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Mitochondrial Quality Control via the PGC1a-TFEB
Signaling Pathway Is Compromised by Parkin Q311X
Mutation But Independently Restored by Rapamycin

Almas Siddiqui, Dipa Bhaumik, Shankar J. Chinta, Anand Rane, Subramanian Rajagopalan, “Christopher A. Lieu,
Gordon J. Lithgow, and “Julie K. Andersen
Buck Institute for Research on Aging, Novato, California 94945

Following its activation by PINK1, parkin is recruited to depolarized mitochondria where it ubiquitinates outer mitochondrial membrane
proteins, initiating lysosomal-mediated degradation of these organelles. Mutations in the gene encoding parkin, PARK2, result in both
familial and sporadic forms of Parkinson’s disease (PD) in conjunction with reductions in removal of damaged mitochondria. In contrast
towhathas been reported for other PARK2 mutations, expression of the Q311X mutation in vivo in mice appears to involve a downstream
step in the autophagic pathway at the level of lysosomal function. This coincides with increased PARIS expression and reduced expression
of a reciprocal signaling pathway involving the master mitochondrial regulator peroxisome proliferator-activated receptor-gamma
coactivator (PGCla) and the lysosomal regulator transcription factor EB (TFEB). Treatment with rapamycin was found to independently
restore PGC1a-TFEB signaling in a manner not requiring parkin activity and to abrogate impairment of mitochondrial quality control
and neurodegenerative features associated with this in vivo model. Losses in PGCl1a-TFEB signaling in cultured rat DAergic cells
expressing the Q311X mutation associated with reduced mitochondrial function and cell viability were found to be PARIS-dependent and
to be independently restored by rapamycin in a manner requiring TFEB. Studies in human iPSC-derived neurons demonstrate that TFEB
induction can restore mitochondrial function and cell viability in a mitochondrially compromised human cell model. Based on these data,
we propose that the parkin Q311X mutation impacts on mitochondrial quality control via PARIS-mediated regulation of PGC1-TFEB
signaling and that this can be independently restored via upregulation of TFEB function.
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Mutations in PARK?2 are generally associated with loss in ability to interact with PINK1, impacting on autophagic initiation. Our
data suggest that, in the case of at least one parkin mutation, Q311X, detrimental effects are due to inhibition at the level of
downstream lysosomal function. Mechanistically, this involves elevations in PARIS protein levels and subsequent effects on
PGCla-TFEB signaling that normally regulates mitochondrial quality control. Treatment with rapamycin independently restores
PGCla-TFEB signaling in a manner not requiring parkin activity and abrogates subsequent mitochondrial impairment and
neuronal cell loss. Taken in total, our data suggest that the parkin Q311X mutation impacts on mitochondrial quality control via
PARIS-mediated regulation of PGC1a-TFEB signaling and that this can be independently restored via rapamycin. j

ignificance Statement

Introduction
Degradation of damaged mitochondria via lysosomal autophagy
is a key cellular pathway in the maintenance of mitochondrial
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Figure 1. Losses in DAergic SNpc cell numbers in parkin Q311X mutants are restored by

rapamycin (Rapa) feeding. A, Representative immunocytochemistry of SNpc from parkin mu-
tant mice (Mut) versus WT littermate controls on control or rapamycin diet (Rapa) probed with
antibody against TH (n = 7 per condition). B, Stereological quantitation of DAergic SNpc cell
numbers. ***p < 0.001 versus WT. *p << 0.05 versus Mut.

dition. Mutations in PARK?2, encoding the ubiquitin E3 ligase
parkin, are associated with both familial and sporadic forms of
PD (Kitada et al., 1998). A subset of these mutations act via for-
mation of insoluble parkin-containing inclusions and subse-
quent decreases parkin activity that can impact on lysosomal
removal of damaged mitochondria contributing to mitochon-
drial dysfunction; this has also been reported to occur in wild-
type (WT) parkin in association with elevated oxidative or
nitrosative stress (Cookson, 2003; Marx et al., 2003; Winklhofer
etal., 2003; Chungetal., 2004; Yao et al., 2004; LaVoie et al., 2005;
Wang et al., 2005; Wong et al., 2007: Siddiqui, 2012; Bao et al,,
2012; Sunico et al., 2013; Vandiver et al., 2013). We previously
reported that oxidative reductions in parkin solubility within
DAergic cell lines stably expressing WT parkin resulting in re-
duced parkin solubility, and E3 ligase activity reduced the ability
of cells to clear damaged mitochondria (Siddiqui et al., 2012).
These effects were found to be reversed by rapamycin, a known
inducer of autophagy. This coincided with a restoration of lost
mitochondrial function, although the exact mechanisms in-
volved were not explored. To obtain a better mechanistic under-
standing of the processes underlying these events and whether
they are translatable in a chronic age-related in vivo model more
fully emulating the human condition, we examined the impact of
rapamycin treatment in a mouse line expressing the C-terminally
truncated Q311X mutation selectively within DAergic neurons
(Lu et al., 2009). Expression of the Q311X mutation in vitro in
human SY5Y cells has been reported to result in reduced parkin
solubility and E3 ligase activity resulting in increased levels of
parkin substrates (Sriram et al., 2005; Wang et al., 2005; Cortiand
Brice, 2013; Winklhofer, 2014). Given parkin’s proposed role in
lysosomal mitochondrial degradation, we set out to explore
whether the parkin Q311X mutation results in reduced mito-
chondrial function in effected nigral tissues, whether this was
reversible via rapamycin treatment, and whether this in turn pre-
vents neurodegenerative features associated with this model. In-
terestingly, data from these studies suggest, that rather than
interfering with parkin’s ability to be recruited to damaged
mitochondria by PINKI, the Q311X parkin mutation results in a
late-stage blockage in autophagy at the level of the autophagoly-
sosome (APL) as a consequence of reduced lysosomal function.
Mechanistically, this appears to be due to PARIS-dependent
losses in PGCla-transcription factor EB (TFEB) signaling that
are independently restored by rapamycin in a manner requiring
TFEB. Our results suggest that parkin, through its effects on
PARIS, plays a key role in overall mitochondrial homeostasis
through cellular regulation of the PGCla-TFEB pathway.
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Materials and Methods

Mice and rapamycin treatment. Parkin Q311X mice were a generous gift
from William Yang (University of California—Los Angeles) (Lu et al.,
2009). Mice for experiments were generated by crossing homozygous
Q311X mutants with WT FVB mice to generate heterozygous offspring
with respect to the parkin Q311X transgene. Nontransgenic littermates
were used as negative controls. Animals were divided into four experi-
mental groups: control-fed nontransgenics (Tgs), n = 13; rapamycin-fed
non-Tgs, n = 13; control-fed Tgs, n = 16; and rapamycin-fed Tgs, n =
17. Animals were a mixed population of males and females, 16-17
months of age at the time of testing.

