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SUMMARY

Mutations and loss of activity in PARKIN, an E3 ubiquitin ligase, play a role in the pathogenesis of Parkinson’s disease (PD). PARKIN reg-
ulates many aspects of mitochondrial quality control including mitochondrial autophagy (mitophagy) and mitochondrial biogenesis.
Defects in mitophagy have been hypothesized to play a predominant role in the loss of dopamine (DA) neurons in PD. Here, we
show that although there are defects in mitophagy in human DA neurons lacking PARKIN, the mitochondrial deficits are primarily
due to defects in mitochondrial biogenesis that are driven by the upregulation of PARIS and the subsequent downregulation of PGC-
la. CRISPR/Cas9 knockdown of PARIS completely restores the mitochondrial biogenesis defects and mitochondrial function without
affecting the deficits in mitophagy. These results highlight the importance mitochondrial biogenesis versus mitophagy in the pathogen-

esis of PD due to inactivation or loss of PARKIN in human DA neurons.

INTRODUCTION

The progressive loss of dopamine (DA) neurons is one of
the hallmark features of Parkinson’s disease (PD) (Savitt
et al., 2006). The death of DA neurons in PD is a complex
process, and the exact causes of their demise are still under
active investigation. Mutations in specific genes, including
PARKIN, PTEN-induced kinase 1 (PINK1), DJ-1, SNCA and
LEUCINE RICH REPEAT KINASE 2 (LRRK2) among others,
have been linked to PD (Domingo and Klein, 2018; Martin
et al., 2011). PARKIN is an ubiquitin E3 ligase that is
mutated in autosomal recessive early-onset familial PD
(Domingo and Klein, 2018; Kitada et al., 1998) leading to
loss of its E3 ligase activity (Panicker et al., 2017). Its E3
ligase activity is also compromised in sporadic PD (for re-
view, see Dawson and Dawson, 2014; Panicker et al.,
2017). Genetic interaction studies in Drosophila indicate
that Parkin and PINK1 function in the same pathway to
regulate mitochondrial quality control (Clark et al., 2006;
Park et al., 2018).

Early overexpression studies of GFP-tagged PARKIN in
mitotic cancer cell lines coupled with gain and loss of func-
tion studies with PINK1 indicated that PINK1 regulates the
ability of overexpressed PARKIN to translocate to the mito-
chondria and clear damaged mitochondria after treatment
with mitochondrial toxins that simultaneously depolarize
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mitochondria (Narendra et al., 2010; Vives-Bauza et al.,
2010). These initial observations led to tremendous insight
into the underlying mechanisms of how PARKIN and
PINK1 coordinate the removal of damaged mitochondria
via mitochondrial autophagy (mitophagy) (Pickles et al.,
2018; Pickrell and Youle, 2015). Loss of PARKIN and
PINK1 function leads to defects in mitophagy in a variety
of cultured cell types, including neurons (Cummins and
Gotz, 2018; Whitworth and Pallanck, 2017). This has led
to the hypothesis that defective mitophagy accounts for
neurodegeneration of dopamine neurons in PD due to PAR-
KIN or PINKI mutations.

Despite the evidence that PARKIN and PINK1 coordinate
mitophagy in cell culture systems, there is very little evi-
dence of PINK1- and PARKIN-mediated mitophagy in vivo
and in particular whether the loss of DA neurons is due
to defects in mitophagy (Whitworth and Pallanck, 2017).
There is evidence that the accumulation of Parkin Interact-
ing Substrate (PARIS), also known as Zinc Finger Protein
746 (ZNF746), drives the loss of dopamine neurons in adult
mice (Leeetal., 2017; Shin et al., 2011; Siddiqui et al., 2015;
Stevens et al., 2015) or Drosophila (Pirooznia et al., 2020)
lacking Parkin or due to pathologic «-SYNUCLEIN in spo-
radic PD (Brahmachari et al., 2019; Siddiqui et al., 2015,
2016) through downregulating PEROXISOME PROLIFERA-
TOR-ACTIVATED RECEPTOR GAMMA, COACTIVATOR 1a
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(PGC-1a), a master regulator of mitochondrial biogenesis
(Scarpulla, 2011), suggesting that defects in mitochondrial
biogenesis may be important in the loss of DA neurons.
Since it is difficult to simultaneously study mitophagy,
biogenesis, and mitochondrial function in DA neurons
in vivo, we employed human DA neurons derived from hu-
man embryonic stem cells (hESCs) in which Exon 7 of the
PARKIN gene was deleted, as well as induced pluripotent
stem cells (iPSCs) from PD patients with PARKIN muta-
tions. Using these human DA neurons lacking PARKIN,
we explored the role of defects in mitophagy versus mito-
chondrial biogenesis in the mitochondrial dysfunction
due to the absence of PARKIN.

