
R E S E A R C H A R T I C L E

Parkin Deficiency Impairs Mitochondrial DNA Dynamics and
Propagates Inflammation

Kobi Wasner, PhD,1 Semra Smajic, MSc,1 Jenny Ghelfi, BSc,1 Sylvie Delcambre, PhD,1

Cesar A. Prada-Medina, PhD,2 Evelyn Knappe, MSc,3 Giuseppe Arena, PhD,1 Patrycja Mulica, MSc,1

Gideon Agyeah, MSc,1 Aleksandar Rakovic, PhD,3 Ibrahim Boussaad, PhD,1,4 Katja Badanjak, MSc,1

Jochen Ohnmacht, PhD,1,5 Jean-Jacques Gérardy, BSc,6 Masashi Takanashi, MD,7 Joanne Trinh, PhD,3

Michel Mittelbronn, MD,1,6,8,9 Nobutaka Hattori, MD, PhD,7 Christine Klein, MD,3 Paul Antony, PhD,1,4

Philip Seibler, PhD,3 Malte Spielmann, MD,2,10 Sandro L. Pereira, PhD,1,7 and Anne Grünewald, PhD1,3*

1Luxembourg Centre for Systems Biomedicine, University of Luxembourg, Esch-sur-Alzette
2Max Planck Institute for Molecular Genetics, Berlin, Germany

3Institute of Neurogenetics, University of Lübeck, Lübeck, Germany
4Disease Modeling and Screening Platform, Luxembourg Centre of Systems Biomedicine, University of Luxembourg & Luxembourg Institute of

Health, Luxembourg
5Department of Life Science and Medicine, University of Luxembourg, Esch-sur-Alzette, Luxembourg

6National Center of Pathology, Laboratoire National de Santé, Dudelange, Luxembourg
7Department of Neurology, Juntendo University, Tokyo, Japan

8Luxembourg Center of Neuropathology, Dudelange, Luxembourg
9Department of Cancer Research, Luxembourg Institute of Health, Luxembourg, Luxembourg

10Institute of Human Genetics, University of Lübeck, Lübeck, Germany

ABSTRACT: Background: Mutations in the E3 ubiquitin
ligase parkin cause autosomal recessive Parkinson’s
disease (PD). Together with PTEN-induced kinase 1
(PINK1), parkin regulates the clearance of dysfunctional
mitochondria. New mitochondria are generated through an
interplay of nuclear- and mitochondrial-encoded proteins,
and recent studies suggest that parkin influences this pro-
cess at both levels. In addition, parkin was shown to pre-
vent mitochondrial membrane permeability, impeding
mitochondrial DNA (mtDNA) escape and subsequent neu-
roinflammation. However, parkin’s regulatory roles inde-
pendent of mitophagy are not well described in patient-
derived neurons.
Objectives: We sought to investigate parkin’s role in
preventing neuronal mtDNA dyshomeostasis, release,
and glial activation at the endogenous level.
Methods: We generated induced pluripotent stem cell
(iPSC)–derived midbrain neurons from PD patients with
parkin (PRKN) mutations and healthy controls. Live-cell
imaging, proteomic, mtDNA integrity, and gene expres-
sion analyses were employed to investigate mitochondrial
biogenesis and genome maintenance. To assess neu-
roinflammation, we performed single-nuclei RNA
sequencing in postmortem tissue and quantified

interleukin expression in mtDNA/lipopolysaccharides
(LPS)-treated iPSC-derived neuron–microglia co-cultures.
Results: Neurons from patients with PRKN mutations
revealed deficits in the mitochondrial biogenesis pathway,
resulting in mtDNA dyshomeostasis. Moreover, the
energy sensor sirtuin 1, which controls mitochondrial bio-
genesis and clearance, was downregulated in parkin-
deficient cells. Linking mtDNA disintegration to neu-
roinflammation, in postmortem midbrain with PRKN muta-
tions, we confirmed mtDNA dyshomeostasis and
detected an upregulation of microglia overexpressing
proinflammatory cytokines. Finally, parkin-deficient
neuron–microglia co-cultures elicited an enhanced
immune response when exposed to mtDNA/LPS.
Conclusions: Our findings suggest that parkin core-
gulates mitophagy, mitochondrial biogenesis, and mtDNA
maintenance pathways, thereby protecting midbrain
neurons from neuroinflammation and degeneration.
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Introduction

Dopaminergic neurons (DANs) of the substantia
nigra pars compacta (SNpc) in the midbrain are criti-
cally involved in the regulation of movement.1 Loss of
DANs results in clinical motor disturbances of patients
with Parkinson’s disease (PD)—the second most com-
mon neurodegenerative disorder.2 Although the under-
lying biological mechanisms causing neuronal loss are
still under investigation, mitochondrial dysfunction has
been well implicated in PD pathology.3

The majority of patients with PD are sporadic, with
individuals manifesting the disease at ≥65 years of age.
The remainder are caused by genetic mutations, of
which many are linked to mitochondrial dysfunction.
Roughly 50% of patients with early-onset PD harbor
mutations in parkin (PRKN).2,4

PRKN encodes the E3 ubiquitin ligase parkin—an
established regulator of mitochondrial clearance.5

