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Parkinson'’s disease (PD) progression
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Progressive pathology described by Braak

Braak stages 1 and 2 Braak stages 3 and 4 Braak stages 5 and 6
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Hypothesis

« Spatial gene expression patterns
« Correlation with regions involved in Braak stages
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Allen Human Brain Atlas (AHBA)

« Genome-wide microarray data of the healthy brain (20,017 genes)
« 6 Adult donors (5 males & 1 female, mean age 42, range 24-57 years)
« 3,702 Samples (363-946 per donor)

« Samples: MNI coordinates, anatomical annotation
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Regions of inferest (ROIs)

Brain regions involved in Braak stages
Myelencephalon (R1, N=279)
Pontfine tegmentum (R2, N=414)

Substantia nigra, basal nucleus of Meynert,
CAZ2 field (R3, N=89)

Amygdala, occipito-temporal gyrus (R4, N=107)
Cingulate gyrus, temporal lobe (R5, N=618)

Allen Human Brain Atlas
Frontal lobe, parietal lobe (R, N=827) http://brain-map.org/
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Correlation with Braak stages

Gene expression for one gene and one donor
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Fold-change (FC) between R1 and Ré

Gene expression for one gene and one donor

Differential gene
expression analysis
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P-value of fold-change (Pg-)

Gene expression for one gene and one donor
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Select genes with 3 criteria

Gene expression for one gene and one donor
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Braak stage-related genes (BRGs)

In>066 965 NER<NIN 0N 1,036

K

Expression
Expression

R1 R2 R3 R4 R5 R6 R1 R2 R3 R4 R5 R6

Arlin Keo

11



Braak stage-related genes (BRGs)

I1>0.66 965 <N 1,036

Overlap 348 612
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Mean expression of BRGs

(log,-transformed)

Mean expression across BRGs
for one donor
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Replicated across donors

AHBA
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Validation in non-neurological brains
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UK Brain Expression Consortium (UKBEC)

134 human brains confirmed to
be free of neurodegenerative
disorders by pathologist

* Microarray data

134 Brain donors
mean age 5%, range
16-102 years)

RNA from up to 12

Affymetrix Human Exon
L.O ST arrays
(n=1,231 arrays after QC)

distinct regions

y

}

Hlumina Omni 1M
Immunochip
(n=134 arrays after QC)

Exome sequencing

Ongoing projects

Regional analysis
Alternative splicing
Differential expression

eQTL studies
Polymorphism-in-probe

GWAs
Exome Sequencing GWAs
Imputation

http://www.braineac.org/
Occipital cortex

Frontal cortex

Temporal cortex

Hippocampus
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Intralobular white matter
Hypothalamus (limited samples)

1 I I

Cerebellar cortex
Thalamus

Putamen

Substantia nigra

Medulla (inf. olivary nucleus)
Spinal Cord (limited samples)
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Genotype-Tissue Expression (GTEX) project
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BRGs: Replication in UKBEC & GTEXx

AHBA ‘ UKBEC GTEx
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Validation in PD brains
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Microarray dataset of PD brains

Data from PD- and, iLBD patients, and age-matched non-

demented conftrols
Samples taken from the medulla oblongata (R1), locus ceruleus

(R2), and substantia nigra (R3)

© O O

iLBD Control
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BRGS Repllcc’rlon in PD brains
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Mean expression of BRGs
(log,-transformed)
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BRGs: PD-variant associated genes

Negative correlated BRGs

Gene Braak Fold- P-value Reference

§ correlation change (BH-corrected)
@ \
u% SCARB2 -0.78 -1.44 1.7E-03 Nalls et al. 2014

R1 R2 R3 R4 R5 R6 ELOVL7 -0.67 -1.35 1.4 E-03 Chang et al. 2017

Positive correlated BRGs SH3GL2 0.70 1.40 2.3E-03 Chang et al. 2017

5 SNCA 0.70 1.75 4.3E-04 Bonifati et al. 2014, Chang et al.
g 2017, Nalls et al. 2014
= BAP1 0.77 1.99 1.6E-03 Chang et al. 2017

21 R2 R3 R4 RS R ZNF184 0.81 2.34 2.9E-03 Chang et al. 2017
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Summary so far...