RESULTS

Generation and Characterization of Isogenic PARKIN
KO Human Embryonic Stem Cells and Inducible
Pluripotent Stem Cells Lacking p

PARKIN exon 7 was deleted from H1 hESCs via zinc finger
nuclease (ZFN) technology (Figure S1A). ZEN nucleofected
cells were selected with puromycin, and 18 clones were
picked for PCR analysis (Figure S1B). Ten PCR positive clones
were analyzed via Southern blot. Nine homozygous and one
heterozygous PARKIN exon 7 human stem cell (HSC) clones
were successfully generated (Figure S1C). Two clones
(7.23.13 and 7.23.14), PARKIN KO1 and KO2 were
confirmed by RT-PCR (Figures S1A and S1D) and by immu-
noblot (Figure S1E). Pluripotency markers, SSEA4, TRA-1-
60, OCT4, and NANOG were positive in the isogenic
parental PARKIN KO1 and KO2 lines (Figure S1F). No major
alterations in chromosomal structure occurred as deter-
mined by karyotyping (Figure S1G). iPSCs were generated
from two PD patients (PD1 and PD2) containing PARKIN
mutations and two control patients (CTL1 and CTL2) (Fig-
ure S1). PD1 contains a 459 bp deletion spanning exons 4

to 7, and PD2 contains a 363 bp deletion spanning exons
3 and 4. The pluripotency markers, SSEA4, TRA-1-60,
OCT4, and NANOG were positive in the two control and
two PARKIN mutations lines (Figure S1H). The two control
lines and two PD patients containing PARKIN mutations ex-
hibited all three germ layers (Figure S1I). Karyotyping indi-
cates that no major alterations in chromosomal structure
occurred during the generation of the iPSCs (Figure S1J).
Sequencing of PD1 and PD2 iPSCs confirmed the exon dele-
tions (Figures S1K and S1L). RT-PCR using primers from
exon 2 and exon 9 revealed a 1,039 bp product in both con-
trol iPSCs and a 580 bp product in PD1 and 676 bp product
in PD2 (Figure SIM). Immunoblot analysis confirmed that
PARKIN was deleted from both PD1 and PD2 iPSCs
(Figure S1).

Human DA Neurons Lacking PARKIN Have Reduced
Levels of DA Markers Compared with Isogenic
Controls

PARKIN KO1, KO2, and the isogenic control (iCont) hESCs
line were differentiated into DA neurons (Figure 1A) (Kriks
etal., 2011). There was a significant 36.5% reduction of the
percentage of tyrosine hydroxylase (TH) positive neurons
in both PARKIN KO1 and PARKIN KO2 lines compared
with the iCont line (Figure 1B), while there was only a
19.2% reduction in overall neuronal number as assessed
by TUJ1 immunoreactivity (Figure 1C). Of the TUJ1 posi-
tive cells, there was a 40% reduction in the number of
TH-positive neurons in both PARKIN KO1 and KO2
neuronal cultures compared with the iCont neuronal cul-
tures (Figure 1D). Immunoblot analysis confirmed the
loss of TH, TUJ1, and relative TH/TUJ1 levels (Figures 1E~
1H). To determine whether the loss of TH was due to cell
death or a differentiation defect, staining with propidium
iodide (PI), a marker of cell death, and Ki67, a proliferation
marker, was performed. In both PARKIN KO1 and KO2

Figure 1. Differentiation and Characterization of iCont and PARKIN KO hESCs to Dopamine Neurons
(A) Immunofluorescence staining of DA neuron differentiated cultures at 60 days from iCont and PARKIN KO lines. Neuron-specific class
ITIIB-tubulin (TUJ1) is indicated in green and tyrosine hydroxylase (TH) is indicated in red. DAPI (blue) staining represents the nucleus.