Parkin Q311X mutant mice and their WT littermates were fed either
normal chow or chow containing microencapsulated rapamycin at a
concentration of 2.24 mg per kg body weight/d as previously described
starting at 13 months of age for a 12 week period (Harrison et al., 2009;
Spilman et al., 2010). All mice were given ad libitum access to food and
water for the duration of the experiment. Mice were housed according to
standard animal care protocols on a 12 h light/dark cycle and maintained
in a pathogen-free environment in the Vivarium facility of the Buck
Institute under an approved Buck Institutional Animal Care and Use
Committee protocol.

Stereological SNpc TH™ cell counts. Midbrain sections (40 um) were
cut on a sliding microtome and collected in PBS. Free-floating sections
were permeabilized and blocked in PBS containing 0.4% Triton X-100,
4% normal goat serum at room temperature for 30 min. Sections were
then incubated in rabbit polyclonal anti-tyrosine hydroxylase (TH) an-
tibody (1:1000 dilution, Millipore Bioscience Research Reagents) in PBS
containing 0.2% Triton X-100, 2% normal goat serum overnight at 4°C.
Sections were then washed with PBS containing 0.2% Triton X-100, 1%
normal goat serum followed by incubation for 1 h in biotinylated goat
anti-rabbitantibody (1:1000; Jackson ImmunoResearch Laboratories) in
PBS containing 0.2% Triton X-100, 1.5% goat serum, followed by wash-
ing and visualization via incubation in biotin-streptavidin-HRP complex
(ABC kit; Vector Laboratories), followed by incubation with 3,3'-
diaminobenzidine per the manufacturer’s instructions (Sigma). Sections
were mounted on glass slides and allowed to air-dry overnight. Unbiased
stereological cell counts were performed using the optical fractionator
method to count TH * neurons in the SNpc in every fourth section in a
total of 8—10 sections at 100X objective using Stereoinvestigator version
6.0 software (MicroBrightField). Results were verified by Nissl staining.

Western blot analyses. Striatal tissue lysates were homogenized in buf-
fer containing 50 mm Tris/HCI, pH 8.0, 150 mm NaCl, 0.25% sodium
deoxycholate, and 1 mm EDTA followed by centrifugation at 10,000 X g
for 10 min. Supernatant was taken and protein concentration estimated
via the Bradford assay. Aliquots of 25 ug protein were boiled at 95°C in
Lamelli buffer for 5 min and loaded onto a 10% SDS-PAGE gel. Follow-
ing electrophoresis, bands were transferred to PVDF membranes. Mem-
branes were next incubated in primary antibodies (goat anti-cathepsin,
1:500 dilution, Santa Cruz Biotechnology; mouse anti-p62, 1:500 dilu-
tion, MBL Biosciences; mouse anti-a-synuclein, 1:1000 dilution, BD
Transduction; rabbit anti-ubiquitin, 1:1000 dilution, DAKO; rabbit anti-
Ub-K63, 1:250 dilution, Millipore; mouse anti-B-actin, 1:1000 dilution,
Invitrogen; anti-tubulin, 1:50,000 dilution, Invitrogen; mouse-anti-
PARIS, 1:500 dilution, Millipore) for 24 h, 4°C. This was followed by
incubation in appropriate HRP-conjugated secondary antibodies (anti-
rabbit, anti-mouse, or anti-goat, 1:2500 dilution, Santa Cruz Biotechnol-
ogy) for 1 h at room temperature. Immunoblots were developed using
enhanced chemiluminescence reagent and analyzed using a ChemDoc
system from Bio-Rad.

Fluorescent immunocytochemistry. Sections (40 wm) were prepared
from 4% PFA-fixed tissues and incubated in 5% BSA solution for 1 h.
This was followed by incubation in primary antibody (rabbit anti-LC3,
1:500 dilution, Novus Biological; mouse anti-VDAC, 1:1000 dilution,
Millipore; mouse anti-p62, 1:500 dilution, Novus Biological; chicken
anti-TH, 1:1000 dilution, Novus Biological; rabbit-anti-TFEB, 1:500 di-
lution, Novus Biological; mouse anti-a-synuclein, 1:500 dilution, BD
Biosciences) for 24 h at 4°C. This was followed by incubation in appro-
priate HRP-conjugated secondary antibody (anti-rabbit, 1:500—1000;
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Figure 2.

Increased levels of pro-K-insoluble c-synuclein in parkin Q311X mutants are abrogated by rapamycin feeding. 4, Striatal tissue lysates from parkin mutant mice (Mut) versus WT

littermate controls on control or rapamycin diet (Rapa) were incubated with 010 wg/ml pro-K and run on Western blots probed with antibody against ce-synuclein. B, Densometric quantitation
of monomeric (~17 kDa) versus large oligomeric (~ 150 kDa) cr-synuclein levelsin 5 .g/ml pro-K-treated samples (red circled on Western blot). ***p < 0.001 versus WT. ***p << 0.001 versus
Mut. Three separate experiments were performed in triplicate. €, Representative confocal SN immunocytochemistry from Mut versus WT littermates on control or Rapa diet treated with 5 ug/ml
pro-K (Lu et al., 2009) and probed with antibody against TH (red) or ce-synuclein (Syn, green). Blue represents nuclear DAPI staining. Original magpnification, X 63.

anti-mouse, 1:500—-1000 dilution; or anti-chicken, 1:1000 dilution, Alex-
aFluor) for 1 h at room temperature.

Proteinase K treatment of striatal tissue lysates and SNpc sections. For
Western blot analyses, whole striatal tissue lysates were prepared as de-
scribed above. Aliquots of 25 ug protein were incubated in 0—10 ug/ml of
proteinase K (pro-K) for 10 min before gel loading. For detection of
pro-K-resistant c-synuclein via SNpc ICC, 40 pwm sections from 4%
PFA-fixed tissues were washed twice in 0.1% Tween 20 and then incu-
bated for 30 min in Tris buffer saline, 0.1% Tween 20. Sections were then
incubated for 60 min at 55°C in 5 pg/ml pro-K in TBS, then washed 3X
in TBS. Tissues were next incubated in 3 M guanidine thiocyanate in 10
mMm Tris-HCI solution for 10 min as previously described (Lu et al.,
2009). Sections were processed for ICC as above.

Pole test. In the pole test, animals were placed on top of a rough-
surfaced wooden pole (50 cm in length and 1 cm in diameter) and al-
lowed to descend to the base of the pole (Lieu et al., 2013, 2014). Mice
were initially habituated and trained the day before testing. On testing
day, animals were placed head-up on the top of the pole. The time it took
for the animal to turn its head downward (movement initiation) and
descend the entire length of the pole was taken. The best performance for
each animal over five consecutive trials was subsequently recorded.

Open field analysis. To monitor spontaneous activity, mice were placed
in a TruScan open field chamber and allowed to explore freely over a 10
min period using a TruScan photobeam apparatus (Colbourn Instru-
ments), as previously described by our laboratory (Lieu et al., 2013,
2014). The number of moves over a 10 min time period was as deter-
mined using TruScan software.

