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Parkinson's disease (PD) is the second most common neurodegenerative disease worldwide. PGC-1a, encoded by
PPARGCIA, is a transcriptional co-activator that has been implicated in the pathogenesis of neurodegenerative
disorders. We recently discovered multiple new PPARGCIA transcripts that initiate from a novel promoter lo-

PPARGCIA cated far upstream of the reference gene promoter, are CNS-specific and are more abundant than reference gene
i:;j; pes transcripts in whole brain. These CNS-specific transcripts encode two main full-length and several truncated

isoforms via alternative splicing. Truncated CNS-isoforms include 17 kDa proteins that lack the second LXXLL
motif serving as an interaction site for several nuclear receptors. We now determined expression levels of CNS-
and reference gene transcripts in 5 brain regions of 21, 8, and 13 deceased subjects with idiopathic PD, Lewy
body dementia and controls without neurodegenerative disorders, respectively. We observed reductions of CNS-
specific transcripts (encoding full-length isoforms) only in the substantia nigra pars compacta of PD and Lewy
body dementia. However, in the substantia nigra and globus pallidus of PD cases we found an up-regulation of
transcripts encoding the 17 kDa proteins that inhibited the co-activation of several transcription factors by full-
length PGC-1a proteins in transfection assays. In two established animal models of PD, the PPARGCIA ex-
pression profiles differed from the profile in human PD in that the levels of CNS- and reference gene transcripts
were decreased in several brain regions. Furthermore, we identified haplotypes in the CNS-specific region of
PPARGC1A that appeared protective for PD in a clinical cohort and a post-mortem sample (P = .0002). Thus,
functional and genetic studies support a role of the CNS-specific PPARGCIA locus in PD.

1. Introduction

Second to Alzheimer's disease (AD), Parkinson's disease (PD) is the
most common neurodegenerative disorder worldwide. As PD risk in-
creases with age, the incidence of this devastating and debilitating
condition is predicted to have increased a further 50% by 2030 (Dorsey
et al., 2007; Tanner and Goldman, 1996). Clinically, PD is characterized
by classical motor deficits that result from loss of dopaminergic neurons
in the substantia nigra (SN) pars compacta (SNPC). A range of other

symptoms that occur in the course of PD reflects disturbances in other
brain regions and/or neurotransmitter systems (Kalia and Lang, 2015).
Furthermore, the incidence of dementia in PD is several-fold higher
than in age-matched controls (Hely et al., 2008). Apart from the loss of
dopaminergic neurons in the SNPC, alpha-synuclein pathology is the
neuropathological hallmark of PD. It consists of proteinaceous inclu-
sions enriched in filamentous forms of a-synuclein and other proteins in
the cell bodies (Lewy bodies) and processes of neurons (Lewy neurites)
(Abeliovich and Gitler, 2016; Spillantini et al., 1997). Clues about the
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etiology of PD have been garnered via pathological, genetic and epi-
demiological studies and several environmental and genetic risk factors
have been identified (Abeliovich and Gitler, 2016; Kalia and Lang,
2015). Converging genetic evidence supports defects in endosomal
trafficking, protein disposal via the proteasome and/or lysosome-au-
tophagy system and mitochondrial function (International Parkinson
Disease Genomics et al., 2011; Nalls et al., 2014).

Like PD, Lewy body dementia (LBD) is characterized by Lewy body
pathology in limbic and cortical structures. However, progressive cog-
nitive impairment, visual hallucinations and fluctuations of attention
occur prior to or within one year of Parkinsonian motor symptoms in
LBD, while the interval between motor symptoms and cognitive im-
pairment is typically much longer in PD dementia (McKeith et al.,
2005).

Peroxisome proliferator activated receptor gamma coactivator la
(PGC-1a), encoded by PPARGCI1A, is a transcriptional co-activator that
integrates transcriptional programs that are relevant in the pathogen-
esis of neurodegenerative disorders and include mitochondrial bio-
genesis and function, the defense against reactive oxygen species and
autophagy (Handschin and Spiegelman, 2006; Lin et al., 2005; Lin and
Beal, 2006; Soyal et al., 2006; Tsunemi et al., 2012). Indeed, associa-
tions of the PPARGC1A locus with Huntington disease and amyotrophic
lateral sclerosis have been reported previously (Eschbach et al., 2013;
Soyal et al., 2012; Weydt et al., 2009). The first indication for a role of
PGC-la in PD came from studies in PGC-1a knock-out mice that de-
monstrated enhanced sensitivity to the oxidative stressor 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) (St-Pierre et al., 2006).
MPTP-induced degeneration of dopaminergic neurons was prevented
by PGC-1la (Mudo et al., 2012). Furthermore, silencing of PGC-1a in-
creased the susceptibility of SH-SY5Y cells to N-methyl-4-phenylpyr-
idinium ions and inhibited mitochondrial function (Ye et al., 2017)
Overexpression of PGC-1a prevented cell death of embryonic rat mid-
brain cells transduced with A53T a-synuclein—-encoding adenovirus
(Zheng et al., 2010). Moreover, progressive Parkinsonism was observed
in mice with conditional disruption of the PGC-1a target gene TFAM
(Ekstrand et al., 2007). In 3D5 cells conditionally overexpressing a-
synuclein, knockdown of PGC-1la increased a-synuclein oligomers/ag-
gregates and decreased levels of AKT, GSK3p and p53 (Ebrahim et al.,
2010) and a-synuclein toxicity can be reduced by pharmacological
activation or overexpression of PGC-1a (Eschbach et al., 2015). In ad-
dition, a-synuclein was shown to bind to the PGC-1a promoter in brain
tissue and reduced promoter activity of PGC-la and its target gene
expression in vitro (Siddiqui et al., 2012).

We recently discovered multiple new PPARGCIA transcripts that
initiate from a novel promoter located 587 kb upstream of exon 2 (Soyal
et al.,, 2012). We showed that these new transcripts are CNS-specific,
are more abundant than the reference gene (RG) transcripts in whole
brain and are partially conserved in rodents. Two main transcripts with
independent methionine start codons encode full-length CNS-isoforms
that differ only at their N-termini from PGC-1a encoded by the RG.
Truncated isoforms containing these N-termini exist that are similar to
NT-PGC-1a (Zhang et al., 2009) or are encoded by transcripts harboring
a stop codon in an extended exon 3 resulting in 17 kDa proteins. The
new CNS-promoter lies in a haplotype block clearly separated from the
RG promoter, is active in SH-SY5Y and NTERA-2 cl.D1 (NT2/D1) cells
and is located within a CpG island. The structure of the CNS transcripts,
their CNS-specific expression and their higher expression levels in
comparison to RG transcripts has now been confirmed in independent
studies (Jiang et al., 2016; Wang et al., 2016).

In most previous studies on PGC-la and PD, only the RG
(Esterbauer et al., 1999) (GenBank NM_013261.3) was addressed and
very little is known about the more abundant CNS-specific transcripts/
isoforms. We therefore determined levels of various transcripts and
proteins encoded by the PPARGCIA locus in several regions of post-
mortem brain tissues from neuro-pathologically verified PD and LBD
cases and controls. Similar measurements were also made in animal
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models of PD. Furthermore, the CNS-specific PPARGCIA genomic re-
gion was interrogated for possible associations with PD.

