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% Check for updates The ability to use blood to predict the outcomes of Parkinson’s disease,

including disease progression and cognitive and motor complications, would
be of significant clinical value. We undertook bulk RNA sequencing from the
caudate and putamen of postmortem Parkinson’s disease (n =35) and control
(n=40) striatum, and compared molecular profiles with clinical features and
bulk RNA sequencing data obtained from antemortem peripheral blood.
Cognitive and motor complications of Parkinson’s disease were associated
with molecular changes in the caudate (stress response) and putamen
(endothelial pathways) respectively. Later and earlier-onset Parkinson’s dis-
ease were molecularly distinct, and disease duration was associated with
changes in caudate (oligodendrocyte development) and putamen (cellular
senescence), respectively. Transcriptome patterns in the postmortem Par-
kinson’s disease brain were also evident in antemortem peripheral blood, and
correlated with clinical features of the disease. Together, these findings
identify molecular signatures in Parkinson’s disease patients’ brain and blood
of potential pathophysiologic and prognostic importance.

Parkinson’s disease (PD) is the second most common neurodegen-
erative disorder after Alzheimer’s disease, affecting 2-3% of the
population over 65 years of age'™. Clinically, PD is a highly hetero-
geneous disease with motor symptoms such as tremors, slowness of
movements, stiffness, and postural instability, and more than half of
PD patients develop PD dementia (PDD) within 10 years of diagnosis*”.
Patients with late onset of PD experience faster progression and are at
increased risk of dementia, while patients with early onset have slower
progression, less frequent cognitive impairment, but more treatment-
related motor complications®. The disabling motor and non-motor
manifestations of PD are primarily due to the loss of dopaminergic
input from the substantia nigra into the dorsal striatum’.

The dorsal striatum is divided into the caudate and putamen,
which have discrete corticostriatal circuitry and differing roles in PD
symptom manifestations”®. Functional imaging studies in PD patients
have demonstrated that loss of dopaminergic input into the caudate
and putamen correlate with cognitive impairment and motor wor-
sening, respectively’™>. While the mainstay of treatment for PD
remains levodopa, which restores brain dopamine levels, its chronic
use is fraught with several problems, including loss of drug efficacy,
erratic (on-off) responses, and abnormal hyperkinetic movements
such as levodopa-induced dyskinesia, a common motor complication
related to dopamine transporter loss and abnormal connectivity in the
putamen®*,
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While the molecular basis underlying the various clinical-
pathologic features of PD remains incompletely understood, a care-
ful assessment of molecular changes following dopamine denervation
in the striatum has been limited. Two RNA sequencing (RNA-seq)
studies from a small number of PD patients found downregulation of
synaptic pathway RNAs in the putamen, but it is not known whether
these changes are shared with the caudate or if the caudate is mole-
cularly distinct in PD" %, Moreover, changes in RNA in the caudate and
putamen have not been studied with respect to the heterogeneous
clinical features of PD.

Peripheral blood transcriptome studies in Alzheimer’s disease
have demonstrated correlations with clinical status, including corre-
lates of immune and neural changes with molecular brain
pathology™®* raising the question of whether the blood might be
informative in PD. The Parkinson’s Progression Markers Initiative
(PPMI), a multi-center study aggregating whole-blood transcriptome
data from PD cases and matched controls in a publicly available
dataset, recently identified altered expression of immunologic sig-
natures, with an increase in neutrophil gene expression in the whole
blood of patients with PD?%, It is not yet known whether transcrip-
tional changes detectable in PD blood correlate with clinical status or
specific molecular changes in the brain.

Here, we performed bulk RNA-seq from paired caudate and
putamen regions of 35 PD and 40 control brains to develop a com-
parative analysis of clinical and molecular changes in PD. We identified
gene expression changes that were common to both caudate and
putamen, including increased levels of RNAs encoding proteins
involved in the regulation of miRNA activity and immune response,
and decreased levels of RNAs encoding proteins involved in the
postsynaptic membrane, synaptic signaling, mitochondrial dynamics,
and lipid metabolism. We also identified regionally distinct changes
that were specific to caudate and putamen that were associated with
dementia and levodopa-induced dyskinesia, respectively. Later and
earlier onset PD were also molecularly distinct, even at the end of their
disease course. Findings in the PD brain were corroborated by analysis
of bulk RNA profiles in peripheral blood obtained from the PPMI,
correlating with disease severity and clinical features of the disease,
and these findings were independent of medication effect. In sum-
mary, we identify molecular changes in PD caudate, putamen, and
blood associated with the clinical heterogeneity in PD, providing RNA
signatures of potential pathophysiologic, diagnostic, and prognostic
importance.

Results

Transcriptome profiling identifies molecular pathways dysre-
gulated in PD striatum

We undertook bulk RNA-seq from both the caudate and putamen from
40 control donors and 35 PD donors (Fig. 1a, and Supplementary Data
S1, 2). Principal component analysis (PCA) of the top 500 variable
genes revealed four significant clusters, corresponding to the striatal
region and clinical diagnosis (Fig. 1b). The first principal component
(PC1) was driven by the striatal region, separating caudate from
putamen, while the second, PC2, was driven by disease status, separ-
ating control from PD striatum. PC2 scores correlated with tyrosine
hydroxylase (TH) protein levels, thus confirming that these RNA
changes reflected the extent of dopamine denervation in PD (Sup-
plementary Fig. 1a, b and Supplementary Data S3).

Differential gene expression analysis revealed 5383 and 5110 up
and downregulated RNAs, respectively, in the PD caudate compared to
controls, and 5971 and 5676 up and downregulated RNAs, respectively,
in PD putamen compared to controls (Fig. 1c and Supplementary Data
$4, 5). To identify gene sets with similar biological activity that were
changed in PD, we employed gene set variation analysis (GSVA) on
Gene Ontology (GO) terms®* (Fig. 1d and Supplementary Data S6-9).
GSVA provides an enrichment analysis that takes into account all genes

in a GO term/pathway using a non-parametric, unsupervised method
(i.e., without relying on phenotypic/disease group information) for
estimating the variation of that gene set within each sample*. Both
caudate and putamen showed decreases in transcripts encoding pro-
teins involved at the synapse, such as postsynaptic membrane, vesi-
cular and ion transport, and calcium-mediated signaling (Fig. 1d, e),
consistent with postsynaptic processes in response to the loss of
dopaminergic input from the substantia nigra'®*. Other transcripts
downregulated in the PD caudate and putamen encoded proteins
involved in lipid metabolism and mitochondrial fission (Fig. 1d, e), both
of which are implicated in nigral dopamine neuronal dysfunction and
death®*”. Conversely, regulation of miRNA activity was highly enri-
ched, indicating their role in the modulation of RNA levels and trans-
lation in the PD striatum (Fig. 1d, e). Pathways related to NF kappa B, a
transcription factor abundantly expressed in the brain and linked to
neuro-inflammation, neurogenesis, and dendrite morphogenesis, were
also upregulated in PD striatum (Fig. 1d)*. Other immune response
pathways, including those involved in T cell activity and nucleotide-
binding oligomerization domain-containing protein 2 (NOD2) signal-
ing, were highly enriched in both regions of the striatum, indicating
global immune hyperactivation in the PD brain (Fig. 1d, e and Sup-
plementary Data S8, 9).