AHBA to identity Braak stage-related genes (BRGs)

Expression patfterns are replicated in non-
neurological brains, and diminished in PD brains

BRGs include known genetic risk factors for PD

BRGs may influence vulnerability at regional level as
well as between PD patients and conftrols



Single genes -> groups of genes (modules)




Expression

Clustering 20,017 genes

Co-expression Clustering Modules
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Module -> module expression

One module
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PCA
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Expression

Braak co-expression modules

Corrected P-value
for testing mulfiple
modules
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Modules enriched for specific genes

Biological functions Co-expression
Diseases modules
Cell-types

BRGs

Gene set Module



BRGsS

Module enrichment
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Module enrichment: BRGs

ITPKB SATB1 ASHIL
PD-variant e =T Dley SNCA
associated genes \ITI<3 / BIN3 DNA’_V ZN!{184
Enrichment P-value IOLESTBESRD 3568 BLBTB3
g Q — o — — -

B <005 | | 2005

Downregulated (348)-” m H
BRGs Upregulated (612) -
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Module enrichment: Cell-types

ITPKB SATB1 ASHI1L
PD-variant ent M ous Dlez SNCA
associated genes \ITIH3 / BIN3\ DNAH1 ZN§184

Enrichment P-value
B <005 | 2005

CG”-TYDG Astrocytes (332) -
Endothelial_cells (456) -

Microglia (520) -
Neurons (628) -
Oligodendrocytes (186) -
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Module enrichment: GO-terms

ITPKB SATB1 ASHIL
PD-variant eerr M vy Loz SNCA
associated genes \ITIH3 / BIN3\ DNAH1 ZN’\Els‘*'
Enrichment P-value IEE8Sru38RE 3888 BLBLBI
B <005 =005 988 carsran SS95S858358bo
N 0OTO D DA 0— — WD
S5555555555 53>55555555->

‘1
A
o

- Membrane raft (225)-.
GO Term Locomotory behavior (91) -

Dopamine biosynthetic process (10) -
Immune response (332) -

Blood coagulation (183) -
Interferon-gamma-mediated signaling pathway (68) -
Oxygen transport (15) -

Axon (311) -

Cell junction (776) -

Postsynaptic density (205) -

Calcium ion binding (658) -
Postsynaptic membrane (222) -
Chemical synaptic transmission (224) -
Olfactory bulb development (21) - [ r
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Module enrichment: Diseases

ITPKB 781 ASHIL
PD-variant ocHr M oui DlGa SNCA
associated genes \ITIHS’ / BIN3\ DNAH1 ZN’§184
Enrichment P-value E@E@éEEE%EEﬁ 5%@ gé’-ﬁ@@@@ S8
B <005 | 2005 oPNSoarsrNn 35558583536 a
Do DVOFTV =D —WANDT = O — D
SS=E=Z=Z=Z=2=Z=Z=ZZ=Z ZE=E=Z=Z==Z=2====2:=
i Dopa-Responsive Dystonia (15) - '
Dlseose Dystonia, Limb (12) -
Tremor (187) -
Hypersensitivity (145) -
Infection (541) -
Inflammation (592) -
Bipolar Disorder (756) -
Tobacco Use Disorder (2981) - ||
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Module enrichment

Arlin Keo

PD-variant
associated genes

Enrichment P-value
B <005 | =005

ITPKB SATB1 ASHIL
RAB7LI MAPT

GCH1 ELOVL? DLG2 SNCA SuFisa
\-’TIH-'" / BII\Q DNi4H1 \
SRTECRBoSr~ s niaacoaTan
FEEES-AS3ED 306288 E0hBEER
VLOI'N-G)VV:VVFV ON~—"TNULNMOS 0N
OTNMONNMST<TNW O~ "o OTOMWnO
Orrrr QOO AN O — D
SSES=Z=ZE=S=2Z2Z2 ZE=Z=2========2=2

r<0

Downregulated (348) -
BRGs Upregulated (612)- H_W

Cell-type Astrocytes (332)
Endothelial_cells (456) -

Microglia (520) - |

Neurons (628) -
Oligodendrocytes (186)

_ Membrane raft (225) -
GO 1.erm Locomotory behavior (91)- | H

Dopamine biosynthetic process (10)-| |

Immune response (332) -

Blood coagulation (183) -
Interferon—gamma-mediated signaling pathway (68) -

Oxygen transport (15) -

Axon (311)-

Cell junction (776) -

Postsynaptic density (205) -

Calcium ion binding (658) -

Postsynaptic membrane (222) -
Chemical synaptic transmission (224) -|

Olfactory bulb development (21) -

Disease Dopa-Responsive Dystonia (15)- |

Dystonia, Limb (12) -

Hypersensitivity (145) -
Infection (541)