Scale bar, 50 um.

(B-D) Percentage of (B) TH, (C) TUJ1, and (D) TH/TUJ1 immunofluorescence staining. n = 5 independent experiments.

(E) Representative immunoblots of TH and TUJ1 normalized to actin 60 days post differentiation to DA neurons.

(F-H) Quantification of immunoblots of (F) TH, (G) TUJ1, and (H) TH/TUJ1. n = 3 independent experiments.

(I) Immunofluorescence staining of Ki67 (red) and PI staining (red), nuclei are stained with DAPI (blue) 60 days post differentiation to DA

neurons. Scale bar, 50 pm.

(J and K) Quantification of immunofluorescence staining of (J) PI and (K) Ki67staining. n = 5 independent experiments.
(L) Immunofluorescence staining of Annexin V (red) TH (green), nuclei are stained with DAPI (blue) 60 days post differentiation to DA

neurons. Scale bar, 50 pm.

(M) Quantification of immunofluorescence staining of Annexin V. n = 5 independent experiments.

Error bar represents mean + SEM. p values were determined using one-way ANOVA followed by Bonferroni’s multiple comparisons test.
Asterisks indicate the level of statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figures S1 and S2.
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Figure 2. Characterization of Mitochondrial Function Defects in PARKIN KO Neurons

(A) Mitochondrial oxygen consumption rate (OCR) using the Seahorse platform in iCont and PARKIN KO neuronal cultures 55 days post
differentiation. The blue line represents iCont, green and red represents PARKIN KO-1and KO-2 respectively.

(B) Quantification of basal respiration, reserve capacity, and maximal respiration in iCont and PARKIN KO neuronal cultures in the presence
of oligomycin, CCCP, and rotenone, respectively. n = 3 independent experiments.

(C) Immunofluorescence staining of mitochondrial marker Tom20 (green), TH (blue) positive neurons, and MitoTracker Red CMXRos 60 days
post differentiation to DA neuron iCont and PARKIN KO neuronal cultures. Scale bar, 25 pm.

(D) Quantification of Tom20 and MitoTracker Red CMXRos intensity within TH-positive neurons. n = 3 independent experiments.

Error bar represents the mean + SEM. p values were determined using one-way ANOVA followed by Bonferroni’s multiple comparisons test.
Asterisks indicate the level of statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figure S2.

lines compared with the iCont line, there was an increase
of PI (13.2% =+ 3.7%) and Ki67 (3.32% + 0.68%) staining
indicative of cell death in the setting of enhanced prolifer-
ation (Figures 1I-1K). To confirm cell death in TH-positive
neurons, annexin V staining was performed by co-labeling
with the TH immunoreactivity, and there was a significant
increase in the percentage of Annexin V staining in the TH-
positive neurons consistent with enhanced cell death (Fig-
ures 1L and 1M). Similar to previous reports (Chung et al.,
2016), no significant abnormality in DA neuron number
was observed in the PD1 and PD2 iPSCs derived DA neu-
rons compared with the iPSC control DA neurons (Figures
S2A and S2B).

632 Stem Cell Reports | Vol. |5 | 629—645 | September 8, 2020

Loss of PARKIN Leads to Mitochondrial Respiratory
Decline

Mitochondrial respiration was measured in the human DA
neuron cultures using a Seahorse XF24 Flux Analyzer (Agi-
lent Technologies, USA). There was a 27% reduction in
basal respiration, a 54% reduction in spare respiratory ca-
pacity, and a 45% reduction in carbonyl cyanide m-chloro-
phenyl hydrazine (CCCP)-induced maximal respiration in
both PARKIN KO1 and KO2 culture compared with the
iCont culture (Figures 2A and 2B). In addition, there was
a 24% reduction in basal respiration, a 78% reduction in
spare respiratory capacity, and an 87% reduction in
CCCP-induced maximal respiration in the PD1 and PD2
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Figure 3. Mitochondrial Autophagy Defects in PARKIN KO Neurons
(A) Confocal live imaging of neurons at 60 days post differentiation to DA neurons transduced with lentivirus encoding for Mito-Keima in

iCont and PARKIN KO lines. Scale bar, 25 pm.