Although the majority of differentially changed GO terms were
common to both caudate and putamen, we identified a number of
unanticipated region-specific RNA changes (Fig. Slc and Fig. 1f). The
caudate was characterized by increased enrichment of stress response
pathways, including epigenetic modifications such as histone acet-
ylation and methylation, protein kinase C signaling, chaperone-
mediated protein folding and mitochondrial DNA metabolic process
(Fig. SIc and Fig. 1f). Conversely, the serotonin metabolism pathway
was preferentially downregulated in the caudate (Fig. Slc), consistent
with previous studies showing preferential loss of serotonin markers in
the caudate more than putamen in PD?’. Terms upregulated only in the
putamen included Hedgehog signaling and connexin complex (Fig.
SIc). GO terms regulating the biosynthesis of ceramides, which are
substrates of the PD susceptibility gene glucocerebrosidase (GBA),
were preferentially downregulated in the putamen (Fig. Slc and
Fig. 1f)*. These results suggest that while the caudate and putamen
share common dysregulated pathways in PD, there are region-specific
molecular changes, consistent with the unique roles different striatal
regions have in clinical manifestations of PD.

Gene ontology analysis of highly changed RNAs (Supplementary
Data S10), defined by using more stringent filters, identified the
involvement of pathways congruent to those seen on GSVA. Down-
regulated terms in caudate and putamen included synaptic pathways
such as trans-synaptic signaling, G protein-coupled receptor signaling,
and postsynaptic membrane (Fig. S1d). Top-upregulated terms in
caudate included stress response terms (cellular response to heat,
chaperone-mediated protein folding), inflammatory response, and
purine metabolism (Fig. S1d). In the putamen, top-upregulated terms
identified ion stress response as well as inflammatory response
(Fig. S1d).

To assess the value of RNA-seq in the prediction of clinical diag-
nosis, we undertook a machine-learning approach to identify binary
classifier genes that can distinguish PD from controls. Using a group of
70% of our control and donor PD caudates as a training dataset, we
discovered a set of 19 classifier genes which identified clinical diag-
nosis with 86% accuracy. The same set of classifier genes identified
clinical diagnosis in the putamen with 90% accuracy (Fig. 1g and Sup-
plementary Data S11).

The majority of PD donors were on dopaminergic medications. To
examine whether transcriptional changes identified were impacted by
medication, we tested the effect of levodopa equivalent drug dose
(LEDD)* in our differential gene expression model, allowing the
identification of RNAs associated with PD independent of their
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Fig. 1| Transcriptome patterns in PD caudate and putamen. a Overview of the
study. Bulk RNA sequencing was performed in postmortem caudate and putamen
from controls and PD patients. Antemortem blood transcriptome data was
obtained from an independent cohort of subjects enrolled in the PPMI study.
Clinical information was extracted from accompanying charts (postmortem
donors) and open-access database (PPMI subjects) to determine molecular profiles
associated with PD clinical variables. Parts of the image were created with BioR-
ender.com. b Principal component analysis (PCA) shows the separation of caudate
and putamen regions of striatum along PC1 (p value: 2.6 x 1072°, Kruskal-Wallis
test). Healthy controls and PD are separated along PC2 (p value: 2.08 x1078).
Ellipses indicate confidence interval = 0.8 of indicated groups. ¢ Volcano plot
shows significantly changed RNAs in PD caudate and putamen compared to their
respective controls. RNAs with significant changes in expression (determined by
moderated t-tests with multiple test corrections using limma) with false discovery
rate (FDR) <0.05 and an absolute value of log, fold change (FC, PD/Control) >0.1,
0.5, and 1 are colored according to direction. d Bubble plot shows representative

top significantly (FDR <0.05) up- (log,FC >0) and down (log,FC <0) -regulated GO
terms in both caudate and putamen, as determined by GSVA. SNARE: Soluble N-
ethylmaleimide-sensitive factor attachment proteins receptor, GMP guanosine
monophosphate, NOD nucleotide-binding oligomerization domain. e Sample-wise
gene set enrichment scores (determined by GSVA) for individual donors show
select GO terms that are changed in both regions. C- Controls (n =40), PD (n =35).
f Gene set enrichment scores for individual donors show select GO terms that are
preferentially changed in either caudate or putamen. C- Controls (n=40), PD
(n=35). g Heatmap shows expression (log,(counts per million), scaled by genes) of
classifier genes (identified in caudate) in control and PD striatum. Significance for
box plots were determined by the two-sided Wilcoxon test. Box plots show lower
and upper hinges corresponding to the first and third quartiles (representing 25th
and 75th percentile, respectively). Whiskers extend from the hinge to the

1.5 x inter-quartile range. The Center line indicates the median. Source data are
provided as a Source Data file.
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association with drug dose. This analysis showed that >95% of RNAs
were significantly up and downregulated in PD independent of drug
dose (Fig. Sle), and a high correlation (r=0.98, p <2.2e-16) was seen
for differentially changed pathways in PD before and after accounting
for the effect of drug dose (Fig. SIf). These results indicate that drug
dose did not make a significant detectable difference on the tran-
scriptome in postmortem brains.

Mass spectrometry on brain samples (PD caudate (n=10), PD
putamen (n=12), and control (n=5)) confirmed a correlation between
expression levels of RNA and protein in the striatum (Fig. S2a, ¢ and
Supplementary Data S12, 13). GO terms altered in the RNA-seq were
similarly affected at the protein level (Fig. S2b, d and Supplementary
Data S14, 15). The mitochondrial proteome was the most down-
regulated term in caudate (including proteins involved in the mito-
chondrial envelope, mitochondrial protein complex, and
mitochondrial gene expression), along with ion transport and lipid
metabolic processes, while immune-mediated GO terms were upre-
gulated (Fig. S2b). In putamen, transmembrane transport, lipid meta-
bolism, and mitochondrial envelope terms were downregulated, while
inflammatory pathways were upregulated (Fig. S2d), consistent with
RNA-seq. These observations provide independent support for the
findings seen by RNA-seq, indicating that the RNA changes give rise to
steady-state protein changes in the PD striatum.

Concordant transcriptome patterns are seen in the PD striatum
and peripheral blood

Peripheral blood transcriptome studies in Alzheimer’s disease have
reported findings that mirror brain pathology'*°. Therefore, we tested
whether the transcriptional changes we identified in PD caudate and
putamen were also altered in antemortem blood collected from PD
patients (n=479) compared to control donors (n=195) in the PPMI
cohort (Supplementary Data S16). About 1015 and 569 RNAs were
significantly up and downregulated in PD blood (Fig. 2a and Supple-
mentary Data S17), consistent with the prior analysis of this data”. We
observed that RNAs significantly up or downregulated in the PD cau-
date and putamen were altered in the same direction in the
blood (Fig. 2b).