However, parkin’s substrates are involved in several
fundamental cellular processes. For instance, parkin
targets parkin-interacting substrate (PARIS)—an inhibi-
tor of the mitochondrial biogenesis regulator peroxi-
some gamma coactivator 1-alpha (PGC1-α).6

Moreover, PRKN overexpression in cell models rev-
ealed an association with the mitochondrial genome
and a direct interaction with mitochondral transcription
factor A (TFAM)—the main transcription factor of
mitochondrial DNA (mtDNA).
mtDNA has gained recent interest as a determinant of

aging and age-associated diseases, including PD.7

Improper mtDNA maintenance has been shown to
allow its escape from the mitochondrial compartment,
triggering an immune response.8,9 This phenomenon
was furthermore demonstrated in parkin-knockout
(KO) “mutator” mice, which harbor an error-prone ver-
sion of DNA polymerase γ (POLG). These animals show
elevated extracellular mtDNA levels and cyclic GMP-
AMP synthase (cGAS)-stimulator of interferon genes
(STING) signaling under stress conditions.10 However,
parkin’s involvement in these cellular processes has yet
to be investigated in patient-derived neurons.
To explore the role of parkin in mtDNA maintenance

endogenously, we generated induced pluripotent stem
cell (iPSC)–derived midbrain neurons from patients with
PD with biallelic PRKN mutations. We found that
parkin-deficient neurons exhibit impaired mitochondrial
biogenesis, mtDNA dynamics, and increased cytosolic
mtDNA levels. Parkin knockdown during mutagenic
stress mirrored these phenotypes and evidenced
upregulations of the cGAS protein and extracellular
mtDNA. Moreover, treatment with lipopolysaccharides
(LPS) and mtDNA elicited a stronger inflammatory
response in PRKN-mutant compared with control
neuron–microglia co-cultures. Finally, single-nuclei RNA
sequencing (snRNAseq) of postmortem midbrain

sections from a patient with PRKN-PD revealed micro-
gliosis and proinflammatory signaling. Our findings elu-
cidate novel parkin-regulated mitophagy-independent
mechanisms contributing toward mitochondrial quality
control. We show that parkin coordinates mitochondrial
biogenesis and mtDNA maintenance and is essential to
prevent neuroinflammation and neurodegeneration.

Materials and Methods

Generation of iPSCs was performed as described,11

and DANs and microglia were derived using established
protocols.12-14 To isolate tyrosine hydroxylase (TH)–
positive cells, iPSC-derived neurons were subjected to
fluorescence-activated cell sorting (FACS) using an
adapted protocol.15 Production of lentiviral vectors
expressing short hairpin RNA (shRNA) against human
PRKN or a control plasmid was performed as
described.16 SH-SY5Y neuroblastoma cells were treated
with 200 μM cobalt chloride (CoCl2).

17 Nicotinamide
adenine dinucleotide:nicotinamide adenine dinucleotide
hydrogen (NAD+:NADH) ratios were determined using
a kit (Sigma, St. Louis, MO). Respiratory chain com-
plex I (CI) and citrate synthase activities were assessed
in mitochondrial fractions by means of spectrophotom-
etry.18,19 Isolated extracellular mtDNA was quantified
using a Digital PCR System (Applied Biosystems, Wal-
tham, MA) and TaqMan probes specific for
mitochondrially encoded NADH:ubiquinone oxidore-
ductase core subunit 1 (MT-ND1) and beta-2-micro-
globulin (B2M).20,21 Polar metabolites from 30 day-old
neurons were extracted and then derivatized and mea-
sured as published.22 All experiments using iPSC-
derived neurons and SH-SY5Y cells were performed
with at least three biological replicates. Unpaired two-
tailed Student’s t tests or one-way analysis of variance
followed by post hoc Tukey tests were used to
determine statistical significance (P < 0.05).
Midbrain sections were immunostained, and TH-

positive neurons were isolated through laser capture
microdissection (LCM) using the PALM MicroBeam
(Zeiss, Oberkochen, Germany).20 Nuclei isolation,
snRNAseq, and data analysis of the PRKN-mutant
midbrain was carried out as described.23

A detailed description of the materials and methods
can be found in the supplement.

Results
Parkin Deficiency Impairs Mitochondrial

Biogenesis in the Neurons of Patients with PD
We generated iPSC-derived midbrain neurons from

healthy controls and PRKN mutation carriers (Fig. S1A,
B), which lack the parkin protein (Fig. S1C). Further-
more, we employed SH-SY5Y wild-type (WT) and
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isogenic parkin-KO cells, which were generated using
clustered regularly interspaced short palindromic repeats
and CRISPR-associated protein 9 (CRISPR/Cas9) tech-
nology (Fig. S1D).
Parkin targets a plethora of proteins,24 with mounting

evidence supporting regulatory roles in diverse cellular
mechanisms beyond mitophagy. Given that mitophagy
and mitochondrial biogenesis are tightly linked to pre-
serve bioenergetic homeostasis,25 we sought to investi-
gate possible alterations in mitochondrial biogenesis in
our models. Previous research demonstrated that parkin
overexpression enhances mitochondrial biogenesis
through PGC1-α, either directly or via PARIS, its tran-
scriptional repressor.6,26,27 We found significantly lower
levels of PGC1-α protein in parkin-deficient neurons and
SH-SY5Y cells compared with controls (Fig. 1A,B). Inter-
estingly, neither cell model showed differences in the
PARIS protein under basal conditions (Fig. 1A,C).
Conversely, parkin deficiency substantially reduced