2. Materials and methods
2.1. Post-mortem human resources

Human brain tissue and DNA samples were procured from the brain
bank of the Department of Neuropathology, Kepler University Hospital,
Linz, Austria. Following federal law, post-mortem tissue can be re-
moved by autopsy for diagnostic or scientific purposes. Upon removal,
the brain was separated into the two hemispheres by a mid-sagittal cut
which also allows hemi-dissection of the cerebellum and the brain stem.
One half of the brain was immediately fixed in 4% formaldehyde for
one week prior to neuropathological dissection. The second half of the
brain was fresh frozen at —80 °C as follows: The brainstem with the
cerebellum was dissected at the level of the pons and midbrain. A slice
containing the substantia nigra and nucleus ruber was generated and
frozen. The cerebellum was removed from the brainstem by a cut
though the cerebellar peduncles. The brainstem was cut into thin slabs
perpendicular to its main axis. Slices of the cerebellum were generated
parallel to the vermis. The cerebral hemisphere was cut into 1 cm thick
coronal slabs and frozen. After thorough gross-anatomical examination
of the fixed hemisphere, 20 tissue blocks were cut for histopathological
examination. For each block the following staining was performed:
Hematoxylin and eosin, Luxol Fast Blue, immunohistochemistry for
beta A4 amyloid, tau, phosphorylated tau, tau 3 repeat, tau 4 repeat, a-
synuclein, ubiquitin, p62, TDP-43 and FUS. PD related pathology was
graded according to Braak et al. in stages 1-6, i.e. medulla oblongata
(stage 1), medulla oblongata and pontine tegmentum (stage 2), mid-
brain (stage 3), basal prosencephalon and mesocortex (stage 4), high
order sensory association areas of the neocortex (stage 5) and first order
sensory association areas of the neocortex (stage 6) (Braak et al., 2003).
For LBD, the lesions were typed according to the following criteria:
brainstem predominant (type 1), limbic transitional (type 2) and diffuse
neocortical (type 3) (McKeith et al., 2005). All examined cases were of
the diffuse neocortical type. The topographical localization of neurofi-
brillary tangles was staged according to Braak & Braak E: transen-
torhinal cortex (stage I-II), limbic (stage III-IV) and isocortical (stage V-
VI) (Braak and Braak, 1991).

Frozen tissue samples were removed with a special trepan (diameter
4 mm) from the frontal lobe, SNPC, globus pallidus, parietal lobe and
cerebellum of 21 and 8 deceased subjects with idiopathic PD and LBD,
respectively. Tissue samples from 13 subjects who died after age 50
without neurodegenerative disorders with the exception of minor AD
neuropathology, but no signs of clinical AD served as controls (Table 1).
In addition, DNA samples from 169, 85 and 134 deceased subjects
without neurodegenerative disorders, with PD or with AD, respectively,
were used for genotyping.

Table 1

Characteristics of post-mortem cases and controls.
Variable Control PD LBD P
Sex, m/f 8/5 16/5 4/4 n.s.
Age of death 76 (11) 80 (7) 80 (7) n.s.
Post-mortem time, hrs 22 (20) 32 (20) 36 (38) n.s.
Braak a-synuclein stages 13/0/0/0 0/0/12/9 0/0/0/8 n.d.

(0/1-2/3-4/5-6)

Braak tau stages 2/8/3/0 1/10/7/3 2/4/2/0 n.s.

(0/1-11/1I-1V/V-VI)

PD, Parkinson's disease; LBD, Lewy body dementia; n.s., not significant; n.d.,
not determined.
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2.2. Clinical resources

DNA from 196 subjects with PD and 206 subjects without neuro-
degenerative disorders from the Genetic Epidemiology in South
Tyrolean Studies of Parkinson's disease (GESSPARK) and Dyskinesia,
Impulse control and Sleep in Parkinson's disease (DISP) studies were
provided by the Neurology department at the Bolzano Central Hospital
in collaboration with the Eurac Research Institute for Biomedicine in
Bolzano, Italy. All patients and controls were enrolled in the studies
conducted through the PD outpatient clinic of the Neurology depart-
ment following detailed examination by a neurologist. Study-specific
questionnaires were filled in following examinations and blood was
drawn for biobanking and DNA extraction. In addition, DNA samples
from 584 subjects from participants of the Salzburg Atherosclerosis
Prevention Program in Subjects at High Individual Risk (SAPHIR)
without clinical neurodegenerative diseases were analyzed (Esterbauer
et al., 2001). All human experiments were performed in accordance
with the Helsinki declaration. Respective ethics committees approved
study protocols (Prot. 0081260-BZ, Ethics Committee Bolzano, Italy;
415-EP/73/243-2013, Salzburg, Austria) and study subjects provided
informed consent.

2.3. Animals

For measurements in the MPTP model, adult male and female
C57BL/6J mice (Janvier), weighing 25-30g, kept under standard
conditions and housed in groups of 4 in individually ventilated cage
systems to protect the experimenter from MPTP exposure, received four
doses of 12.5mg/kg MPTP in 2 h intervals. Animals were sacrificed by
neck dislocation before and at 30 min, 1, 2, 3 and 7 days after the
completed MPTP injection protocol. Brain tissues, obtained from the
frontal lobe, the cerebellum, the midbrain including the SN and the
striatum, were quickly dissected on ice and snap-frozen in liquid ni-
trogen. Tissue samples of the same brain regions of 7-8 month old
transgenic mice expressing the human a-synuclein harboring the A30P
mutation under the control of the mouse Thy-1 promoter (B6; D2-Tg
(Th-1-SNCA*A30P) lin44) were also collected. All animal procedures
were approved by the respective government agency (Animal
Experiment 09-016, Presidential Office of the Government Tiibingen,
Baden Wiirtenberg, Germany).

2.4. Dopamine measurements

Brain samples were homogenized by ultrasonification for 10s in
1 ml 0.4 M perchloric acid and centrifuged at 22,000 x g for 10 min at
4 °C. Supernatants were passed through a 0.2 um filter (Minisart RC4,
Sartorius). Dopamine levels were determined by high-performance li-
quid chromatography using an electrochemical detector and isocratic
conditions (Buck and Ferger, 2008). The positions and areas of the
peaks of the neurotransmitters of interest were compared with external
standards using a standard calibration ranging from 107° to 10~ °M.
The neurotransmitter amounts were expressed as ng/mg wet tissue
weight.

2.5. RNA and protein extraction

Total RNA from post-mortem human and mouse brain tissues was
extracted using QIAzol lysis reagent and the RNeasy Lipid Tissue Mini
Kit (QIAGEN). Frozen tissues (30-100 mg) were placed into 2 ml tubes
containing a 5 mm stainless steel bead, 700-1000 pl QIAzol was added
and tissue was homogenized using a TissueLyzer (QIAGEN) twice at
20 Hz for 3 min. To obtain RNA and protein from the same sample, we
used an optimized user-developed protocol (QIAGEN-RY16). After the
addition of 140-200 pl chloroform homogenates were centrifuged at
12,000 x g for 20 min at 4 °C for phase separation. RNA was extracted
from the upper aqueous layer using RNeasy spin columns according to
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the manufacturer's protocol. RNA concentration and integrity was
measured using a Nanovue Spectrophotometer (GE Healthcare) and the
QIAxcel Advanced Instrument (QIAGEN), respectively. RNA integrity
scores of <5 (two samples) were excluded. The remaining scores
ranged between 5.0 and 6.8.