To confirm this observation, we analyzed blood bulk RNA-seq
data from an independent cohort, the Parkinson’s Disease Biomarker
Program (PDBP). There was a significant correlation between differ-
entially expressed PD RNAs detected in the PPMI and PDBP cohorts
(Fig. S3a). Cumulative changes in RNAs significantly up or down-
regulated in the PD brain were changed in the same direction in the
PDBP blood (Fig. S3b and Supplementary Data S18). While the eva-
luation of a large number (>5000, Fig. S4a) of significant striatal PD-
associated RNAs in the blood expectedly limit the overall effect size in
blood, these findings indicate consistent concordance between post-
mortem brain and antemortem blood RNAs in PD.

For example, SNCA, which encodes alpha-synuclein and is linked
to a familial form of PD*, was significantly downregulated in both the
blood and brain, consistent with smaller targeted RNA studies in the
blood and with prior analysis of PPMI data (Fig. 2a, ¢)*>**. TOMM70, an
import receptor involved in the import of PINK-1 into the
mitochondria*, was also significantly downregulated in PD caudate,
putamen, and blood (Fig. 2a, c) as was the calcium-dependent kinase
CAMK4 (Fig. 2a). Upregulated RNAs discovered in both the blood and
the brain were immune pathway genes including FCAR (Fig. 2a, c¢) and
ILIR2, stress-induced molecular chaperone HSPA6 and genes impor-
tant in brain function such as the G protein-coupled receptor PROK2
and neuronal acetyl cholinergic receptor CHRNAIO (Fig. 2a).

Significantly changed GO terms detected in the PD caudate and
putamen were also collectively consistent in their direction of change
in PD peripheral blood (Fig. S4b and Supplementary Data S19). Similar
to our observations of RNA changes in PD caudate and putamen,
transcripts encoding proteins in miRNA regulation and immune

response (Toll-like receptor signaling, interleukin secretion, and NF
kappa B signaling) were upregulated in the blood (Fig. 2d). Conversely,
again consistent with observations in the PD caudate and putamen,
where we observed downregulation of neuronal and synaptic path-
ways, GO terms downregulated in PD blood included postsynaptic
membrane, glutamine metabolic process and neuron maturation
(Fig. 2d). Direction of change in top differentially changed GO terms in
PD blood were driven by changes in most genes in the GO term
(Fig. S4c).

The top GO terms identified as dysregulated in GSVA of PD blood
were neuronal, such as “extrinsic component of postsynaptic spe-
cialization/density membrane”, and inversely correlated with motor
severity, based on two different clinical scales (the Movement dis-
orders society (MDS)-unified Parkinson’s disease rating score
(UPDRS) and the modified Hoehn and Yahr scale)*?¢ (Fig. 2e). Simi-
larly, TIAM-1, a gene in the postsynaptic membrane GO term that
encodes a known modulator of glutamatergic synapse function®-,
was significantly decreased in PD caudate, putamen, and blood, and
its expression inversely correlated with motor severity in the PPMI
cohort (Fig. S4d). In summary, peripheral blood from antemortem PD
subjects shows concordant changes in RNA expression with PD brain,
and strikingly, these antemortem blood signatures correlate with PD
progression.

We also observed concordance in expression patterns between
the blood of prodromal subjects® (n = 60) who were not clinically
diagnosed with PD, but had clinical signs suggesting a risk for PD (such
as anosmia, sleep disorder, and dopamine transporter scan showing
loss of dopamine), and postmortem PD caudate (Fig. S4e). In contrast,
compared to controls, carriers of PD-related genetic mutations who
were otherwise healthy, did not show concordance with the direction
of change in PD brain RNA (Fig. S4e and Supplementary Data S20),
suggesting that such concordance is detectable in the blood when
pathology has also manifested in the brain.

We next investigated if transcriptome changes seen in PD blood
were influenced by medication use. In PD blood, ~40% of RNAs chan-
ged independent of medication dose (LEDD) (Fig. S5a).

A small number of blood RNAs (38) correlated with LEDD (Sup-
plementary Data 21). Overall, the concordance between the blood and
brain transcriptome remained true with differentially expressed RNAs
and pathways independent of medication dose (Fig. S5b, c).

To further investigate the concordance between blood and brain
in PD, we analyzed blood transcriptome changes in PD patients when
they were drug-naive for dopaminergic medications. As expected,
drug-naive PD subjects had lower MDS-UPDRS scores compared to
those on medications (p value <2.2e-16) (Fig. S5d). While this makes a
complete uncoupling of the effect of medication and disease chal-
lenging, we nonetheless compared the transcriptome profile of drug-
naive PD subjects to controls. This revealed that 34 and 17% of up- and
downregulated RNAs in drug-naive PD blood were concordant with
those seen in the PD striatum (Fig. S5e and Supplementary Data S22).
For example, SNCA and FCAR were significantly down- and upregulated
in PD blood, even in drug-naive PD subjects (Fig. S5f, g). Similarly, RNAs
downregulated in the PD brain, such as the neuronal enriched RNA
GPR52 and the PD gene DNAJC6, were also downregulated in PD blood
in drug-naive patients (Fig. S5f, g). On GSVA, differentially changed
pathways showed a significant correlation between drug-naive and PD
subjects on dopaminergic medications (Fig. S5h and Supplementary
Data S23).

These observations were supported with data from an indepen-
dent analysis that used machine learning to determine RNAs that serve
as classifiers in the blood to distinguish controls and PD among early-
stage (average disease duration of 2 years) drug-naive PPMI subjects®.
We observed that up- and downregulated classifier RNAs in the blood
from early-stage drug-naive PPMI subjects were collectively changed in
the same direction in the postmortem striatum, indicating that the PD
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Fig. 2 | Concordant RNA changes are seen in the PD brain and blood. a Volcano
plot showing differential gene expression analysis of blood transcriptome from
PPMI subjects. Select RNAs that are also significantly up- or downregulated in the
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determined by two-sided Wilcoxon tests. C control. d Volcano plot shows sig-
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top GO terms are labeled. p values and FDRs are determined by moderated t-tests
and multiple test corrections using limma. e Gene set enrichment scores of the top
downregulated GO term (extrinsic component of postsynaptic density membrane)
in PD blood correlate with disease progression, based on Hoehn and Yahr scale and
MDS-UPDRS IIl motor scores. C-Controls (n=195), PD (Hoehn and Yahr 1: n=93, 2:
n=249, 3: n=26; MDS-UPDRSIII 0-30: n =224, 30-80: n=144) p values were
obtained from the Wilcoxon test. Only significant comparisons as determined by
two-sided Wilcoxon tests are shown. Box plots show lower and upper hinges
corresponding to the first and third quartiles (representing the 25th and 75th
percentile, respectively). Whiskers extend from the hinge to the 1.5 x inter-quartile
range. The center line indicates the median. Source data are provided as a Source
Data file.
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blood transcriptome reflects changes in the PD brain independent of
medication status (Fig. S5i).