sirtuin 1 (SIRT1) levels (Fig. 1A,D), an NAD+-
dependent energy sensor acting on mitochondrial bio-
genesis through regulation of PGC1-α gene expression
and protein deacetylation.28,29 Moreover, in parkin-

deficient neurons, we detected higher lactate:pyruvate
ratios (Fig. 1E), which suggests a lack of free NAD+

based on the chemical equilibrium principle.30

PGC1-α regulates the transcription of nuclear respira-
tory factors (NRFs), which in turn mediates gene
expressions of mtDNA transcription factors and repli-
cation activators TFAM and mitochondrial transcrip-
tion factor B2 (TFB2M).31 In agreement with reduced
PGC1-α abundance, we found that parkin deficiency
resulted in decreased NRF1 protein levels (Fig. 1A,F)
and reduced TFAM and TFB2M expression (Fig. 1G,
H). In addition, we detected significantly downregulated
mRNA levels of twinkle mtDNA helicase (TWNK), a
factor mainly involved in mtDNA replication (Fig. 1I).

Parkin Influences mtDNA Dynamics and
Respiratory Chain Function

Mitochondrial biogenesis may be defined as the divi-
sion and growth of preexisting mitochondria and is
accomplished by the import of nuclear-encoded pro-
teins and transcription and replication of the mitochon-
drial genome, which contains genes encoding subunits

FIG. 1. Mitochondrial biogenesis is impaired in parkin-deficient cells. (A) Representative cropped Western blot images of total cell lysates from induced
pluripotent stem cell (iPSC)–derived neurons from controls and patients with parkin-associated Parkinson’s disease (Parkin PD) as well as wild-type
and parkin-knockout (KO) SH-SY5Y neuroblastoma cells. (B-E) Quantifications from (A) peroxisome gamma coactivator 1-alpha (PGC1-α) (B), parkin-
interacting substrate (PARIS) (C), sirtuin 1 (SIRT1) (D) and nuclear respiratory factor 1 (NRF1) (F) protein levels normalized to beta-actin. (E) Lactate-to-
pyruvate ratios served as a proxy measure for free nicotinamide adenine dinucleotide:nicotinamide adenine dinucleotide hydrogen (NAD+/NADH) ratios.
(G-I) Quantitative polymerase chain reaction (qPCR) was used to quantify gene expression of mitochondrial transcription factor A (TFAM) (G), mitochon-
drial transcription factor B2 (TFB2M) (H) and twinkle mtDNA helicase (TWNK) (I) in iPSC-derived neurons from controls and patients with parkin-associ-
ated PD normalized to beta-actin. Data are presented as the mean � SEM. SEM = standard error of the mean, *P < 0.05, **P < 0.01; ns = not
significant as determined by Student’s t test.
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of the electron transport chain (ETC).32 Our experi-
ments suggest decreases in nuclear-encoded factors con-
trolling mitochondrial biogenesis. We next sought to
assess mtDNA dynamics by measuring the expression
of mtDNA-encoded genes. The expression of mito-
chondrially encoded NADH:ubiquinone oxidoreductase
core subunit 1 (MT-ND1), mitochondrially encoded
cythochrome B (MT-CYTB), and mitochondrially
encoded cytochrome C oxidase I (MT-COX1)
(encoding subunits of complexes I, III, and IV, respec-
tively) per mtDNA molecule was significantly down-
regulated in our parkin-deficient models (Fig. 2A–C). In
line with this, both parkin-deficient iPSC-derived neu-
rons and SH-SY5Y cells showed diminished 7S DNA:
MT-ND1 ratios, suggestive of fewer transcription initi-
ation events (Fig. 2D).20 Moreover, we used FACS to
isolate TH-positive neurons and found that the 7S
DNA phenotype is specific to DANs (Fig. 2E,F).
Because parkin overexpression was reported to

enhance the selective removal of mitochondria harboring
deleterious mtDNA mutations,33 we explored the abun-
dance of somatic major arc deletions. By contrast, we did
not find differences between groups (data not shown).
We further evaluated the mtDNA copy number and
detected significantly higher mtDNA levels in parkin-
deficient cells using both real-time polymerase chain reac-
tion (RT-PCR) (Fig. 3A) and immunocytochemistry
(Fig. 3B). Finally, we assessed respiratory chain function

in SH-SY5Y cells and found that parkin-KO cells
exhibited significantly reduced CI activity compared with
WT cells (Fig. 3C). These results suggest that although
parkin deficiency leads to an accumulation of mtDNA
molecules, it also hinders the mtDNA transcription pro-
cess, which likely contributes to ETC dysfunction.