The phenol/ethanol supernatant containing the protein fraction was
precipitated with 1.5ml isopropanol, centrifuged at 12,000 x g for
10 min at 4 °C and the supernatant removed. The pellet was denatured
with 2ml guanidine-ethanol at room temperature for 20 min, cen-
trifuged at 7500 x g for 5 min and the supernatant removed. The latter
step was repeated twice. After incubating with 2 ml of 100% ethanol for
20 min, pellets were air-dried and dissolved in 10 M urea containing
50 mM dithiothreitol at room temperature for 1 h followed by alternate
steps of incubation at 95°C for 3min and incubations on ice with
periodic sonication (Sonoplus HB 27, Bandelin, Berlin), until proteins
were completely dissolved. After centrifugation at 10,000 x g for 10 min
at room temperature, protein concentrations of the supernatants were
determined using the Bradford assay (Bio-Rad).

2.6. Real-Time qPCR

DNase I-treated total RNA (1 ug/reaction) was reverse transcribed
with the QuantiTect Reverse Transcription (RT) kit (QIAGEN), using a
mix of random hexamer and oligo-dT primers as described (Auer et al.,
2012). cDNAs were amplified in duplicate by real-time PCR using
Maxima SYBR Green (Thermo Scientific) or GoTaq™ qPCR Master Mix
(Promega) and primers targeting exons B1 and B4 or B5 and exon 2, to
quantify the two main CNS-specific PPARGCIA transcripts. RG tran-
scripts were quantified using primers targeting exon 1 and exon 2.
Primers targeting exon 5 and exon 7A or exon 2 and the extended part
of exon 3 were used to measure the transcripts encoding the class of NT-
PGC-1a isoforms or a short, putative dominant negative isoform, re-
spectively (Supplementary Material, Fig. S1 for primer targets and
Table S1 for primer sequences). To directly compare measurements of
PPARGCIA transcripts by region, gene segments containing the se-
quences targeted by the respective transcript-specific assays were
cloned and used for the construction of standard curves. The accuracy
of the assays was verified by sequencing amplicons cloned from samples
of three post-mortem cases. RNA levels of genes encoding glial fibrillary
acidic protein (GFAP, Hs00909236_ml), tyrosine hydroxylase (TH,
Hs00165941_m1), enolase 2 (ENO2, Hs00157360_m1), allograft in-
flammatory factor 1 (AIF1, Hs00610419_g1) and tumor necrosis factor
alpha (Tnf, Mm 00443258 m1) were quantified using TagMan gene
expression assays (Applied Biosystems) listed in parentheses. RNA le-
vels of the gene encoding microtubule associated protein 2 (MAP2)
were amplified in duplicate by RT-PCR using Maxima SYBR Green or
GoTaq™ qPCR Master Mix, the primers listed and the Rotor-Gene™Q
(QIAGEN) instrument or the LightCycler™480 Instrument (Roche). Re-
lative mRNA levels were calculated using the comparative threshold
cycle method (ACy). Constitutively expressed RPLPO (Ribosomal Pro-
tein, large, PO) RNA was used for normalization of mRNA abundance as
described (Auer et al., 2012). To determine the validity of RPLPO as a
reference gene, we also measured CYCI mRNA levels, previously shown
to be stably expressed in brain regions from PD and controls (Rydbirk
et al., 2016), in a subset of samples for comparison.

2.7. Plasmids

Plasmids used for in vitro transcription/translation included the
coding sequences of the reference protein, B4-PGC-1a, B5-PGC-1a and
the truncated isoforms NT-PGC-1a, B4-7a-PGC-1a, B5-7a-PGC-1a, E1-
E3extended (ext), B4-E3ext and B5-E3ext cloned into the BamHI/Xhol
sites of the pT7CFE1-CHis vector (Thermo Scientific). Plasmids en-
coding the full length and NT transcripts were previously described
(Soyal et al., 2012). Plasmids encoding B5-PGC-1a-GFP, B4-7a-PGC-1a-
GFP or PGC-la7a-GFP (also termed NT-PGC-1a-GFP) used for
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immunocytochemistry have been described (Soyal et al., 2012). Primers
for the 3ext transcripts are listed in Supplementary Material, Table S1.
The human promoter-luciferase reporter vectors pCD36Prom-Luc and
pPCK1-Prom-Luc and the expression plasmids pHNF4a and pPPARy
were previously described (Felder et al., 2011). The correct sequence
was verified in all plasmids used.

2.8. In vitro transcription/translation

The 1-Step™ Human Coupled in vitro Transcription/Translation
(IVT) Kit (Thermo Scientific) optimized for production of human pro-
teins was used for synthesis of PGC-1a proteins. Circular pT7CFE1-CHis
plasmids (approximately 1 pg) containing the sequences encoding PGC-
la isoforms were incubated with 12.5pl HeLa cell lysates, 2.5l ac-
cessory proteins and 5 pl reaction mix for 4 h 30 min at 30 °C.

2.9. Immunoblotting and immunocytochemistry

In vitro transcription/translation products (4 pl reaction mixture) or
proteins extracted from brain samples (40 pug) were denatured for 5 min
at 95° C in sample buffer (75 mM Tris-HCl, pH 6.8, 4% w/v SDS, 10%
glycerol, 50 mM dithiothreitol, 0.01% w/v bromophenol blue), cooled
on ice and subjected to electrophoresis in 7-10% polyacrylamide gels.
Separated proteins were transferred to polyvinylidene fluoride mem-
branes (Bio-Rad) that were blocked with 1 X Tris-buffered saline (TBS),
pH 7.6, containing 10% Blotting grade Blocker (Bio-Rad) for 2h at
room temperature. Membranes were incubated with the primary anti-
bodies, diluted 1: 400 in TBST (0.1% Tween 20 in 1xTBS) overnight at
4° C. Membranes were subsequently incubated for 1h at room tem-
perature with the respective secondary antibody (Goat anti-Rabbit or
Goat anti-Mouse, IRDye 800 CW, LI-COR) and analyzed using the
ODYSSEY infrared imager (LI-COR). Blots using only the secondary
antibody served as negative controls. As loading controls, we used a-
tubulin (Merck Millipore), -actin (Cell Signaling) and/or coomassie
staining of parallel gels. For densitometric analysis of Western blots the
Image Studio™ software (LI-COR) was used.