Confocal microscopy and 3D reconstruction for quantitation of puncta.
Sections processed as above were used for imaging. Image Z-stacks were
collected using a Zeiss 710 confocal microscope with a 63X objective.
Lasers were set at 488 and 561 nm excitation wavelengths to optimize

visualization while excluding overlap and bleed-through. Image stacks
were run for 3D reconstruction using Imaris (version 7.1.0; Bitplane).
For nuclear TFEB, puncta-positive nuclei were counted where >2
puncta were present: 12 sections per group, n = 4 per condition. For
iPSCs, following fixation, TFEB puncta outside of the nucleus were quan-
tified as above.

Electron microscopy (EM) and quantitation of APG:APL ratios and mi-
tochondrial volume. SNpc tissue was dissected and immediately fixed in
2% PFA and 0.2% glutaraldehyde in 0.1 M sodium phosphate buffer, pH
7.4, for 2 h at room temperature; 50-nM-thick sections were cut using an
Ultracut S ultramicrotome (Leica). Sections were collected on carbon-
coated Formvar grids using a mixture of 1.8% methylcellulose and 2.3 m
sucrose, fixed with 1% glutaraldehyde, counterstained with uranyl ace-
tate, and embedded in methylcellulose—uranyl acetate. Sections were
viewed on a Phillips Tecnai 12 transmission EM. A uniform random
approach to imaging was used by choosing one section of 152 serial
sections at random and imaging a subset of evenly spaced sections there-
after. Individual sections were imaged, selected by stepping across each
grid in a predetermined x/y meander. Two sets of images were collected:
one to analyze APG (autophagosomes) and AL (autolysosomes) and
another for mitochondrial volume. Classification of autophagic vacuoles
according to their luminal content was performed by a blinded indepen-
dent observer using one single-category allocation for each vesicle. Au-
tophagic vacuoles (vesicles <0.5 m) were classified as APGs when they
met two or more of the following criteria: double membranes (complete
or at least partially visible), absence of ribosomes attached to the cytosolic
side of the membrane, luminal density similar to cytosol, and identifiable
organelles or regions of organelles in their lumen. Vesicles of similar size
but with a single membrane (or <40% of the membrane visible as dou-
ble), luminal density lower than the surrounding cytosol, mulltiple single
membrane-limited vesicles containing light or dense amorphous mate-
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rial were classified as ALs. Images were collected at 2.6 X 10* at a pixel
dimension of 5.7 nm X 5.7 nm. Images were analyzed using the volume
estimator Cavalieri probe available in MicroBrightfield’s stereo-
investigator software.

Parkin E3 ligase assay. In vitro ubiquitination reactions were per-
formed as previously described (Siddiqui et al., 2012). Immunoprecipi-
tated parkin from striatal tissue lysates was mixed with 100 ng of E1
ubiquitin-activating enzyme (Calbiochem), 250 ng of E2 ubiquitin-
conjugating enzyme (UbcH7, Boston Biochem), and 10 ug of ubiquitin
(Sigma) in ubiquitination buffer (2 mm ATP, 50 mm Tris, 2.5 mm MgCl,
at pH 7.5) for 2 h at room temperature. Auto-ubiquitination of parkin
was then detected by anti-ubiquitin antibody via Western blot analysis
(1:1000 dilution, DAKO).

qRT-PCR. RNA was isolated using the pure RNA tissue kit (Roche).
RNA quality and concentration were determined by measuring absor-
bance at 260/280 nm. cDNA was synthesized using purified RNA (5 ug),
GO script reverse transcriptase (Promega), and random hexamers. Gene
expression was determined via QRT-PCR in a Light Cycler 480 Sequence
Detection system (Roche Applied Science). Forward and reverse primers
for each gene of interest were designed (Operon) using the Roche Uni-
versal Probe Library Assay Design Center; each gene (“assay”) of interest
was represented by a UPL probe (Universal Probe Library, Roche). At
least three technical replicates were performed. Primer sets used were as
follows: mouse TFEB forward, GAGCTGGGAATGCTGATCC; reverse,
GGGACTTCTGCAGGTCCTT; mouse PGC 1« forward, GAAAGGGC-
CAAACAGAGAGA; reverse, GTAAATCACACGGCGCTCTT; mouse
TFAM forward, CAAAGGATGATTCGGCTCAG; reverse, AAGCTGAA
TATATGCCTGCTTTTC; mouse Nrfl forward, TGGAGTCCAAGAT-
GCTAATGG; reverse, GCGAGGCTGGTTACCACA; human PGCla
forward, TGAGAGGGCCAAGCAAAG; reverse, ATAAATCACACG-
GCGCTCTT; human Nrfl forward, CCATCTGGTGGCCTGAAG,
reverse, GTAGTGCCTGGGTCCATGA; human CTSD forward, GAG-
GATGAGGCCGCTAGA, reverse, CAACAAGGTGGGTTTTGTCG;
human GLA forward, TGGAAAATTTGGCAGATGGT; reverse, AAA-
GAGGCCACTCACAGGAG. Data were normalized to actin. Cycling
conditions consisted of 45 cycles of 95°C, 30 s, 62°C, 30 s, 72° 25 s.
Fold-change was determined by using the 2—A ACT method; all reac-
tions were performed in triplicate.

Analyses of mitochondrial complex I (CI) ac- A
tivity. Rotenone-sensitive NADH dehydroge-
nase activity was measured in immunoisolated
DAergic striatal synaptosomal fractions iso-
lated as previously described (Chinta et al.,
2007). Activity was quantitated by measuring
2,6-dichlorophenolindophenol reduction fol-
lowing addition of 200 um NADH, 200 um
decylubiquinone, 2 mm KCN, and 0.002% 2,6-
dichlorophenolindophenol in the presence
and absence of 2 um rotenone. Readings were
recorded using a Spectra Max. Values were
normalized/protein using Bio-Rad reagent.

Generation and analysis of DAergic cell lines
expressing human WT versus Q311X mutant
parkin. DAergic N27 cells were transfected with
p3xFLAG-CMV-7.1 plasmid vectors contain-
ing an insertion of either full-length human
parkin cDNA or the Q311X truncation muta-
tion (replicating that expressed in the trans-
genic mouse model used in these studies) via
Lipofectamine 3000 reagent (Invitrogen) The
p3xFLAG-CMV-7.1Q3111X plasmid was gen-
erated by PCR cloning the parkin fragment
(nucleotide 1-930) into the Hind1-EcoR1 sites
of the FLAG vector followed by sequence veri-
fication (Eurofin). Transfection efficiency was
determined via Western blot analysis using an
anti-mouse 3X-FLAG antibody (Sigma-
Aldrich). Mitochondrial function was mo-
nitored by measurement of mitochondrial
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Figure 3.  Losses in motor function in parkin Q311X mutants are abrogated by rapamycin
feeding. Motor coordination and balance were assessed in parkin mutant mice (Mut) versus WT
littermate controls on control or rapamycin diet (Rapa) via the pole test as previously described
by our laboratory (Lieu et al., 2013). Time to turn downward on the pole (4) and to descend to
the base (B) was measured over 5 consecutive trials. ***p << 0.001versus WT. ~ " p < 0.001
versus Mut. €, Spontaneous activity was measured in Mut versus WT littermates on control or
Rapa diet as previously described in these animals by Lu et al. (2009) using a Tru Scan photo-
beam apparatus (Colbourn Instruments) in five separate trials. **p << 0.01 versus WT.
T p <0.001 versus Mut.