Parkin Mitigates Cytosolic mtDNA Infiltration
Consistent with its evolutionary bacterial origin,

mtDNA has been identified as a damage-associated
molecular pattern (DAMP). Cytosolic mtDNA mole-
cules can activate the innate immune system via the
cGAS-STING pathway.8 Implicating mtDNA release in
the pathogenesis of PRKN-PD, our previous research
showed increased levels of circulating cell-free mtDNA
(ccf-mtDNA) and inflammatory cytokines in serum
from PRKN mutation carriers.34 Several mechanisms
have been proposed to facilitate mtDNA release into
the cytosol, including TFAM depletion.8 We next con-
firmed that reduced TFAM gene expression detected in
parkin-deficient neurons resulted in diminished TFAM
(protein):mtDNA ratios (Fig. 3D, Fig. S2A). TFAM also
acts as a packaging factor compacting the mtDNA
molecule to form the mitochondrial nucleoid, and dis-
ruption of this process is associated with mtDNA extru-
sion from mitochondria. To investigate if impaired
TFAM:mtDNA ratios coupled to disrupted mtDNA

FIG. 2. Parkin influences mitochondrial DNA (mtDNA) dynamics. (A-C) Quantitative polymerase chain reaction (qPCR) was used to measure expression
of mtDNA-encoded genes NADH:ubiquinone oxidoreductase core subunit 1 (ND1) (A), cytochrome B (CYTB) (B), and (C) cytochrome C oxidase I
(COX1) in induced pluripotent stem cell (iPSC)–derived neurons from controls and Parkinson’s disease patients with mutations in parkin (Parkin PD)
and wild-type and parkin-knockout (KO) SH-SY5Y neuroblastoma cells. Gene expression was normalized to beta-actin and mtDNA copy number. (D) A
multiplex real-time polymerase chain reaction (RT-PCR) assay was used to quantify transcription-associated 7S DNA per mtDNA molecule (with probes
targeting ND1) in iPSC-derived neurons and SH-SY5Y cells. (E, F) Neuronal cultures from three controls and three PRKN mutation carriers were sorted
using the pan-neuronal marker β-Tubulin 3 (TUJ1) and the dopaminergic neuron (DAN) marker tyrosine hydroxylase (TH) and subjected to Western blot-
ting and RT-PCR analyses. (E) Representative cropped Western blotting images of TH and TUJ1 protein abundances in sorted control and patient neu-
rons. (F) TUJ1/TH double-positive iPSC-derived neurons were separated from TUJ1-positive/TH-negative neurons derived from controls and patients
with PRKN mutations. The resulting cell populations underwent multiplex RT-PCR to quantify the abundance of 7S DNA per mtDNA molecule (with a
probe targeting ND1). RT-PCR results are from two technical replicates. n = 3 biological replicates; data are presented as the mean � SEM; SEM =
standard error of the mean, *P < 0.05, ns = not significant as determined by Student’s t test.
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dynamics could result in elevated mtDNA release, we
assessed the subcellular localization of mtDNA mole-
cules with an imaging approach. Indeed, patient neu-
rons and parkin-KO SH-SY5Y cells harbored
significantly more mtDNA molecules in the cytosol
compared with controls (Fig. 3E,F). This mtDNA
shift from mitochondria to the cytosol was indepen-
dently validated by applying an RT-PCR approach
to cellular fractions from control and parkin-KO
SH-SY5Y cells (Fig. S2B).

Hypoxic Conditions Mirror mtDNA Phenotypes
Observed in Parkin-Deficient Cells

To test our hypothesis of metabolic remodeling as
the underlying cause of mtDNA dyshomeostasis in

PRKN-PD, we exposed WT SH-SY5Y cells to the
hypoxia-inducing agent CoCl2.

17 CoCl2 treatment
triggered an upregulation of the hypoxia-inducible
factor 1-α (Fig. 4A) and a shift from oxidative phos-
phorylation to glycolysis as indicated by increased
NAD+:NADH ratios (Fig. 4B). In line with the cellu-
lar function of SIRT1, the protein was less abundant
under hypoxic conditions (Fig. 4A,C). We then inves-
tigated the SIRT1 target PGC1-α, which was also
downregulated in CoCl2-treated cells (Fig. 4A,D). To
explore the impact of PGC1-α depletion on mtDNA
maintenance, we next determined the protein levels of
NRF1 and TFAM, which were both downregulated
in response to CoCl2 exposure (Fig. 4A,E,F). In addi-
tion, the treatment reduced the 7S DNA:MT-ND1
ratio (Fig. 4G) and MT-ND1 mRNA levels (Fig. 4H).