Epitope-specific polyclonal antibodies were obtained to dis-
criminate the various PGC-1a isoforms (Davids Biotechnology GmbH).
Rabbits were immunized with MAWDMCNQDSESVWSDIE, MDETSPR-
LEEDWKKVLQREAGWQ and MDEGYF to obtain specific antibodies for
the N-termini of the reference protein and the B5 or B4 isoforms, re-
spectively. Antisera were affinity-purified using the respective peptides
as ligands. Antibodies were tested using in vitro transcribed and trans-
lated products of clones encoding various isoforms and an in frame
histidine-tag. The anti-exon 1 antibody correctly identified the trans-
lated full-length protein as well as NT-PGC-1a and E1E3ext, while
isoforms initiated at B5 and B4 were not detected. The anti-B5 antibody
identified all B5-initated isoforms, but failed to identify exon 1 and
exon B4 initiated isoforms (Supplementary Material, Fig. S2). The anti-
B4 antibody, directed against the very short B4-specific N-terminal
sequence, failed to detect in vitro transcribed and translated isoforms.
We used other peptides that contained the B4-specific epitope and ex-
tended into the coding region of exon 2 as antigens, but the antisera
generated recognized a host of proteins. However, the initial anti-B4
antibody identified proteins of expected sizes in Western blots from
human and mouse brain tissues. Moreover, the intensity of the selective
bands was strongly reduced after pre-incubation with an excess of the
immunization peptide (Supplementary Material, Figs. S3, S4, S5).
Hence, it is likely that the B4-specific epitope is masked in the in vitro
translated product that is initiated by a methionine residue located 8
residues upstream of the B4 amino-terminal methionine. In the latter
protein, only two amino acids of the peptide MDEGYF were predicted to
have a relative solvent accessibility above the 25% threshold (Scratch
Protein Predictor. http://scratch.proteomics.ics.uci.edu/).

To further interrogate the specificity of the anti-B-4 and anti-B-5
antibodies, we used immunocytochemistry. SH-SY5Y and NT2/D1 cells
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obtained from ATCC were cultured in DMEM/F12 (Sigma-Aldrich)
supplemented with 10% fetal bovine serum and 1% penicillin/strep-
tomycin (Invitrogen). Cells were transfected with plasmid constructs
encoding B5-PGC-1a-GFP, B4-7a-PGC-1a-GFP or PGC-1a7a-GFP (also
termed Ex1-7a-GFP or NT-PGC-1a-GFP) for 24h using DNAfectin™
(ABM Inc.). For microscopy, transfected cells were transferred to round
glass slides (1.2 mm diameter), grown overnight, fixed with 4% paraf-
ormaldehyde for 30 min at room temperature, permeabilized with 0.2%
Triton X-100 for 15 min, blocked in 3% bovine serum albumin (BSA) for
1h and incubated with the primary antibody diluted with Hank's ba-
lanced solution (HBSS) and 0.1% BSA overnight at 4° C. On the next
day, cells were washed 3 x with HBSS and incubated with the sec-
ondary antibody (goat anti-rabbit IgG, Cy5 conjugated, Abcam), diluted
1:2500 with HBSS and 0.1% BSA for 1 h at room temperature. Nuclei
were counterstained with 0.1 pg/ml 4°6-diaminidino-2-phenylindole
(DAPI, Sigma-Aldrich) and slides were mounted in Mowiol/DAPCO
(Sigma-Aldrich). Imaging of specimens was done by sequential acqui-
sition with a Leica TCS SP5II AOBS confocal microscope (Leica
Microsystems) equipped with a HCX PL APO 63 x /1.4 oil immersion
objective and controlled by the LAS AF SP5 software (Leica
Microsystems). DAPI was excited with a diode laser (405nm) and
emission was detected between 430 and 480 nm. GFP was excited with
the 488 nm line of the Argon laser and emission was detected in the
500-560 nm range. Cy5 was excited with the HeNe laser (633 nm) and
emission was detected in the 645-780 nm range. Samples were imaged
using 3 x zoom and a line average of 3. These experiments clearly
showed that the anti-B4 antibody only detected cells transfected with
pB4-PGC-1a7a and the anti-B5 antibody only detected cells transfected
with B5-PGC-1a-GFP. Following pre-absorption of the antibody with
the respective immunization peptide, the Cy5 signals were minimal or
absent (Supplementary Material, Figs. S6 and S7).

2.10. Cell culture and transfection experiments

SH-SYS5Y cells were plated in 24-well dishes one day before trans-
fection and transfected with plasmid constructs for 24-48h using
DNAfectin™ (ABM Inc.). pRL-TK plasmid (Promega) was used as
transfection control. Luciferase activities were measured using the Dual
Luciferase Reporter Assay System (Promega) as described (Oberkofler
et al., 2002). Results are means (SE) of three or more experiments, each
performed in quadruplicate.

2.11. Genotyping

We typed 1517592631, rs11737023 and rs3966917, all localized in
the brain-specific genomic PPARGCIA region, using TaqMan
Genotyping Assays (Applied Biosystems). The respective typing re-
agents were C_32808047_10, C_473389_10 and C_26212324_10. The
accuracy of typing was verified by sequencing of 10 alleles and repeat
assays in 40 samples. In all cases, initial and repeat or sequence ana-
lyses showed identical results.

2.12. Statistical analysis

For comparison of categorical variables, we used a contingency x>
test. For comparison of specific transcript levels by brain region and/or
disease, one- or two-way ANOVA was used. Logarithmic transforma-
tions were used if the equal variance and normality assumptions of
ANOVA were rejected. Univariate associations were ascertained by
linear correlation analysis or the t-test for independent samples.
Measurements were adjusted for confounding effects as indicated.
Allele frequencies were estimated by gene counting. Agreement with
Hardy-Weinberg equilibrium was ascertained using a x> goodness-of-fit
test. Differences in genotype distributions between PD and controls
were calculated using a 2 distribution. The THESIAS software (http://
gencanvas.ecgene.net/downloads) was used to estimate standardized
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Fig. 1. Levels of PPARGCIA transcripts B1B4, B5E2, EI1E2 and E5E7A in post-mortem brain tissues from 13 controls, 21 Parkinson's disease and 8 Lewy body
dementia cases. Columns (bars) are means (SE) of log-transformed transcript levels in arbitrary units (AU). Samples were collected from frontal cortex (FC),
substantia nigra pars compacta (SN), globus pallidus (GP), parietal cortex (PC) and cerebellum (CB); *P < .080, **P < .05, ***P < .01.

pair-wise LD expressed in terms of D' and haplotype frequencies.
Unadjusted and co-variate adjusted haplotype-phenotype parameters
were estimated as OR for each haplotype being present with a predicted
frequency > 1% by comparison to the most frequent haplotype. Two-
sided P-values < .05 were considered statistically significant.

3. Results
3.1. Studies in post-mortem human tissues

CNS-specific PPARGC1A transcripts are initiated in exon Bl fol-
lowed by exons B4 and/or B5 and exon 2—exon 13 (Soyal et al., 2012).
Thus, measurements using primers targeting Bl and B4 include tran-
script structures B1B4E2-E13 as well as BIB4B5E2-E13, while PCR re-
actions with primers targeting B5 and E2 include transcripts containing
BIB5E2-E13 and B1B4B5E2-E13. Primers targeting E1E2 are specific for
RG transcripts. Due to the primer selection in the upstream exons,