-Rapa

+Rapa

Increased levels of the autophagic marker LC3 within mitochondria in parkin Q311X mutant SNpc tissues. A, Quantitation of
L(3 punctaas assessed via 3D reconstruction of collected Z-stacks using Imaris (version 7.1.0, Bitplane) (Costes et al., 2004). Values are total
puncta-positive pixels. **p << 0.001 versus WT. ™ *p << 0.001 versus Mut on control versus rapamycin diet (Control vs Rapa). Data are
from three or four separate tissue samples per animal performed in triplicate. B, Quantitation of L3 puncta colocalized with mitochondrial
VDAC assessed as in A. ***p << 0.0001 versus WT. ¥ < 0.0001 versus Mut. Data are from three or four separate tissue samples per
animal performed in triplicate. C, Representative confocal SN immunocytochemistry from parkin mutant mice (Mut) versus WT littermate
controls on control or rapamycin diet (Rapa) probed with antibody against either the mitochondrial marker VDAC (red) or the autophagic
marker LC3 (green); merged (yellow). Original magnification X< 63. n = 4 animals per condition. Insets, Higher magnification of single
representative cells for merged images in each experimental condition.
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Figure5.  Theautophagicprotein p62remainselevatedin parkin Q311X mutant SNpctissues. A, Representative SNimmunocytochemistryfrom
parkin mutant mice (Mut) versus WT littermate controls on control or rapamycin diet (Rapa) probed with antibody against p62 (top right, green) or
the dopaminergicmarker TH (bottom left, red). Yellow represents merged (bottom right). Blue represents nuclear DAP! (top left). n = 4 animals per
condition. B, Densitometric quantitation of p62 puncta colocalized with TH. ***p << 0,001 versus WT. ** *p << 0001 versus Mut. Data are from
1012 separate tissue sections per animal performed in triplicate. €, Representative Westem blots of striatal tissue extracts isolated from parkin
mutant mice (Mut) versus WT littermate controls on control or rapamycin diet (Rapa) probed with antibody against p62 (actin used as loading
control). D, Quantitation of p62levels. ***p << 0,007 versusWT. * * *p << 0,001 versus Mut. Data arefrom three orfour separate issue samples per
animal performed in triplicate.
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Figure6.  EManalysis of parkin Q311X mutant SNpc tissues demonstrate increased APG:APL ratios that are abrogated by rapamycin feeding. 4,
Representative high-magnification EM images prepared from SNpc tissue sections of APGs (top) and ALs (bottom) at different stages of maturation
used for morphometric quantification. Most APGs were identified in the soma, but in some instances they were also observed in the neuronal
processes (red arrow) (B). Mature lysosomes were not included in the morphometric analysis, identified by the presence of lipofuscin-like deposits in
their lumen (yellow arrows; ~5% total APL) (€). D, Representative images and quantitation of APG:APL ratios analyzed by Cavaleiri estimation for
large datasets. ***p < 0001 versus WT. ™+ p < 0.05 versus Mut. Representative APGs are marked with — and APLs with +.

membrane potential via fluorescent TMRM assay and cell viability via
MTT assay 24 h after transfection.

PARIS and TFEB knockdown via siRNA and rapamycin treatment in parkin
WT versus Q311X cells. To interrogate whether reductions in PARIS levels
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restore mitochondrial function and cell viability
in mutant Q311X versus WT parkin-expressing
cell lines, cells were transfected with either PARIS
or scrambled (Scr) siRNA using reagents from
Invitrogen 24 h before subsequent parkin plas-
mid transfections. Reductions in PARIS protein
levels were verified via Western blot analysis;
TFEB and PGCla expression via RT-PCR and
mitochondrial function and cell viability was also
performed 24 h following plasmid transfections.
To test whether functional neuroprotective ef-
fects of rapamycin requires TFEB, cells were
transfected with either TFEB or scrambled Scr
siRNA using reagents from Invitrogen. Twenty-
two hours following siRNA transfections, 2 um
rapamycin was added to the cells. Nontoxic rapa-
mycin concentrations were initially determined
via cell viability analyses using the MTT assay
(Siddiqui et al,, 2012). WT or Q311X parkin
transfections were performed 2 h later; all subse-
quent analyses were performed 24 h after trans-
fection. Reductions in TFEB protein levels were
verified via Western blot analysis; TFEB and
PGCla expression via RT-PCR, mitochondrial
function, and cell viability were monitored in the
absence and presence of rapamycin.

iPSC-derived DAergic neurons and treat-
ments. Human iPSC-derived DOPA cells were
purchased from XCell Science. Cells were
treated with 0.4 um rotenone for 24 h. Cells
were pretreated with rapamycin (50 um) or tre-
halose (100 mm) for 1 h before rotenone addi-
tion. Cell viability in all treatment groups was
monitored via the MTT assay. Effects of =100
mM trehalose on TFEB activity via quantitative
ICC of extranuclear nuclear puncta, TFEB tar-
get gene expression via RT-PCR (PGCla, ca-
thepsin D, Nfrl, GLA), and mitochondrial
function via measurement of ATP levels via lu-
minescence assay and MPP by TMRM assay
were monitored.

Statistics. Two-way ANOVA followed by
Tukey’s multiple-comparison test were per-
formed to analyze statistical significance of
in vivo data and one-way ANOVA followed
by Tukey’s multiple-comparison test for in
vitro studies and in human iPSC-derived
neurons, all run using PRISM software.

Results

Age-related neurodegenerative effects
in chronic parkin Q311X mutant mouse
model are reversed by rapamycin
feeding

The role of parkin in mitochondrial quality
control is traditionally thought to involve
interaction with the PINK1 protein (Pickrell
and Youle, 2015). Following activation of
PINK1 by mitochondrial depolarization or
other mitochondrial stress-related events,
PINK1 recruits parkin to the outer mito-
chondrial membrane. Parkin, acting in its
capacity as an E3 ligase, ubiquitinates select
outer mitochondrial membrane proteins,

including the mitofusins (Mfn1/2) and Mirol (Narendra etal., 2010,
2012). This results in interaction of ubiquitin-tagged mitochondria
with the microtubule-associated light chain protein 3 (LC3) com-
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Figure 7.  Levels of the lysosomal activity marker cathepsin D are downregulated in parkin
Q311X mutants and restored by rapamycin. A, Representative Western blots of striatal tissue
extracts isolated from parkin mutant mice (Mut) versus WT littermate controls on control or
rapamycin diet (Rapa) probed with antibody against cathepsin D (tubulin used as loading con-
trol).n = 3 animals per condition. B, Densitometric quantitation of cathepsin D levels (reported
as % WT). ***p < 0.001 versus WT. ™ *p < 0.001 versus Mut. Data are from three separate
striatal tissue samples performed in triplicate.

plex via the autophagic adaptor protein p62/SQSTM1 (p62 Seques-
tome, hereafter referred to as p62) to form APGs. APGs in turn fuse
with lysosomes to form APLs. Intra-autophagolysosomal compo-
nents, including mitochondria, are then degraded by lysosomal
hydrolases.