Distinct transcriptome profiles are associated with cognitive
and motor complications of PD

As pathology in the caudate, but not putamen, is associated with
Parkinson’s disease dementia (PDD)’'>*°"*?, we next assessed whether
RNAs changed in PDD did so in a region-specific manner. Sixteen
donors had a diagnosis of PDD and 11 had PD without dementia (see
Methods, Supplementary Data S24). Differential gene expression
analysis in caudate identified 57 RNAs that were significantly changed
in PDD compared to PD without dementia, while only eight RNAs were
significantly affected in the putamen (Fig. 3a, Fig. S6a, and Supple-
mentary Data S25, 26).

GSVA identified more than 300 GO terms that were significantly
changed in PDD compared to PD caudate (Fig. 3b, Fig. S6b, and Sup-
plementary Data S27, 28). No significant GO terms were identified in
the putamen in the same patients, suggesting that the region-specific
changes seen in the caudate are specifically linked to dementia (Fig.
Sé6b). Significant GO terms in PDD caudate included circadian regula-
tion of gene expression and stress response pathways, including pro-
tein kinase C signaling, histone H4 acetylation, and mitochondrial DNA
metabolic process (Fig. 3b, c).

We next assessed the blood transcriptome in PPMI PD patients
with respect to clinical measures of cognitive impairment, using the
MoCA (Montreal Cognitive Assessment) scale where MoCA >26 is
normal; n=144) and MoCa <26 is abnormal; n=332) (Fig. S6¢c and
Supplementary Data S29, 30). RNAs that were differentially expressed
in the caudate in PDD patients, such as TRAPPC6A, ARFRPI, NUCKSI,
and STAG3, were also changed in the blood with worsening
MoCA (Fig. 3d).

The top GO terms that differentiated subjects with and without
cognitive impairment in the blood were neuronal terms, including
glutamatergic signaling (glutamate binding, NMDA glutamate recep-
tor complex, spontaneous neurotransmitter secretion) (Fig. S6d and
Supplementary Data S31). GO terms dysregulated in PDD caudate such
as histone H4 acetylation, mitochondrial DNA metabolic process, and
circadian regulation of gene expression were inversely changed in the
blood of PPMI subjects with cognitive impairment (Fig. Séd, e). As
postmortem PDD donors had longer average disease duration
(13.4 + 7.2 years) relative to PPMI PD subjects with cognitive impair-
ment (average disease duration 6.7 + 6.3 years), these observations
suggest that the above stress response pathways are important in the
development of PDD, and likely undergo dynamic changes early in the
course of the disease.

While PPMI PD subjects, when drug-naive for dementia medica-
tions, expectedly had significantly better cognitive profiles (Fig. S6f),
many of these RNAs and pathways nonetheless showed similar
expression patterns with decreasing MoCA scores (Fig. Sé6g, h). Toge-
ther, these observations indicate that RNAs associated with dementia
in the brain show corresponding changes in the blood of PD subjects
with worsening cognition.

We next assessed the molecular changes in caudate and putamen
in PD subjects with a clinical history of a motor complication-levodopa-
induced dyskinesia (Supplementary Data S32), although only small
numbers of comparable donors with (n=5) or without (n=11) dyski-
nesia were available for analysis. There was no significant difference in
the average LEDD between donors with (average LEDD
716.3+577.5mg) and without dyskinesia (average LEDD
954.7 + 780.1 mg). Differential gene expression analysis identified 18
RNAs which were altered in the putamen, while few RNAs were dif-
ferentially expressed in the caudate (Fig. S7a and Supplementary Data
S33, 34). We assessed transcriptome patterns in the blood of PPMI
subjects with (n=213) and without (n =201) history of dyskinesia, but
did not observe any significant difference between these groups

(Supplementary Data S35). In contrast to brains from donors with PDD,
where differentially changed GO terms were observed in the caudate,
brains from donors with levodopa-induced dyskinesia showed differ-
entially changed GO terms specifically in the putamen (Fig. S7b and
Supplementary Data S36,37). Here, we identified differences in the
regulation of endothelial cell pathology and cell death GO terms
(endothelial cell apoptosis, anoikis, vascular permeability, fluid lami-
nar shear stress, death receptor signaling; Fig. S7c, d). These obser-
vations were consistent with previous functional imaging studies in PD
patients and animal models of PD, showing vascular pathology in the
putamen in levodopa-induced dyskinesia***°. Taken together, our
results suggest that PD patients with cognitive and motor complica-
tions have distinct molecular changes in the caudate and putamen
respectively, some of which are reflected in the antemortem blood
transcriptome.

Differential molecular patterns in the striatum and blood reflect
age at the onset of PD

Patients with late-onset PD are clinically distinct from patients with
early-onset of disease, with late-onset PD patients experiencing faster
motor and non-motor progression of disease compared to early-onset
PD patients*’*. While the classic definition of early onset is arbitrary,
with ages ranging from <40 to <50°*", previous studies have shown
that for every decade for onset studied, older age of onset was asso-
ciated with worse motor and non-motor disease*®. This led us to
hypothesize that there may be distinct molecular features in the
striatum that distinguish the age of PD onset.

Indeed, PCA revealed that patients with later age of onset (refer-
red to as LOPD, age of onset > 55) separated better from controls, more
than patients (n = 6) with earlier onset of PD (referred here as EOPD,
age of onset <55) (Fig. 4a and Supplementary Data S38). After factoring
in age at death, differential gene expression analysis in the caudate of
LOPD patients identified 5266 and 5723 RNAs that were significantly up
or downregulated, respectively (Fig. 4b and Supplementary Data S39).
In the putamen of LOPD patients, 5599 and 6551 RNAs were up or
downregulated, respectively (Fig. 4b and Supplementary Data S40).
LOPD brains showed differentially expressed RNAs compared to con-
trols even when small sample numbers were used (n = 6), again sug-
gesting that changes in the LOPD striatum are robust (Fig. S8a, b). Few
differentially expressed RNAs could be identified between EOPD
patients and controls (Fig. 4b, Fig. S8b, and Supplementary Data
S41, 42).

Calcium ion transport was the top changed GO term in LOPD,
consistent with significant synaptic dysregulation seen in PD. GSVA
showed significant downregulation of this pathway in LOPD, while
EOPD patients showed modest differences relative to controls (Fig. 4c
and Supplementary Data S43, 44). A more targeted approach, looking
at dopaminergic pathway differences, showed the same differences in
molecular impact in LOPD but not EOPD (Fig. 4c). Notably, these dif-
ferences were seen despite the shorter disease duration in LOPD
(11.24 £ 5.9 years) compared to EOPD (20.50 £ 5.1 years).