38

splicing variants downstream of E2 are also included in the respective
readouts. To directly quantify the variant encoding NT-PGC-la, we
used primers in E5 and E7A. Hence, the transcripts measured may have
been initiated in Bl or E1 (Supplementary Material Fig. 1). RNA in-
tegrity scores showed no associations with age, sex, brain region, dis-
ease status or post-mortem time. Similarly, RPLPO levels used for nor-
malization of transcript levels revealed no associations with age, sex or
post-mortem time. However, two-way ANOVA using brain regions and
control/PD/LPD status as independent variables showed a significant
effect of region (P < .005), while no difference for disease status was
noted (P = .653). Post-hoc analysis displayed lower ACr values in the
cerebellum than in the SNPC and the parietal cortex (P < .05), while
ACr values among the other brain regions did not differ (Supplementary
Material, Fig. S8). Moreover, we compared differences in ACy values of
RPLPO and CYC1 in 49 samples obtained from various brain regions of
PD/LBD cases and controls and found no significant effect of PD/LBD/
control status or brain regions (Supplementary Material, Fig. S9). Taken
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together, these analyses suggest that the use of RPLPO as reference gene
was justified. While a modest bias between transcripts in the cerebellum
and SNPC or parietal cortex may have occurred, analyses of cerebellum
tissue showed no associations with PD/LBD (see below). Irrespective of
brain and PPARGCIA regions and case/control status, considerable
variability in the levels of the PPARGCIA transcripts was observed.
Univariate analyses of individual PPARGCIA transcripts showed no
associations with age or sex, post-mortem time or RNA integrity. Two-
way ANOVA with PD/LBD/control status and brain regions as in-
dependent and log-transformed mRNA levels adjusted for neurofi-
brillary tangle stages as dependent variables revealed no difference of
global levels of the various PPARGCIA transcripts by disease status, but
a strong effect of brain regions on transcript levels of B1B4 and B5E2
(both P < .0001). Both types of transcripts were less abundant in SNPC
and globus pallidus than in the other brain regions. Compared with
B1B4 and B5E2 transcripts, EIE2 and E5E7A transcript levels differed
by brain region to a lesser extent (P = .0094 and P = .0008), respec-
tively. Post-hoc analysis revealed that E1E2 transcript levels were lower
in the SNPC and cerebellum than in the frontal cortex, while ESE7A
transcript levels were higher in cerebellum than in SNPC and globus
pallidus. Region specific analyses showed no significant differences of
the various PPARGCIA transcripts by disease status in frontal and
parietal cortex, globus pallidus and cerebellum. However, lower levels
of B1B4 (P = .0055) and E5E7A (P = .0480) and borderline lower le-
vels of B5E2 (P < .0753) and E1E2 (P = .0711) of PD/LBD were ob-
served in the SNPC (Fig. 1, Table 2). No associations of PPARGCI1A
transcripts in the SNPC were noted with age, sex, RNA integrity or post-
mortem time.

We have previously shown in mouse brain cells (by semi-
quantitative PCR) that the CNS-specific B4 containing transcripts are
primarily expressed in neuronal cells and to a lesser extent in oligo-
dendrocytes and microglia, but not, or only in minimal amounts in
astrocytes. RG transcripts are expressed in astrocytes and neuronal cells
and to a lesser extent in oligodendrocytes and microglia (Soyal et al.,
2012). Hence, differences in transcript levels between controls and PD
or LBD cases may result from changes in the cellular composition of
tissue samples. Therefore, we measured mRNA levels of marker genes
for astrocytes (GFAP), microglia (AIF), neurons (ENO2, MAP2) and
dopaminergic neurons (TH) (Table 2). Levels of GFAP and AIF tran-
scripts did not change with disease status in the SNPC, but transcript
levels of TH, MAP2 and ENO2 were substantially reduced in PD and
LBD cases. In going from controls to PD and/or LBD, transcript ratios of
B1B4 to GFAP decreased (P < .05), while ratios of BIB4 to AIF and
ENO2 did not change significantly. However, transcript ratios of B1B4
to TH or MAP2 even increased (P < .05). These results are consistent
with a predominant loss of dopaminergic neuronal cells in SNPC.

For studies on isoform expression, we used epitope-specific poly-
clonal antibodies, termed anti-E1, —B4 and —B5 and directed against
the N termini of the reference PGC-1a and the CNS-specific isoforms
with translation start codons in exon B4 and B5, respectively. In

Table 2

Transcript levels in substantia nigra pars compacta of post-mortem samples.
Transcripts ~ Control PD LBD p! p? p?
B1B4 1.47 (0.12) 0.96 (0.11) 0.97 (0.11) 0.0055 0.0368 0.0267
B5E2 0.70 (0.22) 0.38 (0.13) 0.10 (0.12) 0.0753 n.s. 0.0731
EI1E2 1.31 (0.11) 1.07 (0.09) 0.89 (0.14) 0.0711 ns. 0.0622
E5E7A 0.83 (0.139 0.51 (0.07) 0.40 (0.10) 0.0480 0.0935 0.0779
GFAP 3.43 (0.17) 3.21 (0.10) 2.99 (0.25) 0.1995 n.s. n.s.
AlIF1 1.59 (0.14) 1.47 (0.129 1.10(0.19) 0.1322 ns. n.s.
TH 1.96 (0.23) 0.99 (0.18) 0.52(0.26) 0.0010 0.0025 0.0011
MAP2 2.95(0.18) 2.13(0.13) 1.64(0.15) 0.0001 0.0035 0.0002
ENO2 2.00 (0.14) 1.38(0.12) 1.20(0.17) 0.0005 0.0321 0.0013

Results are means (SE) of log-transformed transcript levels expressed in arbi-
trary units AU); P!, Anova; P? and P>, post-hoc comparisons of control vs. PD
and vs. LBD, respectively.
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Western blots of protein extracts from the regions collected
(Supplementary Material, Fig. S4), we noted differences in the in-
tensities of bands by brain regions, but the antibody-specific protein
patterns were similar among regions. We next analyzed the protein
patterns in SNPC and globus pallidus from 14 PD and 9 control cases
(Fig. 2). Again, we observed considerable variability in levels of protein
isoforms in both PD and control. Generally, PGC-1a proteins were ex-
pressed at higher levels in SNPC than in globus pallidus. Although the
sizes of the proteins detected by the three antibodies were in some cases
similar considering small differences due to the N-terminal segments,
their relative intensities showed marked differences. With the anti-E1
antibody, proteins migrating at 39 and 36 kDa (most likely NT-PGCs)
showed the highest intensities, while those at 82 and 30 kDa or 55 and
17 kDa appeared to be most abundant with the anti-B5 or anti-B4 an-
tibodies, respectively. The B5-epitope was present in several proteins.
Proteins of similar sizes were also detected in SH-SY5Y or NTERA-2D1
cell extracts. Thus, generation of these bands by post-mortem de-
gradation is unlikely. Given the large number of isoforms described or
predicted by identified exon structures of PPARGCIA transcripts
((Martinez-Redondo et al., 2015) and (Supplementary Material, Table
S2), not all bands that were strongly reduced in preincubation experi-
ments with the respective immunization peptides could be clearly as-
signed to their transcript structure. For instance, the 55kDa protein
harboring the B4-epitope has recently been suggested to be non-specific
(Ruas et al., 2012). However, this protein was selectively recognized by
the anti-B4 antibody and may be encoded by RNA species with ap-
parent sizes of 3.2 or 2.8 kb that we have detected in Northern blots of
human brain RNA with probes consisting of CNS-specific exons B2-B5
and exons 2-7 (Soyal et al., Fig. 3A). Proteins with sizes expected for
full-length reference, B4 and B5 proteins were also detected, but they
were less abundant than the truncated isoforms. Proteolysis appeared to
reduce the levels of some proteins, as post-mortem time was inversely
associated with abundance levels of proteins detected with the anti-B5
antibody including the 100 kDa (p = .001), the 82kDa (P = .023) and
the 63 kDa (p = .035). Associations of post-mortem time with proteins
detected with the anti-E1 and anti-B4 antibodies were not observed.
Compared to controls, PD cases showed a greater abundance levels of
B4-30 and B4-17 kDa proteins in the globus pallidus (P < .05). A si-
milar trend for the B4-17 kDa protein was noted in SNPC (P < .07),
while B4-30 kDa proteins were detected in the SNPC only in few cases.
To substantiate these results, we measured E2E3ext transcripts likely to
encode the 17 kDa isoform and observed higher levels in PD in com-
parison to controls in SNPC (P = .008) and globus pallidus (P = .035)
(Fig. 3). No associations of E2E3ext transcript or 17 kDa isoprotein le-
vels in SNPC or globus pallidus with age, sex, post-mortem time or RNA
integrity were observed.