FIG. 3. Parkin attenuates cytosolic mitochondrial DNA (mtDNA) infiltration at baseline and extracellular mtDNA release during mutagenic stress. (A) A
real-time polymerase chain reaction (RT-PCR) assay was used to quantify mtDNA copy number (with a probe targeting NADH:ubiquinone oxidoreduc-
tase core subunit 1 [ND1]) relative to the nuclear single copy gene beta-1-microglobulin (B2M) in induced pluripotent stem cell (iPSC)–derived neurons
and SH-SY5Y neuroblastoma cells in healthy controls and patients with parkin-associated Parkinson’s disease (Parkin PD) as well as wild-type (WT)
and parkin-knockout (KO) SH-SY5Y cells. (B) Immunocytochemistry analysis of mtDNA copy number in iPSC-derived neurons and SH-SY5Y cells.
Copy number was determined by mtDNA volume:nuclei volume. (C) Quantification of mitochondrial complex I activity normalized to citrate synthase
activity in SH-SY5Y cells. (D) Quantification of mitochondrial transcription factor A (TFAM) protein abundance normalized to mtDNA copy number in
iPSC-derived neurons. (E) Representative cropped immunocytochemistry images used to assess mtDNA subcellular location by targeting mtDNA,
nuclei (Hoechst 33342), the mitochondrial marker translocase of outer mitochondrial membrane 20 (TOM20) and cytosol (high content screening
CellMask Orange Stain [ThermoFisher Scientific, Waltham, MA]). (F) Analysis of mtDNA localization in iPSC-derived neurons and SH-SY5Y cells from
(E). Percentage of mtDNA in cytosol was calculated by dividing the mtDNA volume outside mitochondria by total mtDNA volume. (G) Extracellular circu-
lating cell-free mtDNA (ccf-mtDNA) in medium from polymerase γ (POLG)–mutant iPSC-derived neurons transduced with scrambled or PRKN short
hairpin RNA (shRNA). Quantification by means of multiplex digital PCR (dPCR) targeting the mtDNA fragment ND1 and the nuclear single-copy gene
B2M. ccf-mtDNA was calculated as the ratio of extracellular ND1 normalized to extracellular B2M copies to the sum of intra- and extracellular ND1 nor-
malized by their respective intra- and extracellular B2M copies. (H) cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) signaling
in POLG-mutant iPSC-derived neurons transduced with scrambled or PRKN shRNA. Quantification of cGAS protein levels relative to beta-actin from
Figure S2E. n = 3 or 5 biological replicates; data are presented as the mean � SEM; SEM = standard error of the mean, *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001 as determined by Student’s t test.
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Finally, we tested whether the CoCl2-induced meta-
bolic shift was sufficient to trigger mtDNA release.
Indeed, high-throughput imaging revealed elevated
cytosolic mtDNA levels in treated SH-SY5Y cells
(Fig. 4I,J). These data indicate that metabolic impair-
ments can interfere with mtDNA dynamics.

Mutagenic Stress Exacerbates Parkin-
Mediated Mitochondrial Biogenesis and

mtDNA Transcription Deficits
Next, we further explored the downstream effects of

parkin deficiency–induced mtDNA dyshomeostasis.
Although we observed an increase of cytosolic mtDNA in
parkin-mutant neurons, this mtDNA release from the
mitochondria was not accompanied by an upregulation
of extracellular mtDNA or immune-related factors
(Fig. S2C,D), which may be explained by the inability of
iPSC-derived cultures to model age-associated phenotypes
such as inflammation.35 To overcome the rejuvenation-
associated limitations of iPSC-derived neurons, we

adapted a mitochondrial aging strategy from mice.
Recently, an innovative mouse strain was generated that,
contrary to most established rodent PD models, recapitu-
lates motor phenotypes during the short lifetime of the
animals.10 To simulate mitochondrial aging, parkin-KO
mice were crossed with animals harboring an error-prone
version of POLG, which causes mtDNA mutagenic stress.
The resulting parkin-KO “mutator” mice showed
increased serum levels of ccf-mtDNA and inflammatory
cytokines mediated by cGAS-STING signaling.9 Inspired
by this work, we differentiated iPSCs from a patient with
compound-heterozygous mutations in POLG and sub-
jected the resulting neurons to shRNA to reduce parkin
expression (Fig. S3A).
Compared with POLG-mutant cells transduced with

scrambled shRNA, parkin shRNA reduced 7S DNA:
MT-ND1 ratios (Fig. S3B) and showed significantly
lower levels of mitochondrial biogenesis factors
PGC1-α and NRF1 (Fig. S3A,C,D), strengthening our
findings in PRKN-mutant neurons. Next, we quantified
ccf-mtDNA in the extracellular medium and found a

FIG. 4. Hypoxia-mediated metabolic alterations induce mitochondrial DNA (mtDNA) dyshomeostasis. (A) Representative cropped Western blot images
of total cell lysates from untreated and cobalt chloride (CoCl2)-treated wild-type (WT) SH-SY5Y neuroblastoma cells. (B) Nicotinamide adenine dinucle-
otide:nicotinamide adenine dinucleotide hydrogen (NAD+/NADH) ratios measured in cellular extracts from untreated and CoCl2-treated WT SH-SY5Y
cells. Quantifications from (A) sirtuin 1 (SIRT1) (C), peroxisome gamma coactivator 1-alpha (PGC1-α) (D), nuclear respiratory factor 1 (NRF1) (E), mito-
chondrial transcription factor A (TFAM) (F) protein levels normalized to Beta-actin. (G) Real-time polymerase chain reaction quantification of
transcription-associated 7S DNA per mtDNA molecule. (H) qPCR was used to quantify gene expression of the mtDNA gene NADH:ubiquinone oxidore-
ductase core subunit 1(ND1). (I) Analysis of mtDNA localization in untreated and CoCl2-treated WT SH-SY5Y cells (J). Percentage of mtDNA in cytosol
was calculated by dividing the mtDNA volume outside mitochondria by total mtDNA volume. (J) Representative cropped immunocytochemistry images
used to assess mtDNA subcellular location by targeting mtDNA, nuclei (Hoechst 33342), the mitochondrial marker translocase of outer mitochondrial
membrane 20 (TOM20), and cytosol (high content screening CellMask Orange Stain [ThermoFisher Scientific, Waltham, MA]). n ≤ 3 biological replicates;
data are presented as the mean � SEM; SEM = standard error of the mean, *P < 0.05, **P < 0.01, ****P < 0.0001 as determined by Student’s t test.
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significant upregulation, suggesting that parkin reduc-
tion in the presence of mtDNA stress elevated the
release of mtDNA from mitochondria into the extracel-
lular space (Fig. 3G). Furthermore, we found an
increase in protein abundance of the cytosolic DNA
sensor cGAS (Fig. 3H). Finally, we assessed the expres-
sion of key cytokines that were previously shown to be
upregulated in serum from parkin-KO “mutator” mice
and patients with PRKN mutations in response to
cGas/STING signaling.9 By contrast, RT-PCR analyses
still revealed very low levels of interleukin 6 (IL6) and
interleukin-1-beta (IL1B) in any of the investigated neu-
rons (Fig. S3E), likely attributed to the absence of
microglia in the cultures.