Tremor (187)- |

Inflammation (592) -

Bipolar Disorder (756) -

Tobacco Use Disorder (2981) -




/oom in on module

M127. Dopamine synthesis

M47:. Blood oxygen transport
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ITPKB SATB1 ASHIL
PD-variant GcH1 RAB7LI MAPT snca
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Lo W o g388oursriy 80388835853
SSE3=2333553 S3=32=3=333335:=
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Oxygen transport (15) -
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Postsynaptic membrane (222) -
Chemical synaptic transmission (224) -
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Dystonia, Limb (12) - |

Tremor (187)- |
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Infection (541) -

Inflammation (592) -

Bipolar Disorder (756) -

Tobacco Use Disorder (2981) -

Disease




Expression patterns of dopaminergic genes

" Vulnerability to PD pathology

M127: co-expression module involved in
dopamine biosynthetic process

10

M127

Expression (log,-transformed)
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Regions involved in Regions involved in

preclinical stages clinical stages
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Expression patterns of dopaminergic genes

‘ Vulnerability to PD pathology

M127: co-expression module involved in
dopamine biosynthetic process

GCH1: together with TH required for

101
production of dopamine

M127
— GCHI

/\

Expression (log,-transformed)

R1 R2 R3 R4 R5 R6

Regions involved in Regions involved in

preclinical stages clinical stages
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Expression patterns of dopaminergic genes

‘ Vulnerability to PD pathology

M127: co-expression module involved in
dopamine biosynthetic process

GCHI: together with TH required for
production of dopamine

TH: catalyzes tyrosine to the dopamine
precursor of L-DOPA,

=
o
N

M127

— GCHI

a
L

Expression (log,-transformed)

R1 R2 R3 R4 R5 R6

Regions involved in Regions involved in

preclinical stages clinical stages
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Expression patterns of dopaminergic genes

‘ Vulnerability to PD pathology

M127: co-expression module involved in
dopamine biosynthetic process

GCH1: together with TH required for
production of dopamine

TH: catalyzes tyrosine to the dopamine

10

M127
precursor of L-DOPA, — GCHI
SLC6A3/DAT: fransports dopamine from _—
the synaptic cleft back to the cytosol ——_'/_\\ S COA3

Expression (log,-transformed)
(&)

R1 R2 R3 R4 R5 R6

Regions involved in Regions involved in

preclinical stages clinical stages
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Expression patterns of dopaminergic genes

Vulnerability to PD pathology

M127:. co-expression module involved in
dopamine biosynthetic process

GCH1: together with TH required for
production of dopamine

TH: catalyzes tyrosine to the dopamine

10

M127
precursor of L-DOPA, — GCHI
SLC6A3/DAT: transports dopamine from
the synaptic cleft back to the cytosol __—'—’—f—\\ ?[__!CéAg
SLC18A2/VMAT2: stores dopamine into SLCI18A2

synaptic vesicles.

Expression (log,-transformed)
(6]

R1 R2 R3 R4 R5 R6

Regions involved in Regions involved in
preclinical stages clinical stages



Expression patterns of dopaminergic genes

Vulnerability to PD pathology

M127:. co-expression module involved in
dopamine biosynthetic process

GCHI: together with TH required for 3 101
production of dopamine E
TH: catalyzes tyrosine to the dopamine 3 M127
precursor of L-DOPA, E — GCHI
SLC6A3/DAT: transports dopamine from & 5 H
the synaptic cleft back to the cytosol L ———‘“/_\\ SLeons
SLC18A2/VMAT2: stores dopamine into 5
synaptic vesicles. @ . SLCT8Az
SNCA: responsible for dopamine § 1 SNCA

1N]

release/dopamine homeostasis

R1 R2 R3 R4 R5 R6

Regions involved in Regions involved in
preclinical stages clinical stages



Take-home message

 We found genes and modules with expression
patterns that correlated with Braak staging

« We found associations with known pathways and
reveal spatial information

« Gene (co-)expression patterns need further
validation in lab experiments



Summary

Modules implicated in the dopaminergic and blood
oxygen pathways related to Braak staging

Found risk factors associated with PD

BRGs and modules remain differentially expressed
after correcting for cell-type abundance
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Braak stage-related gene AD
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