As the B4-17 kDa protein may represent an inhibitory isoform, we
performed transient co-transfection studies in SHSY-5Y cells using the
PCK1 or the CD36 promoter reporter plasmids along with expression
vectors encoding HNF4a or PPARy (Fig. 4). Plasmids encoding full-
length PGC-1a isoforms with or without pB4-PGC-1a-3ext were co-
transfected. PGC-1a was a stronger co-activator of HNF4a on the on the
PCK1 promoter in.

comparison to B5-PGC-1a, while no differences between the three
full-length proteins were observed in PPARy coactivation of the CD36
promoter. The truncated B4-E3ext protein inhibited the co-activation of
all three full-length proteins on both promoters in a dose dependent
fashion.

3.2. Animal studies

Our previous studies described the presence of B1b4 containing
Ppargcla transcripts in the CNS of mice (Soyal et al., 2012) and rats
(unpublished). B5e2 transcripts were not detected in mice and such
transcripts would have a very short open reading frame of 11 amino
acid residues. Tissue samples from brain regions of the MPTP mouse



S.M. Soyal et al.

A.

Control

kbaM 1 2 3

170 _

130 =
100 s

4

55 me—

o
“© " EESE T
35 e

4
25 %

Control

kba M 1 2

170 — —
130
100 -

4

55 .
40 w—
35
25 W

15 -

PD Control PD
2 3 44pa M 1 2 3 4 1 2 3 4,p,
% e A ., 100
— — c—— . — . s ¢ 8D
* 62
-
J = — . a4
= s g
R S— — —— — — — 30
« 26
Anti a-tubulin
R T e )
PD ) Control PD
2 3 4 pa M 1 2 3 4 1 2 3 4 ,pa
— 2 100
- e —— — — . §2
* 62
” . PN s 44
- — X3 il
C — *
- « 30
p— « 26
-~
Anti a-tubulin
55« MR G S ————

o

M 1
-
—
-
-
e
-
M 1
e -
S
-
-

i

Neurobiology of Disease 121 (2019) 34-46

Control PD

2 3 4 1 2 3 4 p,
«55

—_— — D w— — — 51T

Control PD

2 3 4 1 2 3 4 \pa
« 55

T — — — 1T

Fig. 2. PGC-1a isoforms encoded by reference gene and CNS-specific transcripts in post-mortem tissue of controls and Parkinson's disease cases. Western blots from
SNPC (A, B, C) and globus pallidus (D, E, F) tissue extracts were probed with anti-E1 antibody specific for the N-terminal region of the reference protein (A, D), anti-
B5 antibody, specific for one N-terminus of CNS-specific isoforms (B, E) or anti-B4, specific for the other N-terminus of CNS-specific isoforms (C, F). Western blots
probed with anti-a-tubulin antibodies are shown below B and E. M shown on the left of blots refers to MW markers. Apparent MWs of bands that vanished or were
greatly reduced in competition experiments with the respective immunization peptides are shown on the right of each blot. See also Supplementary Material, Fig. S6.
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Fig. 4. The truncated 17 kDa CNS-specific isoform encoded by B4E3ext tran-
scripts competitively inhibits the co-activation of HNF4a at the PCK1 and
PPARy at the CD36 promoters by full-length PGC-1a proteins. Activation of
transfected PCK1 promoter reporter plasmids by plasmids encoding HNF4a and
full-length proteins PGC-1a, B4-PGC-la or B5-PGC-la without or with co-
transfection of plasmids encoding B4-3Eext are compared (A). Co-transfection
of plasmids encoding B4-E3ext does not activate HNF4a at the PCK1 promoter
and co-transfection of plasmids encoding full length B4- PGC-1a and equal,
two- or threefold molar amounts of plasmids encoding B4-E3ext results in a
dose-dependent inhibition of HNF4a co-activation by full-length proteins (B).
The three full-length proteins show similar coactivation of PPARy at the CD36
promoter. Cotransfection of an equimolar amount of plasmids encoding B4-
E3ext inhibits coactivation of FL-B4-PGC-1a (C). Fold coactivation is expressed
relative to the transcriptional activities of HNFa or PPARy at the respective
promoters. Results are means (SE) of 3 to 5 experiments, each performed in
quadruplicate. *P < .01, ** P < .005.

model were collected before and 30 min, 1, 2, 3 and 7 days after com-
pletion of the MPTP injection schedule. The MPTP treatment resulted in
the expected dopamine decrease in the striatum and a surge in striatal
Tnfa mRNA levels 24 h after the last dose (Fig. 5). Two-way analyses of
transcript data revealed significant effects of time for both BIb4
(P < .0001) and Ele2 (P = .0055) transcripts, but the effect of region
was only significant for B1b4 (P = .0001). Analyses in individual brain
regions showed significant decreases of B1b4 and EIe2 transcripts in all
regions by time. Transcripts encoding the inhibitory 17 kDa isoform
were detected only at very low levels. Eno2 transcript levels measured
in midbrain, frontal cortex and striatum also decreased by time
(P = .0003) and Th transcript levels measured in midbrain decreased as
well (P = .0197). Western blots showed altered expression of reference
and CNS-PGC-1a isoforms (Supplementary Material, Fig. S5).

We next analyzed the transcript levels in genetically modified mice
in which the human a-synuclein gene harboring the A30P mutation is
expressed under the control of the mouse Thy-1 promoter (B6;D2-Tg
(Thy1-1-SNCA*A30P)lin44). In comparison to wild-type mice, the
transgenic mice displayed lower B1b4 transcript levels in midbrain and
striatum (both P < .05), while EIe2 transcripts were markedly reduced
in all four sampled regions, in particular, in the striatum (Fig. 6).