Parkin Q311X mutant mice used in our studies have been
reported by 16 months of age and display several parkinsonian
neuropathologies, including SNpc DAergic cell loss, accumula-
tion of insoluble (proteinase K-resistant) a-synuclein, and hypo-
kinetic motor deficits (Lu et al., 2009). Given the established role
of parkin in lysosomal mitochondrial degradation, we hypothe-
sized that age-related neurodegenerative effects associated with
this particular parkin mutant mouse model would be reversed by
treatment with rapamycin, an established inducer of autophagy,
coinciding with restoration of lost autophagic functions.

Rapamycin was administered in the chow to parkin Q311X
mutant mice and their littermate controls for a period of 3
months, starting at 13—14 months of age. Control diet consisted
of normal feed. To assess whether chronic rapamycin adminis-
tration resulted in abrogation of age-related neurodegeneration,
we first examined DAergic SNpc cell numbers via stereological
TH™ cell counts. As previously reported (Lu et al., 2009), by 16
months of age, parkin Q311X mutants displayed a significant
(~40%) decrease in DAergic cell numbers in the SNpc that was
significantly prevented by chronic rapamycin feeding (Fig. 1).

We next assessed the effects of rapamycin administration on
reported increases in SNpc pro-K-insoluble a-synuclein levels in
the parkin Q311X mutant mice by both Western blot and immu-
nocytochemistry (Lu et al., 2009) (Fig. 2). Western blot analysis
demonstrated a significant elevation in the levels of higher mo-
lecular weight insoluble a-synuclein oligomers (~150 kDa) in
the parkin mutants that were significantly reduced by chronic
rapamycin treatment (Fig. 2A, B). This was found to coincide
with immunocytochemical data demonstrating increased levels
of punctate pro-K-resistant a-synuclein immunostaining in the
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parkin Q311X mutant SNpc that was abrogated by rapamycin
treatment, along with retention of TH ™ cell numbers as previ-
ously demonstrated (Figs. 1, 2C).

Next, effects of rapamycin feeding on locomotor behavior was
assessed in the parkin Q311X mutants via both open field analysis
and the pole test (Fig. 3). As previously reported by ourselves and
others, parkin Q311X mutants displayed significant reductions in
locomotor activities that were significantly prevented by chronic
rapamycin feeding (Fig. 3) (Luetal., 2009; Lieu et al., 2013,2014).

Parkin Q311X mutant mice display a late-stage block in
autophagy at the level of lysosomal function

We next examined the impact of both parkin Q311X mutation
and rapamycin on autophagic function in our four cohorts. We
firstlooked at LC3 accumulation. During initiation of autophagy,
LC3 is recruited to APG membranes where it interacts with p62;
p62 acts as an adaptor to link ubiquitin-tagged mitochondria
with APG membranes. These then form mature APGs that engulf
the ubiquitin-labeled mitochondria. Given that APG formation
has been reported to occur downstream of parkin-mediated mi-
tochondrial tagging and recruitment, we predicted that we would
see reduced levels of accumulation of LC3 puncta within effected
parkin mutant SNpc tissues. Surprisingly, we observed signifi-
cant increased numbers of total LC3 puncta within the parkin
Q311X mutant SNpc compared with WT littermate controls (Fig.
4A). Many of these puncta were found to colocalize with the
mitochondrial VDAC marker (Fig. 4B,C). Numbers of LC3
puncta were further increased following rapamycin treatment, in
both parkin Q311X mice and WT littermate controls.

We reasoned that observed increases in LC3 puncta in the
SNpc of Q311X mutant mice could either be a consequence of a
compensatory increases in autophagy or an inhibition down-
stream of APG formation resulting in impaired flux. To address
this issue, we performed quantitation of p62 levels in our cohorts
(Geisler et al., 2010a); p62 not only targets ubiquitinated mito-
chondria to APGs but, following their fusion with lysosomes, is
itself degraded by resultant APLs. Sustained increases in its levels
would therefore be consistent with a downstream inhibition in
autophagy. We observed significant increases in levels of p62
puncta formation within parkin Q311X mutant SNpc versus WT
controls (Fig. 5A,B). Levels were significantly reduced by rapa-
mycin feeding. Levels of striatal p62 protein itself were also shown
to be elevated in the parkin Q311X mutant and reduced by rapa-
mycin (Fig. 5C).

To to see whether there was a blockage at the level of APL
formation, we next performed EM quantitation to verify relative
numbers of APG versus APLs (Fig. 6A—C). EM images of SNpc
sections demonstrated a significant increase in the ratio of nor-
mal APGs to APLs in the parkin Q311X mutant mice versus
littermate controls (Fig. 6D). Parkin Q311X mutants also dis-
played along with increased numbers of APLs containing undi-
gested mitochondria. These data suggest a reduction in numbers
of functional APLs. Both of these morphological events were
found to be reversed by chronic rapamycin administration.

Cathepsin D is the principal lysosomal endopeptidase respon-
sible for degradation of both proteins and mitochondria (Jones et
al., 1982; Hossain et al., 2001; Qiao et al., 2008). Along with
reduced numbers of functional APLs, we also noted significant
reductions in levels of mature activated cathepsin D within stri-
atal tissues from the parkin Q311X mutant, suggesting a defect in
lysosomal function (Fig. 7). Cathepsin D levels were found to be
near that of WT littermate controls in the presence of rapamycin
feeding.
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Figure8. Reductionsin TFEB activity in parkin Q311X mutants are restored by rapamycin ina mannerindependent of E3 ligase activity. A, Representative confocal SN immunocytochemistry from
Mut versus WT littermate controls on control or rapa (Rapa) diet probed with antibody against TFEB (red) versus nuclear DAPI staining (blue). Original magpnification, < 63. B, Quantitation of nuclear
TFEB puncta as assessed via 3D reconstruction of collected Z-stacks using Imaris (version 7.1.0, Bitplane) (Costes et al., 2004). Data are total number per section from four total (three separate
experiments performed in triplicate). C, In vitro ubiquitination reactions were performed by mixing immunoprecipitated parkin from striatal tissue lysates with E1 ubiquitin-activating enzyme, the
E2 ubiquitin-conjugating enzyme UhcH7, and ubiquitin in ubiquitination buffer. Ubiquitination of parkin was then detected by anti-parkin/anti-ubiquitin antibody and quantitated by densitometry.
*¥¥1 <0.001 versus WT. Three separate experiments were performed in triplicate. D, Relative TFEB expression as assessed by RT-PCR from mRNA extracted from striatal tissues of parkin mutant
mice (Mut) versus WT littermate controls on control or rapamycin diet (Rapa); actin was used as normalizing control. p < 0.01 versus WT. ***p << 0.001 versus Mut. Three separate experiments
were performed in triplicate. E, Relative Nrf1 expression as assessed by RT-PCR from mRNA extracted from striatal tissues of parkin mutant mice (Mut) versus WT littermate controls on control or
rapamycin diet (rapa); actin was used as normalizing control. **p << 0.01 versus WT. *p << 0.05 versus Mut. Three separate experiments were performed in triplicate. F, Relative TFAM expression
asassessed by RT-PCR from mRNA extracted from striatal tissues of parkin mutant mice (Mut) versus WT littermate controls on control or rapamycin diet (rapa); actin was used as normalizing control.
**p < 0.0 versus WT. ™ *p << 0.01 versus Mut. Three separate experiments were performed in triplicate.

