.

progression could potentially turn fast progressors into slow progressors. This
would substantially improve patients’ lives. Fast progressors with a multi-
locus burden can be enriched, or progression outcome measures can be
adjusted for this burden, in trials targeting the cognitive domain. They are
likely to reveal the greatest benefits from interventions if a drug is effective.
Slow progressors add expense and noise to trials, but their cognitive scores
would not be expected to materially change during the trial duration with or
without intervention. We have previously shown that similar enrichment
strategies for patients who have a more aggressive disease course are poised to
dramatically reduce sample size requirements for clinical trials**'.

The role of progression genetics in the clinical care of patients with
PD is still in its infancy and will require more study and eventually
consensus guidelines. Extensive association data between GBAI and PD
are available, but the exact causal mechanisms linking any of the variants
in the five loci tested to the pathobiology of PD are not well understood.
Currently, patients can discuss genetic testing options with their treating
movement disorders specialist and genetic counselors on a case-by-case
basis. This will require a thoughtful, complex conversation that
addresses the role of non-genetic determinants, average risk vs. accurate

individual prediction, absence of disease-modifying medications, rele-
vance for clinical trial participation, potential implications for a patient’s
family and health care planning, as well as privacy risk and other
unwanted effects.

In summary, this study demonstrates that cognitive progression in
Parkinson’s disease is, in part, influenced by the cumulative, dose-
dependent burden of progression-associated genetic loci. It offers a parsi-
monious framework for interpreting heterogeneity in cognitive progression
and reinforces the concept that progression genetics is partly distinct from
susceptibility genetics. These findings provide a genetic framework for
understanding heterogeneity in dementia risk, support genetically informed
patient stratification, and lay the groundwork for mechanism-directed and
prevention-oriented therapeutic strategies for Parkinson’s disease dementia.

Methods

Cohorts and study participants

Associations of five genetic loci with dementia risk in PD were analyzedin a
meta-analysis expanded across 24 cohorts of European and North Amer-
ican PD patients with longitudinal clinical data.
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Weight  Weight
Cohort name logHR SE(logHR) APOE e4 allele HR 95%-Cl (common) (random)
DENOPA 0.6479 0.4393 T 1.91 [0.81; 4.52] 4.2% 5.2%
HBS 0.8352 0.3205 —~— 2.31 [1.23; 4.32] 7.9% 6.8%
AZSAND -0.0040 0.5793 —_——— 1.00 [0.32; 3.10] 2.4% 3.8%
DIGPD 1.0198 0.6758 ——————  2.77 [0.74; 10.43] 1.8% 3.1%
LCC . ) b 0.0% 0.0%
BioPark 0.5669 0.3162 — 1.76 [0.95; 3.28] 8.1% 6.9%
PDBP 0.0774 0.4337 —~—r— 1.08 [0.46; 2.53] 4.3% 5.3%
PIB 0.4808 0.4373 —_ 1.62 [0.69; 3.81] 4.2% 5.2%
PPMI 0.6721 0.3871 T 1.96 [0.92; 4.18] 5.4% 5.9%
SCOPA -0.2398 0.2272 S B 0.79 [0.50; 1.23] 15.7% 8.3%
SCOPA-C 1.6922 0.5937 5.43 [1.70; 17.39] 2.3% 3.7%

<
CamPalGN 0.4692 0.4047 —— 1.60 [0.72; 3.53] 5.0% 5.6%
EPIPARK 1.1495 0.9388 —t———— 3.16 [0.50; 19.88] 0.9% 1.8%
CPIC . . B 0.0% 0.0%
NYPUM 0.4244 0.3394 ——~— 1.53 [0.79; 2.97] 7.0% 6.5%
ParkWest 0.2954 0.4084 —— 1.34 [0.60; 2.99] 4.9% 5.6%
PICNICS 0.7134 0.3758 e — 2.04 [0.98; 4.26] 5.8% 6.0%
PINE 1.4290 0.3017 R 417 [2.31; 7.54] 8.9% 71%
S
DATATOP -0.5511 0.5677 — 0.58 [0.19; 1.75] 2.5% 3.9%
PreCEPT 2.4606 0.9528 i—— 11.71 [1.81; 75.80] 0.9% 1.8%
LS1 -0.0828 0.3342 _— 0.92 [0.48; 1.77] 7.3% 6.6%
SURE-PD3 1.5596 1.4528 4.76 [0.28; 82.04] 0.4% 0.9%
STEADY-PD3 0.0% 0.0%
Common effect model <> 1.61 [1.35; 1.92] 100.0% .
Random effects model (HK) <> 1.71 [1.29; 2.28] 100.0%
[ T T 1
0.050.1 05 1 2 10

Heterogeneity: /12 = 53%, t2 = 0.1854, p < 0.01

Hazard Ratio

Test for subgroup differences (common effect): 122= 5.97, df =2 (p = 0.05)
Test for subgroup differences (random effects): XZZ: 0.90, df =2 (p = 0.64)

Fig. 4 | Forest plot of associations between the APOE ¢4 allele and risk of developing dementia in Parkinson’s disease patients over time in longitudinal cohorts grouped by

cohort design.