mtDNA Maintenance Impairments Propagate
Neuroinflammation in PRKN-PD Tissue

Although iPSC-derived neurons allow the study of
parkin-related mitochondrial functions, the cultures do
not reflect the cellular diversity of the midbrain. Recent
publications implicate glia-mediated inflammation in
the pathogenesis of PRKN-associated PD.9,34 In light of
these findings, we next used postmortem tissue from a
patient with PD with compound-heterozygous PRKN
mutations and two healthy controls to assess the extent
and possible consequences of mtDNA disintegration in
a more comprehensive environment (Fig. 5A).
We first sought to validate our findings concerning

mtDNA maintenance in human brain tissue. We

FIG. 5. Cell-type differences in human PRKN-mutant and control midbrains. (A) Handling of the midbrain tissue for single-cell studies. Midbrain
sections were used for (1) laser capture microdissection (LCM) of dopaminergic neurons (DAN) and (2) nuclei isolation, 10X Genomics platform
processing, and Illumina sequencing. (B) 7S DNA:mitochondrially encoded NADH:ubiquinone oxidoreductase core subunit 1 (7SDNA:MT-ND1) ratios
quantified via multiplex real-time polymerase chain reaction from single postmortem DANs of the substantia nigra pars compacta. (C) Number of nuclei
per sample. The analyzed population is composed of 4173 PRKN-mutant nuclei and 6405 control nuclei, making a population of 10,578 nuclei. (D)
Representative cell-type specific marker genes. (E) The population of 10,578 nuclei projected onto a uniform manifold approximation and projection
(UMAP) space. (F) Percentage of PRKN-mutant and control cell-type specific nuclei. (G) Fold change of interleukin 6 (IL6) expression at baseline
(NT = nontreated) or after treatment with mitochondrial DNA (mtDNA), lipopolysaccharides (LPS), or both. n = 3 patients and n = 4 controls; data are
presented as the mean � SEM; SEM = standard error of the mean, *P < 0.05, **P < 0.01, ns = not significant as determined by two-way analysis of
variance and Sidak’s multiple comparisons test. Co = healty control subjects, PD/Parkin PD = Parkinson’s disease patient with mutations in parkin,
OPCs = oligodendrocyte precursor cells, FOXj1 = forkhead box J1, CLDN5 = claudin 5, PDGFRB = platelet derived growth factor receptor beta,
AQP4 = aquaporin 4, VCAN = versican, RBFOX3 = RNA binding fox-1 homolog 3, MOBP = myelin associated oligodendrocyte basic protein.
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applied LCM to midbrain tissue to isolate single
neuromelanin- and TH-positive neurons (n = 10 per
sample) from the SNpc, which were then subjected to
RT-PCR. In line with our previous results, we found
significantly reduced 7S DNA:MT-ND1 ratios in post-
mortem patient DANs (Fig. 5B). However, we did not
detect any differences in mtDNA deletion levels or in
mtDNA copy number (data not shown).
Next, to determine whether PRKN mutation carriers

suffer from neuroinflammation, we performed
snRNAseq from postmortem ventral midbrain sections
(Fig. 5A). A total of 10,578 high-quality nuclei
(patient = 4173, controls = 2047 and 4358) were pro-
jected into two dimensions with the uniform manifold
approximation and projection (UMAP) algorithm
(Fig. 5C,E). We found eight major cell types including
neurons and glial cells (Fig. 5D,E). Each cell cluster was
annotated based on the expression of marker genes
(Fig. 5D, Table S1). The most abundant cell type mak-
ing ≈52.5% of the midbrain population are oligoden-
drocytes, followed by neurons (≈14.6%), microglia
(≈11.6%), oligodendrocyte precursor cells (≈7.3%),
and astrocytes (≈6.6%). Residual abundances were
detected for other cell types. To assess neu-
roinflammation, we first compared cell density distribu-
tions in UMAP and observed a large increase in the
microglial population and a decreased fraction of neu-
rons and astrocytes (Fig. 5F) in the PRKN-mutant mid-
brain. Our results confirm the alteration in glial cell
populations in the PRKN mutation carriers reported
previously.36 This shift infers an incorrect immune
response, which likely leads to neuroinflammation. The
resulting decrease of the PRKN midbrain neuronal pop-
ulation (Fig. 5F) compared with controls may be a trig-
ger or downstream effect of the aforementioned
immune response. Furthermore, the proinflammatory
cytokines IL1B and tumor necrosis factor (TNF) were
differentially expressed and upregulated in PRKN-
mutant microglia compared with controls (Table S2).
Accordingly, the immune response pathways, primarily
the interleukin signaling pathways, were most
perturbed in microglia from the PRKN mutation carrier
(Tables S3 and S4).
Finally, to assess the causal link between mtDNA