Functional imaging studies in PPMI subjects have demonstrated
that dopamine dysfunction is comparable in the putamen in late and
early-onset PD*%. Postmortem studies have suggested that there is a
substantial loss of DA input into the putamen within four years of
disease onset, although this has not been investigated in the context of
the age of onset of disease™. Given the modest molecular changes in
EOPD, we tested the hypothesis that this was secondary to preserved
dopamine input in these patients. We assessed TH levels on protein
extracts from caudate and putamen of donors with LOPD and EOPD to
estimate the loss of dopaminergic innervation in these groups. Both
LOPD and EOPD showed significant loss of TH protein (Fig. S8c-e).
These observations show that despite the comparable loss of nigral
dopamine input and shorter disease duration compared to EOPD,
LOPD patients show significant RNA changes. Taken together, these
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Fig. 3 | Caudate is affected in PDD with concordant changes seen in blood. PDD (n=16). p values were determined by two-sided Wilcoxon tests. d Differentially

a Volcano plot shows differentially expressed RNAs in PDD caudate (n =16) com-
pared to PD without dementia (PD) (n =11). Only significantly (FDR <0.05) changed
(absolute value of log,FC >0.1) RNAs (determined by moderated ¢-tests with mul-
tiple test corrections using limma) are colored according to direction. b Bubble
plot shows representative top significant (FDR <0.05) GO terms from GSVA analysis
in PDD caudate compared to PD. p values were determined by fgsea’, with multiple
test correction using the Benjamini-Hochberg method. LDL low-density lipopro-
tein, ER endoplasmic reticulum, ADP adenosine diphosphate. ¢ GSVA enrichment
scores of select GO terms in controls, PD, and PDD. Controls (n=40), PD (n=11),

changed RNAs in the PDD caudate show similar changes in expression levels in PD
blood with worsening cognition as seen by Montreal Cognitive Assessment (MoCA)
scores. Controls (n=161), PD: MoCA 26-30 (n=332), 23-25 (n=96), 0-22 (n=48).
Only significant comparisons as determined by two-sided Wilcoxon tests are
shown. Box plots show lower and upper hinges corresponding to the first and third
quartiles (representing the 25th and 75th percentile, respectively). Whiskers extend
from the hinge to the 1.5 x inter-quartile range. The center line indicates the med-
ian. Source data are provided as a Source Data file.
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test corrections using the Benjamini-Hochberg method. ¢ Gene set enrichment
scores for GO terms are plotted for LOPD, EOPD, and controls (C) in the caudate
and putamen. Changes detected in PD donors with LOPD when compared to
controls, are not significant in those with EOPD compared to controls. p values are
the result of the two-sided Wilcoxon test. Box plots show lower and upper hinges
corresponding to the first and third quartiles (representing the 25th and 75th
percentile, respectively). Whiskers extend from the hinge to the 1.5 x inter-quartile
range. The center line indicates the median. d Volcano plots show differential gene
expression analysis in LOPD and EOPD compared to controls in the blood. Only
RNAs with FDR <0.05 and an absolute value of log, FC >0.1 are colored according to
direction. Control (n=195); LOPD (n=330); EOPD (n =149). Source data are pro-
vided as a Source Data file.

data suggest physiologic differences in how the striatum responds to
dopamine loss in LOPD and EOPD.

We next analyzed the blood transcriptome from controls
(n=195),LOPD (n=330), and EOPD (n = 149) individuals from the PPMI
cohort (Supplementary Data S45). Similar to our observations in the
caudate and putamen, significant blood RNA changes were evident in
LOPD but not EOPD (Fig. 4d and Supplementary Data S46, 47) when
compared to controls. These observations suggest that LOPD and
EOPD are fundamentally different in their molecular characteristics in
the caudate and putamen, and these differences are mirrored in
the blood.

Temporal dynamics of molecular pathways in PD striatum

Previous studies have shown an association between disease duration
and loss of dopamine input into the striatum®?. This association was
non-linear, with the greatest loss of dopamine input into the putamen
occurring in the first four years after diagnosis. We used spline inter-
polation in the brain to investigate relationships between RNA levels
and disease duration in the striatum. GO terms significantly associated
with disease duration in the caudate included oligodendrocyte
development, pinocytosis, and gonadotropin response pathway, the

latter being consistent with extra-hypothalamic gonadotropin
expressing population discovered in the striatum®™ (Fig. 5a, ¢ and
Supplementary Data S48). In the putamen, GO terms associated with
increased disease duration include nuclear hormone receptor binding,
integrin signaling, and cellular senescence (p38 Mitogen-activated
protein (MAP) kinase, cell aging) (Fig. 5b, d and Supplementary Data
$49). In PD putamen, many pathways showed downregulation with
long (=20 years) disease duration, which may reflect the dynamic
changes that occur in the final stages of the disease. A similar analysis
in peripheral blood from PPMI subjects was precluded by a narrow
range and relatively short disease duration in this cohort (Fig. S9). In
sum, these observations highlight the temporal dynamics of molecular
pathways and the continuous accumulation of pathology in PD cau-
date and putamen over the course of the disease, from onset to death.

Discussion

Loss of dopamine input into the striatum is one of the key mechanisms
underlying clinical manifestations in PD. At the time of diagnosis of PD,
most patients have lost roughly 60% of the nigral dopamine neurons®.
Although the initial loss of dopamine input is balanced by compen-
satory mechanisms in the striatum, eventually, striatal dysfunction
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provided as a Source Data file.
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leads to the onset of symptoms™. Therefore, understanding the
molecular changes in the striatum in PD has a vast potential for disease
modulation. Moreover, the biological and molecular basis for clinical
heterogeneity seen in PD is not understood. Identifying molecular
features in the blood that correlate with pathological changes in the
brain and clinical trajectories offers predictive value for patients early
in the course of the disease. Here, we present an in-depth molecular
analysis of the PD striatum and correlate molecular changes in the
striatum with clinical variables. We discovered that the caudate and
putamen show both overlapping and distinct transcriptome changes,
with the caudate particularly affected in PD patients with cognitive
impairment, while the putamen is more affected in motor complica-
tions such as dyskinesia. We show that LOPD is molecularly distinct
from EOPD, even at the end of their disease course. Finally, we identify
that molecular signatures of PD and its clinical heterogeneity can be
identified in the peripheral blood antemortem, which could ultimately
be clinically useful for prognosis and treatment.

We observed that several GO terms previously linked to the death
of substantia nigra dopaminergic neurons, including immune
response, and mitochondrial dynamics, were also altered in the stria-
tum, thus indicating a global dysregulation of these pathways in PD". In
PDD caudate, we observed an upregulation of stress response path-
ways linked to memory formation in mice, such as histone acetylation
and protein kinase C signaling>~’ and mitochondrial DNA metabolism,
consistent with a previous study in the PDD prefrontal cortex®®.
Functional imaging studies have shown abnormal putaminal neuro-
vascular responses in patients with levodopa-induced dyskinesia®,
linked to increased endothelial proliferation, neo-angiogenesis, and
blood-brain barrier permeability***. Our discovery of dysregulated
vascular endothelial pathways provides molecular confirmation of
these mechanisms in PD patients with levodopa-induced dyskinesia.

Our observations of more robust molecular changes in LOPD than
EOPD, despite their longer disease duration and comparable loss of
dopaminergic innervation, may explain the faster disease progression
in late-onset PD patients*” and indicate different pathophysiologies
and response to dopamine loss in the two groups. As RNA changes
associated with the age of death in the two groups were factored in our
comparative analysis, it is likely that there is an additive effect of aging
on disease progression, reflected in the more severe molecular chan-
ges seen in LOPD. Our findings establish a molecular basis for clinical
differences with age at onset in PD and should be considered in the
recruitment of subjects to clinical trials, to minimize heterogeneity and
improve the efficacy of novel treatment measures.