3.3. Genetic studies

To determine potential associations of the CNS-specific genomic
region of PPARGCIA, we typed rs17592631, rs11737023 and
rs3966917, all located far upstream of the RG promoter, in a cohort of
PD and subjects without neurodegenerative disorders from the South
Tyrolean region. To increase power, we typed participants from the
SAPHIR study free of neurodegenerative diseases (Supplementary
Material, Table S2). The augmentation of the control group was justi-
fied, as haplotype frequencies did not differ between controls from
South Tyrol and Salzburg (Supplementary Material, Table S3). All
polymorphisms fulfilled Hardy-Weinberg expectations. In the combined
sample, frequencies of the more common alleles associated with
rs17592631, rs11737023 and rs3966917 were 0.903, 0.771 and 0.807,
respectively. These frequencies compare well with the respective fre-
quencies in the European HAPMAP sample (0.905, 0.7806 and 0.814).
Genotype distributions associated with any of the three SNPs did not
differ between control and PD cases in the clinical, the post-mortem or
the combined sample (Supplementary Material, Table S4). Haplotype
analysis revealed 7 haplotypes that occurred with a frequency > 0.01.
The test for global associations between haplotypes and PD was sig-
nificant in the clinical sample (x2 = 14.204, 6 df, P = .0275) and in the
combined samples (x? = 19.642, 6 df, P =.0030), but not in the
smaller post-mortem sample (x> = 9.244, 6 df, P = .1614). In parti-
cular, haplotype 111 was more and haplotype 112 was less frequent in
cases than in controls. Haplotype 112 was associated with lower risk of
disease in both the clinical and the post-mortem samples. In the
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Fig. 5. Effect of MPTP administration on dopamine and various transcript levels in several brain regions. Samples from brain regions were obtained before and
30min, 1, 2, 3 and 7 days after completion of the MPTP injection schedule. Decreases of tissue levels with time were significant for dopamine and B1b4, Ele2, Eno2
and Th transcripts with the exception of B1b4 transcripts in the frontal cortex at the 7 day time point. Results are means (SE) of dopamine or log-transformed
transcript levels from 3 to 6 animals per time point. MB + SN = midbrain plus substantia nigra.

combined sample, haplotype 121 was also associated with lower dis- To ascertain the specificity of the haplotype distribution for PD, we
ease risk (Table 3). For the three most common haplotypes (111, 112 also determined the haplotype distribution of post-mortem AD disease
and 121) that drive the association signal with PD the squared corre- cases. Unlike in PD, haplotype distributions defined by the same SNPs
lation between true and predicted haplotype dose was > 0.88. were very similar in AD cases and controls (Supplementary Material,
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Fig. 6. Overexpression of the human a-synuclein A30P mutation in mice is associated with a strong reduction of EIe2 transcripts. Tissue samples were obtained from
the frontal cortex, midbrain including substantia nigra, striatum and cerebellum. Results are means (SE) of log-transformed transcript levels of 4-5 mice per group.
*P < .05; **P < .01; ***P < .001; MB + SN = midbrain plus substantia nigra.

Table S5).

4. Discussion

Studies in mice have shown that adult conditional knockout of exon
3-5 of Ppargcla, which targets reference as well as all B4-containing
CNS-specific isoforms, leads to loss of dopaminergic neurons in the
SNPC and robust amphetamine-induced ipsilateral rotation (Jiang
et al., 2016). Similar results have been demonstrated in rats (Zheng
et al., 2017). Upper vertebrates have an expanded repertoire of CNS-
transcripts (including B5 containing transcripts) that are not expressed
in mice or rats and may allow for a more finely tuned neuronal survival
program in response to stress. Our human post-mortem studies extend
previous studies by including the main encoding transcripts and show
marked differences in the distribution of the CNS-specific transcripts
B1B4 and B5E2 among the brain regions analyzed, while the distribu-
tion of RG transcripts is much less influenced by region. Intriguingly,
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the lowest levels of CNS-transcripts were noted in globus pallidus and
SNPC thought to be very sensitive to toxic insults and/or energetic
defects (Obeso et al., 2017). Significant or borderline reductions in the
SNPC were noted for BIB4 and E5E7A or B5E2 and EIE2 transcripts,
respectively, while changes of any of the transcripts in other brain re-
gions were not significant. Reduced levels of PPARGCIA transcripts in
SNPC were reported recently in PD without details about the targeted
gene regions (Su et al., 2015). Another study reported reduced levels of
E1E2 and B1B4 transcripts in PD (Eschbach et al., 2015). Similar to the
latter study, the variability of transcript levels was large and may not
only result from inter-individual variability, disease heterogeneity and
tissue sampling, but pre-terminal insults such as hypoxia, as we have
experimental evidence for differences in the regulation of transcription
from the CNS and RG promoters by various signaling pathways in-
cluding hypoxia (Soyal SM and Patsch W, unpublished). As our study
was performed in SNPC tissue and neuronal markers were substantially
decreased, the reduction of CNS-specific transcripts in PD and LBD may
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Table 3
CNS-specific PPARGCIA haplotypes and Parkinson's disease.
Haplotype* Clinical sample Post-mortem sample All
Control PD OR P Control PD OR P Control PD OR P
(790) (196) (95% CI) (169) (85) (95% CI) (959) (281) (95% CI)
111 0.611 0.681 reference 0.585 0.667 reference 0.607 0.677 reference
112 0.138 0.078 0.51 0.0013 0.176 0.112 0.54 0.0383 0.144 0.088 0.53 0.0002
(0.33-0.77) (0.30-0.97) (0.38-0.74)
121 0.133 0.095 0.64 0.0201 0.123 0.085 0.57 0.1544 0.131 0.094 0.64 0.0108
(0.44-0.93) (0.26-1.24) (0.46-0.90)
122 0.026 0.043 1.45 0.310 0.007 0.018 3.57 0.2657 0.024 0.034 1.39 0.3405
(0.70-2.98) (0.37-33.63) (0.70-2.76)
211 0.008 0.018 1.83 0.2842 0.017 0.027 1.34 0.6656 0.010 0.020 1.66 0.2570
(0.06-5.55) (0.35-5.14) (0.69-3.99)
221 0.046 0.041 0.75 0.3549 0.077 0.045 0.47 0.1240 0.052 0.040 0.63 0.0756
(0.42-1.37) (0.18-1.23) (0.38-1.05)
222 0.033 0.035 0.95 0.8907 0.0150 0.046 1.97 0.2063 0.029 0.040 1.18 0.5504
(0.48-1.48) (0.69-5.63) (0.68-2.05)

Haplotype frequencies in controls and PD cases; ORs are relative to the most common haplotype; P = .00301 for global haplotype.
Effects in the combined sample. *1 or 2 refers to the major or minor alleles, respectively, in the following order: rs17592631 C/T;

1511737023 G/A and rs3966917A/G.

result simply from a loss of dopaminergic neurons that express them
and modest changes in promoter regulation. Nevertheless, the data in
mice show that these transcripts may be themselves required for do-
paminergic neuronal survival. As Lewy bodies were required for the PD
diagnosis in our study, forms of PD that are not necessarily associated
with Lewy bodies (Doherty et al., 2013; Kalia and Kalia, 2015) may
have different PPARGC1A expression profiles. For instance, in Parkin-
associated PD, PARIS, a substrate for the E3 ubiquitin ligase Parkin,
accumulates, represses transcription from the PGC-la promoter and
causes selective loss of dopaminergic neurons in the SN that can be
abrogated by overexpression of PGC-1a (Shin et al., 2011).

The reductions in specific PPARGCIA transcripts and transcripts of
cell-specific markers tended to be more pronounced in LBD in com-
parison to PD, but only MAP2 and ENO2 transcripts were significantly
lower in LBD. These results are in keeping with strong overlaps in the
clinical picture and neuropathology of LBD and PD and the view, that
these disorders may reflect specific entities of a continuous disease
spectrum termed alpha-synucleinopathies (Lippa et al., 2007).