Supplementary Fig. 1 shows an overview of the workflow. The clinical
characteristics of the 24 cohorts are summarized in Supplementary Tables
$2-S4 and delineated in detail in Refs. 17,20,21,33,56-80 We previously
reported data harmonization for 15 of the cohorts here included in
refs. 17,20,21.

Written informed consent for DNA collection and phenotypic data
collection for secondary research use for each cohort was obtained from the
participants in each cohort under approval from the local ethics committees.
Each cohort is listed in the Supplement with details on ethical approval and
study coordination. Genotyping was performed at Mass General Brigham
under Mass General Brigham Institutional Review Board approval
#2005P001191. Genotypes and data were analyzed under Institutional
Review Board approval from Mass General Brigham #2005P001191 and
Yale University IRB protocol ID 2000037299 in accordance with the
Declaration of Helsinki. For PPMI, approval was obtained to download and

analyze publicly accessible whole-genome sequencing and clinical data. For
select cohorts, genotyping was performed at outside institutions, and
existing genotypes were aggregated, quality-controlled, and used for the
meta-analysis. Diagnostic certainty was increased by confirming the clinical
diagnosis of PD during longitudinal follow-up visits*' in all cohorts. Patients
whose longitudinal follow-up evaluations were not consistent with a diag-
nosis of PD were excluded.

Phenotype data

Age at PD diagnosis, family history of PD, and demographics including
ancestry and educational level were collected at enrollment. Cognitive
performance at baseline and over the study period was longitudinally
assessed by the Montreal Cognitive Assessment (MoCA) or the Mini-
Mental State Examination (MMSE). MoCA scores were converted to
MMSE scores using an established formula as per ref. 82 for cohorts in
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which the MMSE score was not recorded. Dementia was defined based on
the operationalized diagnostic criteria established by the Movement Dis-
order Society, which requires the cognitive impairment to influence daily
living and to involve multiple domains in the absence of major depression®’;
for some cohorts, cohort-specific dementia criteria were used. Supple-
mentary Table S2 and Refs. 17,20,21 list the specific dementia criteria used
for each of the 24 cohorts. PD patients with prevalent dementia at the
enrollment visit were excluded. Ethnicity was self-reported.

Genotype data

Whole-Genome Sequences (WGS) were used for Parkinson’s Progression
Markers Initiatives (PPMI), Parkinson’s Disease Biomarkers Program
(PDBP), LRRK2 Cohort Consortium (LCC), STEADY-PD3, and SURE-
PD3; and genotyping array data were used for the other 19 cohorts. Gen-
otyping and data quality control steps were previously reported***' and
extended to the additional cohorts. Genotyping and sample quality control
steps are listed in Supplementary Fig. 2.

Prioritization of five candidate progression loci was performed based
on a literature review. We considered progression loci nominated by prior
reports that met all of the following criteria: (i) Peer-reviewed original
articles evaluating associations between genetic variants and cognitive
decline in patients with PD; (ii) only studies using longitudinal study
designs, which account for the critical time dimension, were included; (iii)
variants showing associations with at least nominal statistical significance
were considered. 15 loci met the three criteria and are shown in Supple-
mentary Table 1. Note that GBAI and APOE &4 were nominated by multiple
studies, and that some cohorts overlap between studies. We forwarded five
loci (GBA1, APOE &4, RIMS2, TMEM108, WWOX) supported in the largest
numbers of cohorts for extended multi-burden analysis in the present 24
cohorts. Cross-sectional case-control studies that lack the critical time
dimension were not considered.

For the present analysis, we extracted genotypes of rs182987047, the
lead variant in the RIMS2locus’; rs116918991, a second independent variant
in the RIMS2 locus"’; rs429358 and rs7412 for the APOE &4 haplotype'’; a
total of 63 pathogenic GBA1 variants; rs138073281 in the TMEM108locus'’
and’; and rs8050111 in the WWOX locus™"”.