A previous study that combined transcriptomics in PD substantia
nigra with a mouse cell-type specific transcriptome atlas has identified
that oligodendrocyte genes are significantly upregulated in PD, even in
early preclinical stages®. Our observation that RNAs involved in oli-
godendrocyte development are altered with disease duration indicates
that these cells are additionally involved in PD striatum. Nuclear hor-
mone receptor signaling, associated with disease duration in the
putamen, has been shown to be crucial for the development and
physiology of the striatal dopaminergic system®"“’, In the PD putamen,
cellular senescence, including cell aging and p38 kinase cascade GO
terms were also associated with disease duration. Cellular senescence,
once thought to be limited to proliferating cells, have lately been also
identified as a feature of aging post-mitotic neurons and in nigral
astrocytes in PD®***, Activation of p38 MAP kinase is detrimental to
neurons in Alzheimer’s disease and Huntington’s disease®°¢. Clearance
of senescent cells have also been shown to mitigate
neurodegeneration®”*®, These findings invite considerations for
investigations into senolytics currently in clinical trials, for PD®’.

Our observations in the blood transcriptome of PPMI subjects
further supports and extends our observations of striatal tran-
scriptome changes seen in PD. Consistent with previous analysis of
blood transcriptomes in PD, we noted increased immune activation in

the striatum and peripheral blood”. Detection of RNA changes in the
brain and blood may, in part, support the hypothesis that PD is a multi-
system disorder with global molecular dysfunctions. As RNAs encod-
ing proteins involved in neuronal functions distinguish controls from
PD and also correlate with motor progression and disease severity,
some of the peripheral changes detected in the blood may also be
secondary to changes in the brain. A recent study has reported that
brain genes defined in single cell-atlas are detectable in cell-free RNA
from the blood”. A study of cell-free RNA profiles in Alzheimer’s dis-
ease blood have reported the detection of brain RNAs resembling the
dysregulation seen in postmortem brains, and disease-relevant tran-
scripts in the blood correlated with the severity of dementia®. A clear
mechanism for how brain transcripts could gain access to the blood or
how peripheral blood mirrors changes in the brain in the course of
neurodegeneration is lacking, and further investigation is required to
confirm these suggestions. Nevertheless, coordinated transcriptome
changes seen in PD striatum and blood that correlate with hetero-
geneous features of the disease, are of clinical value. Molecular chan-
ges occurring in the PD brain cannot be examined non-invasively
antemortem, limiting our understanding of the cause, progression,
and heterogeneity of the disease. The concordant transcriptome
changes seen in the brain and blood can be leveraged to molecularly
characterize clinical subtypes of PD and develop novel tools for ante-
mortem clinical diagnosis, prognostication, and monitoring ther-
apeutic responses by a minimally invasive approach.

Methods

Ethical considerations

The research conducted is in accordance with ethical guidelines and
regulations. The use of postmortem brain samples obtained from brain
banks was governed by a Material Transfer Agreement, which ensured
that the samples were obtained and used in accordance with legal and
ethical requirements. The brain banks followed appropriate consent
procedures from donors or their legal representatives for the collec-
tion and distribution of postmortem brain tissue for research use. This
study also incorporated publicly accessible blood transcriptome data
from de-identified individuals who provided informed consent at data
collection sites”. The utilization of these data followed the guidelines
outlined by the data repository’s Data Use Access policies. The
research outline and protocol, including the use of postmortem brain
samples and publicly available blood transcriptome data, were
reviewed by the Chair of Rockefeller University’s Institutional Review
Board (IRB).

Human brain tissue

Brain tissue from individuals who had pathological confirmation of PD
were obtained from NIH NeuroBioBank. Control donors did not carry a
clinical history of neurological disease. Chart review of available clin-
ical material for information on age of onset/diagnosis, disease dura-
tion, medications, dementia, and dyskinesia were done retrospectively
from visit notes with movement disorders specialists, neurologists,
and general and other specialty practitioners as available. Tissue banks
used co-ordinates from two previously published reference atlases for
dissecting caudate and putamen, including Ding et al., Figure 21 (page
42) and Figure 22 (page 44)” and from Atlas by Roberts et al., map
levels 16-18 (caudate) and 19-21 (putamen). Details for the categor-
ization of individual clinical features are described in the bioinfor-
matics section of methods. LEDD was calculated from all listed
dopaminergic medications®.

RNA-seq

Bulk RNA from brain tissue was extracted using the standard TRIzol
(Invitrogen) extraction method. RNA samples were treated with RQl
RNase-free DNase (Promega), purified by TRIzol LS (Ambion), and
checked on Agilent Bioanalyzer. The sequencing libraries were
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prepared for polyadenylated RNA by using Dynabeads RNA Purifica-
tion Kit (Thermo Fisher Scientific) and TruSeq Stranded Total RNA
Gold Library Kit (Illumina) following the manufacturer’s instructions.
IDT for Illumina TruSeq UD Indexes were used and high-throughput
sequencing was performed on Illumina NovaSeq 500 to obtain 150
nucleotide paired-end reads.

Mass spectrometry

Approximately 35 mg brain tissue was homogenized in an 8 M urea
lysis buffer (8 M urea, 100 mM Na2HPO4, pH 8.5) with HALT protease
and phosphatase inhibitor cocktail (Thermo Fisher). Following soni-
cation and centrifugation, protein concentration and integrity of the
supernatant was tested by bicinchoninic acid (BCA) assay (Pierce) and
gel electrophoresis, respectively. Disulfide bonds were reduced with
dithiothreitol and cysteines were alkylated with iodoacetamide. Pro-
teins were extracted using Chloroform/Water/Methanol precipitation
and digested using LysC (Thermo Fisher) and trypsin. Peptides were
labeled with tandem mass tag (TMT) pro labeling reagent and stoi-
chiometry along with labeling efficiency was evaluated. TMT-peptides
were mixed according to label check and purified using reverse phase
(RP) solid phase extraction. Purified TMT-peptides were fractionated
first using strong cation exchange, and then by high-pH RP-fractiona-
tion. The resulting fractions were analyzed by liquid chromatography
with tandem mass spectrometry. Spectra were queried against the
homo sapiens proteome concatenated with common contaminants at
1% FDR. Quantitation was performed using reporter ions from frag-
ment spectra, requiring a spectral purity of 75%. Quantitative values for
proteins were log, transformed. It was required that a protein be
observed in at least five replicates in at least one group. The protein
isoform with the highest expression was used. After this filtering, 6994
(caudate) and 5183 (putamen) proteins remained. Missing values were
imputed with random low-abundant values from a normal distribution.
Values were normalized to the median for each channel by subtraction.
Significance was tested using permutation-based FDR-corrected t-tests
(FDR 0.05).

ELISA

Tissue was homogenized in Radio-immunoprecipitation (RIPA) Buffer
(Sigma-Aldrich R0278) with a complete Mini EDTA-free Protease Inhi-
bitor (Roche). The protein concentration of the lysate was quantified
by a BCA protein assay kit (Pierce). About 120-200 micrograms of total
protein from the striatum were used for quantification of Tyrosine
hydroxylase using a sandwich ELISA kit (Antibodies online-
ABIN6960326) according to the manufacturer’s instructions.