Parkin Q311X mutants display reduced expression of TFEB, restored by rapamycin treatment (Fig. 8D-G). Together, these
which is restored by rapamycin independent of parkin E3 data suggest that parkin Q311X mutant mice have reductions in
ligase activity the master lysosomal transcription factor TFEB that can be re-
Cathepsin D is one of a suite of genes whose levels are controlled  stored by rapamycin in a manner independent of parkin E3 ligase
by the master lysosomal transcription factor, TFEB (Sardiello et activity.

al., 2009; Settembre et al., 2012). Impaired TFEB activity has been

observed in both the human PD SNpc and in a rat a-synuclein ~ Parkin Q311X mutants display increased levels of the parkin
overexpression model of the disease (Decressac et al., 2013).  substrate PARIS, which coincides with reductions in PGCla
In the latter, treatment with a rapamycin derivative was foundto ~ expression

restore TFEB activity and autophagic clearance of a-synuclein ~ TFEB has recently been demonstrated to participate in a positive
aggregates and to rescue DAergic SNpc cell loss. Based on these  transcriptional feedback loop with the master mitochondrial
data, we hypothesized that observed reductions in functional  transcriptional regulator PGCla (Roczniak-Ferguson et al.,
APLs and activated cathepsin D levels in the parkin Q311X mu- ~ 2012; Settembre et al., 2012; Tsunemi et al., 2012). Upregulation
tants could be due to reduced lysosomal biogenesis as a result of ~ of PGCla-TFEB signaling was shown to prevent proteotoxic
losses in TFEB activity that are restorable by rapamycin treat-  stress associated with a mouse model of Huntington’s disease.
ment. Rapamycin treatment was indeed found to elicit significant ~ PGCla expression itself is indirectly regulated by parkin, via par-
increases in nuclear TFEB localization within SNpc cells of the  kin’s ability to limit protein levels of the transcriptional repressor
parkin mutants, although to a somewhat lesser degree thanin WT ~ PARIS (Shin et al., 2011). PARIS has been shown by this same
littermate controls (Fig. 8 A, B). Rapamycin’s ability to reestablish ~ group to be upregulated in nigrostriatal neurons in the context of
TFEB activity in the parkin Q311X mutants was not however ~ human PD, whereas PGCla and its target genes, including Nrfl,
associated with restoration of compromised parkin E3 ligase ac-  have been reported to be underexpressed in the brains of PD
tivity, suggesting that this is a parkin-independent event (Fig.  patients (Zheng et al., 2010). We therefore next asked whether
8C). Interestingly, reduced TFEB activity in the parkin Q311X  losses in parkin E3 ligase activity in the parkin Q311X mutant
mutants was found to coincide with reductions in expression of ~ mice could be driving reductions in PGC1a-TFEB signaling via
TFEB and its downstream TFEB target genes TFAM and Nrfl, all ~ increases in PARIS protein levels (Shin et al., 2011). The Q311X
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Figure 9. Q311X mutation results in elevations in PARIS levels corresponding with reductions in
PGC1cx expression. A, Representative Western blots and densitometric quantiation of striatal tissue
extracts isolated from parkin mutant mice (Mut) versus WT littermate controls probed with antibody
against PARIS (actin used as loading control). n = 3 animals per condition (reported as % WT). **p <
0.01 versus WT. B, Relative PGC1cx expression as assessed by RT-PCR from mRNA extracted from
striatal tissues of parkin mutant mice (Mut) versus WT littermate controls on control or rapamycin diet
(Rapa); actin was used as normalizing control. **p << 0.01versus WT. *p << 0.05 versus Mut. Three
separate experiments were performed in triplicate.

mutant protein has previously been demonstrated to bind less
avidly to PARIS than WT protein, coinciding with buildup of
PARIS levels (Shin et al., 2011). PARIS protein levels were indeed
found to be elevated in SNpc tissues from parkin Q311X mutants
versus controls (Fig. 9 A, B). They were also not reduced by rapa-
mycin treatment (data not shown). Additionally, along with al-
terations in TFEB and its target genes (Fig. 8), PGCla expression
was found to also be reduced in Q311X mutants and restored in
the presence of chronic rapamycin feeding (Fig. 9) (Shin et al.,
2011).

Mitochondrial defects in the parkin Q311X mutants are
prevented by rapamycin treatment

We postulated that reductions in PGCla-TFEB signaling as a
consequence of PARIS elevation would in turn coincide with
reductions in mitochondrial quality control contributing in
turn to the neurodegenerative effects observed in the parkin
Q311X mutant mouse model. To assess mitochondrial
“health” in these animals, we first measured mitochondrial
volume via EM. Mitochondrial volume fractions were found
to be reduced in the parkin Q311X mutants and restored fol-
lowing rapamycin treatment (Fig. 10A). We next assessed ac-
tivity of mitochondrial CI, abnormalities in which have been
observed in association with PD (Schapira et al., 1990). CI
activity was also reduced in the parkin Q311X mutants and
restored by rapamycin (Fig. 10B).

The detrimental effects of parkin Q311X expression in
DAergic cells on PGC1a-TFEB signaling are PARIS-
dependent and coincide with effects on mitochondrial
function and cell viability

To directly demonstrate that the deterimental effects of Q311X
expression within DAergic cells on PGCla-signaling impacting
on mitochondrial health and cell viability is PARIS-dependent,

Siddiqui et al. o Parkin Mutation Impacts on PGC1c-TFEB Signaling

A = 0.8
.0 * WT
‘g 0.6 { 3 "{"" = Mut
s * %
‘; 0.4 i
E 0.2
2 o.0!