dyshomeostasis and neuroinflammation in PRKN-
associated PD, we generated iPSC-derived neuron–
microglia co-cultures from controls and patients with
PRKN mutations and exposed them to LPS, mtDNA
isolated from patients with PRKN-PD, or both. The
composition of the co-cultures with regard to DANs
and microglia was not affected by the different treat-
ments (Fig. S4A,B). Moreover, stimulation by mtDNA
or LPS alone did not reveal any differences in the
expression of cytokines in cells lacking parkin. How-
ever, when mtDNA was added as a secondary trigger
after LPS priming, we observed that patient-derived co-

cultures showed a greater response in the expression of
IL6 (Fig. 5G). Although IL1B was equally upregulated
after LPS/mtDNA treatment, the difference between
PRKN-PD and control co-cultures was not significant
(Fig. S4C).

Discussion

Using a multimodal approach, we explored novel
mechanisms of mitochondrial quality control exerted
by parkin. Although most parkin studies focused on its
role in mitochondrial clearance, the wide range of
parkin substrates suggests that the protein functions in
cellular processes beyond mitophagy.24 Thus, we
decided to investigate the mitochondrial biogenesis and
mtDNA maintenance pathways in parkin-deficient cells.
Mitochondrial biogenesis is synchronized in the

nucleus, with PGC1-α acting as the master regulator.27

Studies found a direct interaction between parkin and
PGC1-α,27 whereas others have shown an interaction
with PARIS—a PGC1-α transcriptional repressor.6 In
the current study, parkin-depleted cells showed reduced
PGC1-α protein levels while the abundance of PARIS
remained unchanged, insinuating an alternative mecha-
nism of PGC1-α reduction. We looked upstream and
found that the SIRT1 protein was reduced in parkin-
deficient cells. PGC1-α gene expression and protein
deacetylation is regulated by the NAD+-dependent
energy sensor SIRT1.28,29 Moreover, our and a publi-
shed metabolic study in parkin-deficient neurons rev-
ealed increased lactate:pyruvate ratios, suggesting
lower levels of freely accessible NAD+ as a result of
metabolic remodeling from oxidative phosphorylation
to glycolysis.30,37

PGC1-α can activate the NRFs, which control the
expression of the mitochondrial transcription factors
TFAM and TFB2M.31 Our gene expression and protein
analyses confirmed disruptions of this pathway at each
level in cells lacking parkin. The sole semiautonomous
organelle of human cells, mitochondria, encompass
their own system to coordinate mtDNA transcription,
replication, translation, and repair. Because of its
dynamic nature and proximity to the ETC, mtDNA
maintenance is exceptionally important for ensuring
homogeneity and preventing the expansion of aberrant
mtDNA molecules. Studies in mitotically active parkin-
overexpressing cells have shown a direct interaction
of parkin with TFAM and an association with the
mitochondrial genome.26,38

Focusing on mtDNA integrity, we found significantly
less 7S DNA per mtDNA molecule in iPSC-derived neu-
rons, SH-SY5Y cells, and postmortem DANs lacking
parkin. This is in agreement with previous findings in
postmortem DANs isolated from patients with idio-
pathic PD (IPD).20 The D-loop region of the
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mitochondrial genome serves as the initiation site for its
replication and transcription. The synthesis of 7S DNA
in the D-loop is stimulated by TFAM, consistent with
evidence showing that elevated TFAM matrix levels
increase the rate of 7S DNA synthesis.39 Indeed, calcu-
lating TFAM:mtDNA ratios, parkin-deficient neurons
exhibited a significant reduction. Moreover, we
observed decreased mtDNA gene expression that coin-
cided with diminished ETC CI activity in parkin-KO
SH-SY5Y cells. Of note, we previously reported ETC
CI impairments in iPSC-derived neurons from our
PRKN-mutant samples.40 Interestingly, experiments in
purified TH-positive neurons from patients with PRKN
mutations highlighted that the 7S DNA phenotype is
more pronounced in DANs, suggesting a link between
mtDNA homeostasis and dopamine signaling. Because
of their high energy requirements and the autoxidation
properties of the neurotransmitter, DANs are particu-
larly vulnerable to metabolic changes.41,42 Interestingly,
hypoxic conditions mimicked the mtDNA phenotypes
observed in parkin-deficient cells. These findings further
strengthened our hypothesis that a shift from oxidative
phosphorylation to glycolysis triggers mtDNA
dyshomeostasis in the absence of parkin.
Beyond alterations in the mitochondrial biogenesis

pathway, we detected elevated mtDNA copy numbers
but diminished TFAM abundance per mitochondrial
genome in parkin-deficient neurons. TFAM reduction
has previously been shown to allow mtDNA to escape
from mitochondria into the cytosol, where it is recog-
nized by the cytosolic DNA sensor cGAS, provoking
activation of an innate immune response.8 Indeed, we
observed that neurons from patients with PD and
parkin-KO SH-SY5Y cells incur higher levels of
mtDNA in the cytosolic compartment compared with
controls. We also quantified mtDNA molecules in the
extracellular medium of our cellular samples, yet we
did not detect any differences compared with controls
or increases in inflammatory cytokines.
However, keeping in mind that reprogramming of