Western blotting

Protein lysates were run on NuPAGE gels (Invitrogen) and transferred
to a polyvinylidene fluoride membrane. The protein of interest was
detected using ECL Prime Western Blotting Detection Reagent
(Amersham - RPN2232) with an appropriate conjugated secondary
horse radish peroxidase (1:15000) antibody. Antibodies used were:
Tyrosine hydroxylase (Abcam AB112: 1:1000) and GAPDH (AM4300
Invitrogen 1:30000). Full scan blots are shown as source data file in the
supplementary figures.

Bioinformatics

General. Transcript expression was quantified from RNA-seq reads
using salmon (version 0.8.1) and hg38 UCSC knownGene gene models
(TxDb.Hsapiens.UCSC.hg38.knownGene, version 3.4.0). To account
for differences in RNA integrity number (RIN), differential gene
expression analysis was done with limma” using the voomWithQuali-
tyWeights function in order to down weight low-quality samples™.
GSEA analysis was performed using the fgsea R package” (https://
www.biorxiv.org/content/10.1101/060012v3) using C5 gene ontology
sets (https://www.gsea-msigdb.org), and Gene set variation analysis

was performed using GSVA?. Image visualization was done by
ggplot2 (v3.5.0).

Principal component analysis (PCA). For PCA analysis, expression
values from voomWithQualityWeights were corrected with the remo-
veBatchEffect function in limma to remove effects: gender and quality
(using RIN values). The top 500 variable RNAs were used for PCA
analysis. Kruskal-Wallis tests were performed using the correlatePCs
function from the pcaExplorer package in order to test for significant
correlations between PCs and experimental variables.

Differential gene and pathway expression—PD vs Control (brain).
Genes were filtered using the filterByExpr function from the edgeR
package using default settings’®. Samples were grouped according to
brain region and disease state (PD or Control). In order to account for
differences in death age in PD samples, death age was included as a
covariate in the limma model. “O + group + death age” was used as the
design. voomWithQualityWeights from limma was used for normal-
ization in order to account for sample quality. A linear model was fitted
with the ImFit function, followed by computation of log,FC and
moderated t-statistics with the eBayes function. In contrast, PD -
Control was evaluated for each brain region. Multiple hypothesis
testing was performed with the decideTests function, using the
Benjamini-Hochberg (“BH”) method. Significant RNAs were defined as
those with an FDR <0.05 and log,FC >[0.1] or <[-0.1]. To test for LEDD-
independent transcriptional changes in the brain, Control LEDD values
were set to 0, and LEDD was added to the model as a continuous
variable (“O + group + death age + LEDD”).

Gene set enrichment analysis—Mass Spectrometry. GSEA was
performed in order to determine GO pathways enriched in mass
spectrometry data for comparing PD and control (Fig. S1a). To do
this, mean expression values were determined for PD and Control,
and the log, fold change values (PD/Control) were calculated from
these values. For GSEA, genes were ranked according to log, fold
changes.

Gene set variation analysis. For all GSVA analyses, count data were
processed as described for limma and log,-cpm values were obtained
using the cpm function from edgeR and a prior count of 3. GSVA scores
were calculated for all GO pathways with ten or more genes in the brain
or five or more genes in the blood with the gsva function from the
GSVA package, followed by the addition of sample weights with the
arrayWeights function from the limma package. The resulting scores
were used for standard differential expression testing with limma as
described above using the same model and contrast as described for
limma. The GSVA scores (which were calculated for all samples) were
also used for plotting and t-tests among clinical subtypes using the
compare_means function in the ggpubr package.

Gene ontology. Enrichment of GO terms was performed by the goseq
package in R (v1.46.0)”7. All expressed transcripts were used as
background, and gene sets were determined using log2FC and/or
FDR cutoffs as described in individual figure legends. Multiple cor-
rection was performed using the p.adjust function using the “BH”
method.

Classifier genes. To identify classifier genes for PD and control
patients, we used the MLSeq Bioconductor package (version 2.12.0)®
to implement a nearest shrunken centroid classifier on the voom var-
iance stabilized caudate RNA-seq data. We used 70% of all samples as
our training set and 30% as our test dataset. The accuracy of models on
test data were recorded. Following this, the accuracy of the caudate
classifier was also assessed in the putamen. Statistics was derived from
McNemar’s test in the R stats package using default parameters.
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Blood RNA-seq. PPMI whole blood transcriptome and clinical data
were collected according to the PPMI study protocol (www.ppmi-info.
org/access-dataspecimens/download-data). For up-to-date informa-
tion on the study, visit ppmi-info.org. Transcript abundance files
generated by salmon were obtained from the PPMI database. The
tximport package was used to generate a count matrix’’. The counts
matrix filtered for the desired samples was used as input for limma and
voomWithQualityweights, as described for brain samples above. For
the PDPB validation cohort, the counts matrix, which contains reads
mapped with subread and quantitated with featureCounts, was
obtained from the Accelerating Medicine Partnership® Parkinson’s
Disease (AMP PD) consortium.

Differential gene expression—PD vs control (blood). About 195
healthy controls with no neurological disease and 479 subjects with
a primary diagnosis of PD (including 61 Scans Without Evidence of
Dopaminergic Deficit at the time of inclusion) were included in our
PD versus Control analysis. For each patient included in the study,
sequencing and clinical information associated with only the latest
study visit was used for analysis. RNA quality (defined by the per-
cent of reads mapping to the genome), gender, and age were
included in the limma model to control for these variables. Age was
calculated by using age at enrollment and visit year at sample col-
lection. GSVA analysis was performed as described above. A
sequencing plate was used to determine the batch. To test for LEDD-
independent transcriptome changes, LEDD was also included in the
limma model. For validation with the PDBP cohort, the most recent
sample was chosen for each of a random sampling of 200 patients.
As described previously”, limma model included sex, plate (to
remove batch effects), age, and quality metrics - useableBases and
strandBalance. Only protein-coding genes were included in the
analysis. To test for reproducibility, six random sample sets were
obtained, and representative data were shown in Supplemen-
tary Fig. 3.

Differential gene expression—genetic carriers vs Control (blood).
RNA-seq data of patients with PD-relevant genetic mutations but no
disease were obtained from the PPMI cohort (“Genetic unaffected”,
247 patients) from AMP PD. Only those samples where age, quality,
gender, and batch information were available were included in the
analysis. Most recent samples were used for analysis and compared to
healthy controls (183).

Differential gene expression—PD vs control (blood and drug-naive
cohort). To determine PD-dependent changes in dopaminergic drug-
naive PD patients, the most recent RNA-seq samples when patients
were drug-naive were taken into analysis. Sixteen subjects in the
cohort whose chart did not indicate that they were drug-naive in the
PPMI study were removed from the analysis. For limma, gender, age,
quality, and batch were included in the model.