Control Rapa

oY)
-
a
(<]

-
(=
(=]

Complex | activity
(%WT)
[4)]
o

Control Rapa

Figure 10.  Compromises in mitochondrial volume and function in parkin Q311X mutants are
restored by rapamycin feeding. A, Measurement of mitochondrial volume by EM. **p << 0.01 versus
WT. *"p < 0.01 versus Mut. B, Mitochondrial (I activity measured in isolated striatal DAergic
synaptosomes as described previously (Chinta et al., 2007). ***p << 0.001 versus WT. **p < 0.01
versus Mut. Data are from three separate synaptosomal preparations performed in triplicate.

we looked at the impact of PARIS knockdown in WT versus
Q311X-FLAG-tagged transfected cultured DAergic neurons. As
expected, Q311X mutant-transfected cells display a band corre-
sponding to the correct size for the truncated mutant protein
(Fig. 11A). Reductions in PARIS expression levels in these cells
were found to result in increased PGCla-TFEB expression and
restoration of lost mitochondrial function and cell viability asso-
ciated with Q311X versus WT expression (Fig. 11B-E).

Rapamycin restoration of mitochondrial function and cell
viability in Q311X-expressing cells requires expression of
TFEB

To assess whether rapamycin’s ability to protect against deteri-
mental effects of Q311X expression within DAergic cells requires
TFEB, we looked at the impact of TFEB knockdown in these same
cells in the context of rapamycin treatment. Reductions in TFEB
expression were found to abrogate rapamycin-mediated in-
creases effects on both mitochondrial function and cell viability
in the Q311X-expressing mutants; TFEB was also found to im-
pact on PGCla expression (Fig. 12A-E).

TFEB activation is neuroprotective in mitochondrially
compromised human iPSC-derived DAergic neurons

To evaluate the effects of TFEB activation in a model more closely
resembling the human disease condition, we chose to assess the
effects of TFEB in human DAergic cultures differentiated from
iPSCs. We elected to look at effects in these cells following rote-
none administration, as this has previously been shown to result
in elevated LC3 and p62 levels in human SY5Y cells similar to what
we observe in vivo in our parkin mouse mutant in conjunction with
reduced mitochondrial quality control (Mader et al., 2012). Both
rapamycin and the select TFEB-inducing agent trehalose were found
to result in protection against mitochondrial neurotoxicity in the
iPSC-derived DAergic neurons (Fig. 13 A, B). Furthermore, TFEB
activation via trehalose was found to coincide with abrogation of
lost mitochondrial function as assessed by ATP levels and mitochon-
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Figure 11.  PARIS siRNA knockdown in DAergic cells expressing WT versus Q311X parkin. A, Representative Western blot of
cellular extracts isolated from N27 cells transfected with either human WT or Q311X-FLAG-tagged plasmid probed with antibody
against FLAG (actin used as loading control). B, Representative Western blot and quantitation of cellular extractsisolated from N27
cellstransfected with PARIS siRNA versus scrambled (Scr) siRNA probed with antibody against PARIS (actin used as loading control).
Expressed as % Scr control. ***p << 0.001 versus Scr siRNA. C, Relative PGCTcx and TFEB expression levels as assessed by RT-PCR
from mRNA extracted from WT versus Q311X-transfected cells transfected with either PARIS siRNA or Scr siRNA control. **p << 0.01
versus WT-+Scr siRNA. ™ p << 0.01 versus Mut+Scr siRNA. ***p < 0.001 versus WT-+Scr siRNA. ™ p < 0.001 versus
Mut+Scr siRNA. D, Mitochondrial activity as monitored by TMRM fluorescence expressed as % WT+Scr siRNA. **p << 0.001
versus WT-+ScrsiRNA. ' p < 0.001 versus Mut + Scr siRNA. E, Measurement of cellular viability via MTT assay expressed as %
WT+Scr siRNA. ***p < 0,001 versus WT+Scr siRNA. " p << 0.01 versus Mut + Scr siRNA.
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Figure12. Rapamycin treatment == TFEB siRNAin DAergic cells expressing WT versus Q311X parkin. 4, Representative Western
blot and quantitation of cellular extracts isolated from N27 cells transfected with TFEB siRNA versus scrambled (Scr) siRNA probed
with antibody against TFEB (actin used as loading control). Expressed as % Scr control. ***p <C'0.001 versus Scr. B, Relative TFEB
expression levels as assessed by RT-PCR from mRNA extracted from WT versus Q311X-transfected cells == rapamycin (Rapa)
treatment = TFEB siRNA versus Scr siRNA control. ***p << 0.001 versus WT+Scr. **p < 0.01 versus WT+Scr. *p < 0.01
versus Mut+Scr. *p << 0.05 WT+Scr+Rapa. ~p << 0.05 versus Mut+ Scr-+Rapa. n = 3. C, Mitochondrial activity as monitored
by TMRM fluorescence expressed as % WT+-Scr siRNA control. ***p << 0.001 versus WT+Scr siRNA. *p << 0.05 versus Mut+Scr
SiRNA. *p < 0.05WT+ Scr+Rapa. ~p << 0.05 versus Mut+Scr+RAPA. n = 3 per condition. D, Measurement of cellular viability
via MTT assay expressed as % WT+Scr siRNA control. ***p << 0.001 versus WT-+Scr siRNA. **+p < 0.001 versus Mut+Scr
SiRNA. #p << 0.05WT+ Scr+Rapa. ~p << 0.05versus Mut-+Scr+Rapa. n = 3 per condition. E, Relative PGC1cx expression levels
as assessed by RT-PCR from mRNA extracted from WT versus Q311X-transfected cells transfected with either TFEB siRNA or Scr
SiRNA control. ***p < 0.001 versus WT+Scr. **p << 0.01 versus Mut+Scr.n = 3.
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drial membrane potential (Fig. 13C-G) in
conjunction with reversal of rotenone-
mediated inhibition of several TFEB target
genes (PGCla, cathepsin D, NRF1, GLA)
(Fig. 13H-K).

Discussion

A large body of work in cultured mamma-
lian cells demonstrates that parkin via its in-
teraction with PINK1 mediates initiation of
lysosomal autophagy, particularly under
conditions of damage or stress (Narendra et
al., 2008; Geisler et al., 2010b; Matsuda and
Tanaka, 2010; Vives-Bauza et al., 2010). Fol-
lowing its activation by PINK1, parkin ubiq-
uitinates damaged mitochondria, labeling
them for transport to the autophagophore
and triggering their subsequent engulfment
by the APG. The APG then fuses with lyso-
somes to form APLs, resulting in hydrolytic
mitochondrial degradation (Pickrell and
Youle, 2015). Mutations in the gene encod-
ing parkin, PARK2, have been shown to
result in increased levels of damaged mito-
chondria in affected brain tissues. Here we
report that, in contrast to what has been pre-
viously reported for other mutations, in vivo
expression of the parkin Q311X mutation
appears to effect a downstream step in the
autophagic pathway at the level of lysosomal
function (Fig. 14). This in turn coincides
with defects in both mitochondrial and
protein quality control and increased
neurodegenerative and behavioral pheno-
types. Cell biology experiments demon-
strate that this is a PARIS-dependent
process involving disrupted regulation of
a reciprocal transcriptional pathway in-
volving PGCla-TFEB signaling. Down-
regulation of PGCla and its target genes,
including TFEB, have been reported to be
a key feature in recent meta-analyses of
genome-wide gene expression in autop-
sied tissues from sporadic PD patients
versus age-matched controls, suggesting
that this signaling pathway constitutes an
important therapeutic target for the dis-
order (Zheng et al., 2010).