GBAI gene variants were defined as describe and
included pathogenic mutations associated with Gaucher’s disease as well
as the PD-associated risk variants E326K, T369M, and E388K™". We
previously reported GBAI genotypes™”***"*’ (largely based on targeted
next-generation sequencing or Sanger sequencing of the locus) for 2625
of the patients with PD included in the current analysis. For the
remaining patients, GBAI variants and mutations were identified based
on genotyping arrays. Participants were classified as carriers (with one or
more GBAI variants) or non-carriers (no GBAI variants) as previously
reported‘),l7,20,21,"IT'

APOE &4 haplotype was coded as a binary variable based on the pre-
sence or absence of at least one ¢4 allele. To approximate a dose-response
analysis, we counted the number of affected loci among the five candidate
progression loci as a categorical variable and compared patients with any
one of these loci, any two of these loci, and any three or more of these loci
separately to the patients with none of these loci.

d‘), 17,20,21,47,84
>

Statistical analysis

The primary meta-analysis combined cohort-specific hazard ratios from
Cox proportional hazards (Cox PH) models using a random-effects,
inverse-variance-weighted approach, with between-study variance esti-
mated by the DerSimonian-Laird method.

Patients were classified according to the number of progression-
associated loci carried. Associations of each genotype with time from
onset of PD (defined as age of PD diagnosis) to the event of dementia
diagnosis were estimated as hazard ratio (HR) and 95% confidence
interval (CI) using Cox PH, adjusting for age at PD diagnosis, sex, years
of education at enrollment, and the first five principal components of
genetic population substructure as fixed-effect covariates similar to what

we reported in refs. 9,17,20,21,47. We then performed random-effects
inverse-variance weighted meta-analysis across cohort-level estimates
and assessed heterogeneity between cohorts via Cochran’s Q test and I’
statistics. I’ statistics below 25%, 25-75%, and above 75% were inter-
preted as evidence for low, moderate, and high heterogeneity, respec-
tively. To evaluate whether the global between-cohort heterogeneity is
attributable to type of study design (biomarker cohorts, population-
based cohort, and clinical trial) we conducted subgroup analyses using
the default y* test.

Secondary meta-analyses applied a frailty model Cox PH analysis™ to
pooled individual-level data from the 24 cohorts, adjusting for age at onset,
sex, years of education at enrollment, five principal components of genetic
population substructure, and including a “cohort” term as a random effect
(frailty™) as previously implemented in refs. 9,17,20,21,30,47.

We recently reported striking differences in disease progression in
research vs. real-world Parkinson’s populations'**>. We thus performed
sub-group analyses for the 12 biomarker cohorts, the 7 population-
based cohorts, and the 5 clinical trial cohorts, respectively, that are part
of the International Genetics of Parkinson’s Disease Progression
(IGPP) consortium. Population-based cohorts are designed to repre-
sent real-world PD populations, while clinical trials and biomarker
cohorts are conducted on patients largely enrolled at academic research
centers.

A weighted five-locus polygenic score was explored and calculated as
the sum across loci of the number of effect (risk) alleles carried at each locus
multiplied by the natural log of the hazard ratio for that allele, yielding an
additive estimate of genetic risk on the log-hazard scale. Genotype dosage
for a risk locus was coded as 0, 1, or 2 for the APOE ¢4 haplotype and for the
RIMS2, TMEM108, and WWOX risk alleles; and coded as 0 or 1 for the
GBA1 locus based on the presence (1) or absence (0) of one or more GBAI
variants.

Supplementary linear mixed-effects model (LMM) analyses were
conducted to evaluate genetic associations with longitudinal MMSE scores.
For each genotype, we applied LMM analyses for patients in cohorts of the
same cohort type and estimated the genetic effect as a beta coefficient and its
standard error of a “genotype x study years” interaction term. Random-
effects meta-analysis was then utilized to pool these cohort-type-specific
estimates, testing between-cohort-type heterogeneity via I’ statistics.
Cohort-level analysis was not executed due to the limited statistical power in
each individual cohort.

All statistical analyses were performed in R 4.2.0 using survival, Imer4,
and meta packages. Methods and reporting of this study adhered to the
STREGA (Strengthening the Reporting of Genetic Association Studies)
guidelines to ensure comprehensive and transparent reporting of genetic
association findings.

Data availability

Genotypes and clinical data for cohorts represented in AMP-PD are
available through the AMP-PD portal. Clinical data from the Parkin-
son’s Disease Biomarkers Program (PDBP) are available at https://
pdbp.ninds.nih.gov. Whole-genome sequencing (WGS) and clinical
data from the Parkinson’s Progression Markers Initiative (PPMI) are
available upon request via a PPMI Whole Genome Sequencing Data
Agreement (ppmi@loni.usc.edu). Individual-level genetic data for the
NIH-funded Illumina Multi-Ethnic Genotyping Array analyses for
EPIPARK are available through dbGaP (accession number
phs002328.v1.pl) in accordance with the NIH Genomic Data Sharing
Policy. Clinical data and genotypes of the five progression loci from
other cohorts analyzed in this study are available from the respective
institutions upon request by qualified researchers and subject to data-
sharing agreements and institutional review board approvals that
protect participant privacy.
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