The analyses of proteins revealed multiple bands with differences
between the antibodies used. Not all bands could be clearly assigned to
the transcript structures that have been identified so far. Post-mortem
degradation of proteins may have contributed to low levels of some
proteins. It is also possible that other proteins contained epitopes used
for generation of antisera. Hence, we can not exclude that some pro-
teins identified by competition assays are not PGC-la isoforms.
However, using the eukaryotic gene prediction tool Gnomon (http://
wwwncbinlmnihgov/RefSeq/Gnomon-descriptionpdf), additional new
B5-initiated isoforms have been predicted from the human genomic
sequence that are supported by mRNA and EST evidence in the NCBI
database (entries XP_011512071, XP_005248191) and have predicted
MW of 77.2 and 79.8kDa. Furthermore, multiple bands have been
detected in neuronal cell lines with other antibodies directed against
the N-terminal region of PGC-la (Hasegawa et al., 2016; Ye et al.,
2017; Ye et al., 2016).

An exciting and potentially important result was the PD-associated
increase of the 17 kDa bands detected with the anti-B4 antibody and
likely representing the translation product of B4-E3ext transcripts. A
similar protein initiated at an alternative transcription site has been
reported in another study (http://scholarscompass.vcu.edu/etd/3225/
). The respective protein lacks the second LXXLL motif that serves as an
interaction site for several nuclear receptors including HNF4a. The
truncated proteins also lack nuclear localization signals, but their
size < 20kDa should not impede their diffusion through the nuclear
pore complex (Cyert, 2001). Indeed, we show now that the B4-PGC1-
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a3ext inhibits the co-activation of several promoters by full-length CNS-
specific and reference proteins. As co-activation of PPARy whose in-
teraction site has been mapped distal to the second LXXL motif was also
inhibited, heterodimerization and/or competition of truncated and full-
length proteins for factors that enhance the co-activation properties of
PGC-1a such as SRC-1 and p300 are likely modes of inhibition
(Puigserver et al., 1999). A genome-wide expression study conducted in
part in laser-captured dopaminergic neurons found that a set of 425
PGC-la-responsive genes was significantly under-expressed in PD
(Zheng et al., 2010). Two other studies using laser microdissection re-
ported no significant reduction of PPARGCIA transcripts or PGC-la
immunoreactivity in substantia nigra neurons (Dolle et al., 2016;
Simunovic et al., 2009). Thus, in sum these studies would suggest that
the transcriptional function of PGC-1a is compromised in idiopathic PD
despite moderated, if any reductions in its expression. It is therefore
conceivable that the 17 kDa protein may contribute to the functional
impairment observed in PD. However, additional studies are required to
support the hypothesis that such a mechanism contributes to the pa-
thogenesis of PD.

Full-length CNS- and RG-PGC-1a displayed subtle differences in co-
activation of HNF4a at the PCK1, but not of PPARy at the CD36 pro-
moter. Previous studies showed that alternative PGC-1a isoforms dis-
play distinct transcriptional regulation and protein stability. The N-
terminal activation and repression domains, but not the RS/RNA re-
cognition motifs appeared to determine gene programs as well as spli-
cing events that are specifically regulated by some isoforms (Martinez-
Redondo et al., 2016). Furthermore, an interaction of Necdin with the
N-terminal region resulted in increased stabilization of PGC-1la and
enhanced mitochondrial function in primary neurons (Hasegawa et al.,
2016). Whether the CNS-specific isoforms that possess distinct N-ter-
mini differ from the reference proteins in their transcriptional co-acti-
vation and splicing program, is currently under study.

The MPTP metabolite 1-methyl-4-phenylpyridinium induced
Parkinsonism in young drug addicts (Langston et al., 1983) and has
been identified as a complex 1 inhibitor (Cleeter et al., 1992). Animal
models based on MPTP intoxication have been used as valuable tools to
study deficiencies in dopaminergic neurons, even though such models
do not fully recapitulate human PD. Our studies in the acute MPTP
model showed that dopamine levels decreased more rapidly and to a
greater extent than TH mRNA levels. This finding is consistent with
studies showing that the decrement in dopamine levels exceeds the loss
of dopaminergic neurons in PD and that nitration of striatal TH that
results in loss of enzymatic activity is induced by MPTP administration
(Ara et al., 1998). Like in human brain tissues, transcript levels of B1b4
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in mice were more abundant than levels of Ele2 (Soyal et al., 2012;
Szalardy et al., 2016). Unlike in human post-mortem tissues, the de-
crease of B1b4 and Ele2 transcripts along with a decrease in Eno2 oc-
curred in all brain regions studied suggesting a more general toxicity of
the MPTP treatment in our animal model. Transgenic mice over-
expressing the a-synuclein A30P mutation revealed moderately re-
duced mRNA levels of B1b4 and Eno2 transcripts in midbrain and
striatum. However, reductions of Ele2 transcript levels were substantial
in all brain regions, particularly in the striatum, and may result from
down-regulation of the RG promoter activity by a-synuclein (Siddiqui
et al., 2012).

Our genetic studies showing consistent results in two populations
suggest that the genomic region encompassing the CNS promoter and
CNS-specific exons contributes to the pathogenesis of PD. Like in pre-
vious genome-wide association studies (GWAS), no associations of PD
with individual SNPs were observed, but haplotypes typically are not
reported in GWAS. The mechanisms whereby some haplotypes exhibit
protective effects are not known, but may include the expression levels
of specific isoforms in response to distinct signaling mechanisms.
Importantly, some GWAS showed associations of the CNS-specific
genomic region of PPARGCIA with phenotypes that are often en-
countered in PD. In subjects of European ancestry, a strong association
of rs17590046, located between exons B1 and B4, with essential tremor
(P-value < 10~ °) was reported (Muller et al., 2016) and confirmed in
an Asian population (Xiao et al., 2017). Furthermore, a borderline
significant association of rs16875528, also positioned between B1 and
B4, with the sense of smell among US older adults (P-value = 9.1079
was observed (Dong et al., 2015). Our results must be cautiously in-
terpreted, as a predicted, but not characterized locus lies in the same
genomic  region  (LOC729175, NCB reference  sequence
XPP_001129558.1). Between amino acids 80-253, the predicted protein
contains a domain exhibiting homology to DNA polymerase gamma and
tau. The hypothetical mRNA is transcribed from the same strand and in
the same direction as the CNS-PPARGCIA transcripts. EST clones have
been observed in ES cells (Genbank Nr. CN283176) that overlap exon
B1l. We also observed similar transcripts in induced pluripotent stem
cells and, to a lesser extent, in human brain tissue. Further character-
ization of LOC729175 is required, as variants of genes involved in
mtDNA maintenance such as mtDNA polymerase gamma increase the
risk of PD (Luoma et al., 2007).

5. Conclusion

Taken together, a link between the CNS-specific PPARGCIA locus
and idiopathic PD is supported by higher expression levels of 17 kDa
proteins and their encoding transcripts in SNPC and globus pallidus of
PD in comparison to controls. The 17 kDa proteins inhibit the coacti-
vation function of full-length PGC-1a and may therefore contribute to
functional impairment of full-length PGC-1a in PD reported by others.
In additon, genetic studies revealed protective haplotypes at the CNS-
specific region of the PPARGCIA locus further supporting a role in PD.
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