Treatment of mice carrying the hu-
man Q311X mutation with rapamycin
was found to independently restore
PGCla-TFEB signaling in a manner not
requiring parkin activity. This coincided
with restoration of lysosomal and mito-
chondrial function in conjunction with
abrogation of neurodegenerative-related
features both in vitro and in vivo. Subse-
quent studies in human iPSC-derived
neurons closely related to those effected in
the human disease state show that TFEB
induction can restore mitochondrial
function and cell viability in these cells
following mitochondrial compromise.
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The Q311X mutation introduces a
stop codon downstream of RING finger 1
(RINGL1) of the parkin protein, generating
a C-terminal truncation that removes
downstream in-between ring (IBR) and
RING2 domains (Pickrell and Youle,
2015). In cultured cells, expression of this
mutated form of the protein results in re-
duced parkin solubility and inhibition of
the protein’s E3 ligase activity, along with
increases in parkin substrate levels (Sri-
ram et al., 2005; Wang et al., 2005). In
addition to ubiquitination of several other
proteins, parkin also ubiquitinates PARIS,
a Kruppel-associated box (KRAB) zinc
finger transcriptional repressor, marking
it for degradation by the proteosome.
Q311X-mutated parkin protein has been
reported to have reduced binding to
PARIS, which requires both RING1 and
RING2 domains for maximal binding ef-
ficiency (Shin et al., 2011). PARIS protein
levels have been shown to be selectively
increased in the nigrostriata in autopsied
tissues from patients diagnosed with spo-
radic PD (Shin et al., 2011). Reductions in
binding and ubiquitination of PARIS re-
sults in turn in increases in steady-state
PARIS protein levels, along with increased
PARIS occupancy at insulin response se-
quence sites within the PGCla promoter
and inhibition of subsequent PGCla ex-
pression (Shin et al., 2011). Loss of DAer-
gic neurons in a conditional parkin mouse
knock-out model has been demonstrated
to require upregulation of PARIS and to
be inhibited by PGCla expression (Shin
et al., 2011). PGCla and its target genes
have been reported to be underexpressed
in the brains of PD patients resulting in
the identification by the Global PD Gene
Expression consortium of PGCla signal-
ing as a therapeutic target for early inter-
vention in PD (Zheng et al., 2010).

In addition to resulting in reduced ex-
pression of several genes directly involved
in mitochondrial biogenesis and function,
PARIS-mediated inhibition of PGCla
would also be predicted to result in reduc-
tions in expression of the master lyso-
somal regulator TFEB (Tsunemi et al,
2012). Nuclear localization of TFEB has
been shown to be significantly reduced in
postmortem human brains from PD pa-
tients and expression of TFEB and its tar-
gets to be reduced in a SNpc-specific
fashion in animal models (Decressac et al.,
2013). Loss of TFEB function has been as-
sociated with reduced lysomal function in
various neurodegenerative disease mod-
els, although in general this has been at-
tributed to reductions in the lysosomal
degradation of defective proteins prevent-
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Figure 13.  TFEB activation prevents losses in mitochondrial function and cell viability in mitochondrially compromised

human iPSC-derived DAergic neurons. A, Measurement of cellular viability via MTT assay in iPSCs differentiated into
DAergic cells treated with rotenone = trehalose (Treh) or rapamycin (Rapa), expressed as % cell death versus untreated
control. ***p < 0.001 versus untreated control. ©* *p << 0.001 versus rotenone alone. n = 3 per condition. B, Mito-
chondrial activity as monitored by ATP levels and TMRM fluorescence for measurement of mitochondrial membrane
potential, expressed as % loss versus untreated control. ***p << 0.001 versus untreated control. *"p < 0.01 versus
rotenone alone. n = 3 per condition. Activation of TFEB via measurement of cytoplasmic ICCin (C) untreated controls, (D)
iPSC-derived neurons treated with rotenone (Rot) alone, (E) treatment with Treh alone, and (F) combined Rot/Treh. G,
Quantitation reported as % TFEB puncta outside the nucleus. **p < 0.01 versus untreated control. “p << 0.05 versus Rot
alone. TFEB target gene expression via RT-PCR for (H) cathepsin D (CTSD), (/) galactosidase « (GLA), (J) PGCT e, and (K)
Nrf1. *p < 0.05 versus untreated control. **p < 0.01 versus untreated control. ***p << 0.001 versus untreated control.
*p < 0.05 for Rot alone. ** *p << 0.0001 for Rot alone. n = 3.
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Figure 14.  The Q311X parkin mutation impacts on mitochondrial quality control by interfering with PARIS-mediated regulation of
PGC1 - TFEB signaling, which can be independently restored by rapamycin in a TFEB-dependent fashion. Our data suggest that compro-
mise of parkin E3 ligase activity in Q311X-expressing mutants results in increased PARIS levels and reductions in master PGC1ce-TFEB
signaling. This impacts in turn on mitochondrial quality control via effects on both mitochondrial and lysosomal biogenesis and function.
Independent induction of TFEB activity by rapamycin can restore this signaling pathway along with abrogating detrimental effects of the
Q311X mutation on mitochondrial function and neuronal cell viability.
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ing their toxic aggregate formation (Tsunemi et al., 2012; Cortes
et al., 2014); (Decressac et al., 2013; Polito et al., 2014). This is in
agreement with data from this current study demonstrating that
restoration of lysosomal function by rapamycin in addition to im-
pact on mitochondrial function also prevents a-synuclein aggrega-
tion associated with the Q311X mouse model.

Treatment with the pharmacological mTOR inhibitor rapamy-
cin was found to restore TFEB activity; previous publications suggest
that TFEB activity is under the control of the mTOR pathway
(Sardiello et al., 2009; Settembre et al., 2012) (Roczniak-Ferguson et
al., 2012; Decressac et al., 2013). Inhibition of mTOR via rapamycin
has been demonstrated to promote autophagic turnover of mito-
chondria in human cybrid lines carrying pathological mitochondrial
DNA mutations (Gilkerson et al., 2012). We propose that, in addi-
tion to reported effects on protein quality control, TFEB activation
also provides benefit via maintenance of mitochondrial homeostasis
and function via the reciprocal positive feedforward PGCla-TFEB
signaling pathway affecting both mitochondrial biogenesis and lys-
osomal degradation. TFEB function can be independently restored
via rapamycin.

In conclusion, our results suggest that parkin, through its effects
on PARIS, plays a key role in overall mitochondrial dynamics in the
cell by both inducing lysosomal degradation of damaged mitochon-
dria via TFEB and promoting mitochondrial biogenesis through its
effects on PGC-1a. These data further serve to validate PGClo-
TFEB signaling as a promising disease-modifying target for PD and
other related disorders.
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