postnatal cells can cause artificial rejuvenation,35 we bur-
dened parkin-deficient cells with mitochondrial muta-
genic stress—a normal aging phenomenon43—to
investigate mtDNA release and inflammation. To create
a neuronal aging model of PRKN-PD, we adopted an
approach by Pickrell and colleagues who crossed parkin-
KO with POLG-mutant mice.10 These animals exhibited
levodopa-reversible motor deficits, a selective loss of
nigral DANs, impaired mtDNA dynamics, and cGas/
STING-mediated inflammation.9,10 Accordingly, we gen-
erated iPSC-derived midbrain neurons from a patient
with Alper’s disease with compound-heterozygous
POLG mutations and subjected the cultures to either
scramble or parkin shRNA. Parkin knockdown in
POLG-mutant neurons replicated the 7S DNA
phenotype as well as disruptions of the mitochondrial

biogenesis pathway. In addition, we detected elevated
ccf-mtDNA levels in the cellular medium and an increase
in cGAS protein abundance. In agreement with previous
results in parkin-KO “mutator” mice, this suggests
that parkin depletion combined with mitochondrial
mutagenic stress triggers the release of mtDNA into the
cytosol and extracellular space in patient neurons.
Microglia are considered the resident innate immune

cells in the brain, which can be activated by various
DAMPs. The lack of microglial cells in our neuronal cul-
tures may explain the inability to detect inflammation in
our samples. We therefore decided to use postmortem
tissue from a patient with compound-heterozygous
PRKN-PD and controls to investigate a potential link
between parkin dysfunction and neuroinflammation
using snRNAseq. Our results showed a strong infiltra-
tion of microglia in the PRKN-mutant midbrain and an
upregulation of the proinflammatory cytokines IL1B
and TNF. This dysregulation resulted in the perturbation
of immune and oxidative stress response pathways.
To additionally evaluate the extent of the microglia phe-

notype in PRKN-PD, we made use of our recently publi-
shed single-cell data set of five patients with IPD and six
controls.23 Comparing the cell-type distribution across the
three groups (Fig. S5A-D), the PRKN-mutant midbrain
showed an even larger percentage of microglia than the
IPD tissue samples (Fig. S5D). Moreover, the expression of
microglia activation markers heat shock protein 90 alpha
family class A member 1 (HSP90AA1) and IL1B was the
highest in the PRKN-mutant cell population (Fig. S5E).
Thus, despite the limitation of examining brain tissue from
a single mutant case, this cross-comparison further sup-
ports a role for microglia in the pathogenesis of PRKN-PD.
With regard to the distribution of other glial cells, we

detected a reduction in astrocytes in PRKN-PD
(Fig. S4D), which is in line with previous observations in
the PRKN-mutant midbrain.36 The resulting lack of
astroglial neuron support likely perpetuates the inflam-
matory phenotypes in PRKN-PD as indicated by elevated
expression of the astrocyte activation marker cluster of
differentiation 44 (CD44) (Fig. S5F). Interestingly, despite
lower overall astrocyte numbers, CD44 levels in PRKN-
PD astrocytes were even higher than in IPD astrocytes
(Fig. S5F). Although additional rare PRKN-mutant mid-
brain samples need to be studied in the future, our
snRNAseq analysis, which also considered our published
results from IPD cases, provides valuable insights into the
cell-type composition and transcriptomic landscape of
the PRKN-PD midbrain.
Finally, to assess whether mtDNA dyshomeostasis and

inflammation are causally linked in PRKN-PD, we gener-
ated iPSC-derived neuron–microglia co-cultures from con-
trols and patients with PRKN mutations, which were
treated with mtDNA isolated from PRKN-mutant cells.
Our results showed that, when added as a secondary stim-
ulus to LPS priming, mtDNA caused IL6 overexpression
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in cells lacking parkin, suggesting that parkin deficiency
renders cells more responsive to proinflammatory stimuli.
Taken together, our study highlights parkin’s involve-

ment in mtDNA maintenance and supports a link
between mtDNA dyshomeostasis and inflammation in
human cellular models of PD. In iPSC-derived cultures
from patients with PRKN mutations, we observed that
mtDNA transcription-associated 7S DNA is preferen-
tially depleted in DANs. This TFAM deficiency-mediated
phenotype is likely the consequence of SIRT1 depletion
and inactivation in response to a lack of free NAD+ in
the absence of parkin. However, the origin of the mito-
chondrial energy deficit in PRKN-mutant neurons cur-
rently remains elusive. Interestingly, recent studies
suggest that parkin deficiency can be a driver of altered
mitochondrial metabolism. Either via its function in
mitochondrial clearance or through translational control
of nuclear-encoded ETC mRNAs,5,26 the mutant protein
could trigger the respiratory complex impairments
detected in patient neurons. With SIRT1 acting as a con-
nector between cell metabolism, mitophagy, and biogen-
esis pathways, further research will be needed to
determine the exact sequence of events triggering mito-
chondrial dysfunction in parkin-deficient DANs.44

Moreover, additional analyses in iPSC-derived co-culture
systems should aim at the identification of the immune
signaling pathways activated in microglia in response to
neuronal release of mitochondrial DAMPs, including
mtDNA. Such investigations will pave the way for inno-
vative anti-inflammatory treatment approaches in PD.
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