Differential gene expression—dementia (brain). PD caudate (n=35)
samples were further categorized as PD dementia (PDD), PD without
dementia (PD), according to clinical records. For the selection of PDD
and PD without dementia, a chart history of dementia (“+”) was sup-
ported by medication history for cholinesterase inhibitors or NMDA
receptor antagonists for dementia or scores from a cognitive test
(Supplementary Data S24). In those considered not to have dementia
(“=”) chart reviews did not mention dementia or a medication history
for dementia. One donor did not have a chart history of dementia,
although medication history included cholinesterase inhibitors. As
Montreal cognitive assessment (MoCA) done 6 and 2 years prior to
death were normal, this patient was considered to be PD without
dementia. When clinical information was deemed to be inadequate for
the above clinical features, the sample was removed from the analysis.

For DGE analysis, limma was performed as described above, using
PDD, PD, and Control as groups and using “O + group + age” as the
design for limma. The contrast between PDD - PD was evaluated for
each brain region. Significant genes were defined as those with an FDR
<[0.05] and log,FC >[0.1] or <[-0.1]. GSVA was performed as
described above.

Differential gene expression—cognitive impairment (blood). For
comparisons of cognitive impairment among the PPMI subjects, sub-
jects with MoCa >26 were considered to be of normal cognition, while
subjects with MoCa <26 were considered to have cognitive impair-
ment. Only subjects with MoCa >26 were included among healthy
controls. Limma was performed to compare PD patients with and
without cognitive impairment, with age, gender, quality, and batch
also included in the limma model. For the drug-naive cohort, patients
who were on drugs for cognitive impairment (Galantamine, Meman-
tine, Donepezil or Rivastigmine) were removed from the analysis, and
the most recent sample when patients were drug-naive were taken for
comparison.

Differential gene expression—dyskinesia (brain). Patients were
categorized as having levodopa-induced dyskinesia based on the
mention of the term upon chart review. Samples were grouped as
PD-dyskinesia or PD-no dyskinesia and control. Limma was per-
formed as described above, using PD-dyskinesia, PD-no dyskinesia,
and control as groups and using “0 + group + age” as the design for
limma. For comparisons, PD-dyskinesia - PD-no dyskinesia was
evaluated for each brain region. Top genes were defined as those
with an FDR <[0.1] and log,FC >[0.1] or <[-0.1]. GSVA was performed
as described above.

Differential gene expression—dyskinesia (blood). Dyskinesia scores
were extracted from the MDS-UPDRS 4.1 question (“Time spent with
dyskinesia”) from PPMI subjects. About 201 PD subjects had a score of
0 (never had dyskinesia) and 213 subjects had a score greater than O (at
the visit where the sample was drawn or in the past medical history).
Limma was performed as described above, using PD-dyskinesia, PD-no
dyskinesia, with age, gender, quality and batch included in the
limma model.

Differential gene expression—age of onset (brain). Age of onset was
defined as the age of symptom onset (when available) or the age of
diagnosis for each patient, whichever was the earliest information
available. Samples were grouped into Control, LOPD (age of onset
>55), or EOPD (age of onset <55). Limma was performed as described
above, accounting for death age in the model and testing EOPD -
Control and LOPD - Control for each brain region. GSVA was per-
formed as described above.

Differential gene expression—age of onset (blood). EOPD and LOPD
was defined among the PPMI patients as described for the brain.
Limma was performed to compare PD and control, using gender,
quality, and batch in the limma model.

Pathway analysis—disease duration (spline interpolation in brain).
Disease duration was defined as the difference between the age of
symptom onset or diagnosis (as defined above) and the age of death.
Spline curves were generated from the disease duration using the ns
function from the splines R package (CRAN), using 4 degrees of free-
dom. To allow for the determination of genes and GO terms with non-
linear trends in the two brain regions, “X + region + region:X” was used
as the design matrix, with X being the disease duration splines. For the
determination of genes with significant trends, voomWithQuality-
weights was used, followed by ImFit and eBayes, as described above.
To determine significance, all coefficients corresponding to the region
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of interest were included in the topTable function, which generates an
F-statistic and p value. For pathway analysis, the GSVA package was
used to create GSVA scores. Array weights were included in the ImFit
using the arrayWeights function from limma, and the resulting object
was subject to eBayes and decideTests as described above.

Statistics and reproducibility

For differential gene expression analysis between controls and PD,
all 35 PD and 40 control specimens (caudate and putamen)
obtained from NIH NeuroBiobank were included and processed for
bulk RNA-seq as independent biological replicates. PD caudate
(n=35) samples were further categorized as PD dementia (PDD), PD
without dementia (PD), PD with and without dyskinesia, LOPD, and
EOPD according to clinical records and described in the methods
section and supplementary data files. Where clinical charts had
inadequate information, samples were excluded from the analysis.
For clinical variables (dementia, dyskinesia, age of onset), all
available samples that met the criteria were used for analysis. For
differential gene expression analysis between controls and PD in
the PPMI blood, all 195 controls and 479 samples with the most
likely primary diagnosis of PD that were available at the time of
download in August 2019 from PPMI were included. RNA sequen-
cing from only the latest available visit was included. Subjects with a
primary diagnosis of PD were further divided into having cognitive
impairment if MoCA <26 or with normal cognition if MoCA >26.
Where clinical information did not document MoCA at the corre-
sponding site visit, samples were excluded from the analysis. Sub-
jects were grouped into earlier onset (EOPD) if onset <55 and later
onset (LOPD) if onset >55 without exclusions. For all analysis
including genetic carrier comparison, sample information corre-
sponding to the visit that did not have age, sex, plate, and batch
were excluded from the analysis. For PDBP, as power analysis
determined that a minimum of 142 samples per group were
required to detect a 1.2-fold change in RNA with a coefficient of
variation = 0.50 and 20X coverage, differential RNA-seq was per-
formed with a random sampling of 200 control and PD subjects.
Statistical differences between groups were determined by two-
sided Wilcoxon, Kolmogorov-Smirnov, Fisher test, and moderated
t-tests with limma and FDRs were determined by multiple test
corrections using the Benjamini-Hochberg (“BH”) method as
described in the relevant sections in the Figure legends, methods
and supplementary data. The investigators were not blinded to
allocation during experiments and outcome assessment.

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

Data availability

All demographic information and metadata used in this study for
brain tissue analysis are available in the supplementary data files.
The resulting data from all relevant limma, GSEA, and GSVA analyses
for brain and blood are also included in the supplementary data
files. Raw data generated from this study and gene expression
values for brain RNA-seq data used in this study have been depos-
ited in the GEO database under the accession code GSE205450
(link). Raw data and individual-level metadata used for blood tran-
scriptome analysis in this study are available for downloading
from PPMI (https://www.ppmi-info.org/access-data-specimens/
download-data) through Laboratory of Neuro Imaging (LONI)
Image Data Archive (IDA). For PDBP, data are available for down-
loading from AMP PD (https://www.amp-pd.org). To access
individual-level data, users need to complete a data use agreement
and submit an online application. The mass spectrometry pro-
teomics data have been deposited to the ProteomeXchange

Consortium via the PRIDE®® partner repository with the dataset
identifier PXD042154 (link). Source data are provided with
this paper.

Code availability
Custom codes used in this study are available on GitHub and can be
accessed at https://github.com/carynhale/PD_RNAseq.
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