(B) Quantification of Mito-Keima in iCont and PARKIN KO neuronal cultures. n = 10 neurons in each condition.

(C) Immunoblot of analysis of LC3I/II and autophagy marker P62.

(D and E) (D) Quantification of LC3 I/II and (E) P62 60s day post differentiation to DA neurons. n = 5 independent experiments.
Error bar represents the mean = SEM. p values were determined using one-way ANOVA followed by Bonferroni’s multiple comparisons test.
Asterisks indicate the level of statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figure S3.

iPSC-derived DA neurons compared with the iPSC control
DA neurons (Figures S2C-S2H). Mitochondrial membrane
potential assessment using MitoCMXRos revealed a 47%
reduction in both PARKIN KO1 and KO2 cultures
compared with the iCont cultures (Figures 2C and 2D).
Similarly, a 41% reduction in membrane potential was
found in both PD1 and PD2 iPSC-derived DA neurons
compared with the iPSCs control DA neurons (Figures
S2G and S2H). Taken together, these results indicate there
is a deficit in mitochondrial respiration in PARKIN KO-
derived DA neurons.

Reduced Mitochondrial Autophagy in PARKIN-
Deficient Human DA Neuron Culture

Mitophagy was measured in human DA neuron cultures by
utilizing Mito-Keima (Katayama et al., 2011). Human DA
neuron cultures were transduced with a lentivirus express-
ing Mito-Keima, a pH-sensitive marker of mitophagy that
provides a measure of the status of mitochondria where

mitochondria that are localized to cytoplasm are green
and those mitochondria that are being degraded via auto-
phagy are red due to the acidic environment of the lyso-
some (Katayama et al., 2011). The ratio of the lysosomal
red signal over the mitochondrial green signal within the
neuronal body was calculated as the mitophagy index.
There was a 50%-70% reduction in the mitophagy index
in both PARKIN KO1 and KO2 cultures compared with
the iCont cultures (Figures 3A and 3B) and a 30%-35%
reduction in the mitophagy index in the PD1 and PD2
iPSC-derived DA neuron cultures compared with the iPSC
control DA neuron culture (Figures S3A and S3B). We eval-
uated LC31/1I, an integral structural protein of the autopha-
gasome for autophagy. The LCII to LCI ratio was decreased
by 50% in both PARKIN KO1 and KO2 cultures compared
with the iCont cultures (Figures 3C and 3D), and there
was a 50%-30% reduction in the PD1 and PD2 iPSC-
derived DA neuron cultures compared with the iPSC con-
trol DA neuron cultures (Figures S3C and S3D). The p62
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Figure 4. Mitochondrial Biogenesis Defect in PARKIN KO Neurons
(A) Immunoblot analysis of PARIS, TH, PARKIN, and in PARKIN iCont and PARKIN KO, 60 days post differentiation to DA neurons.
(B and C) Quantification of immunoblot of (B) PARIS and (C) TH normalized to actin in iCont and PARKINKO neurons.

(legend continued on next page)
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protein significantly accumulates in both PARKIN KO1 and
KO2 cultures compared with the iCont cultures (Figures 3C
and 3E) and in the PD1 and PD2 iPSC-derived DA neuron
cultures compared with the iPSC control DA neuron cul-
tures (Figures S3C and S3E). These results taken together
suggest that there are defects in mitophagy in DA neuron
cultures lacking PARKIN.

Elevation of PARIS and Reduction of PGC-1a in

PARKIN-Deficient Human DA Neuron Cultures

The level of PARIS was elevated 3-fold in both PARKIN KO1
and KO2 neuronal cultures compared with the iCont
neuronal cultures (Figures 4A and 4B) along with an 80%
reduction in TH expression via immunoblot analysis (Fig-
ures 4A and 4C). In addition, there was a 4-fold increase
in PARIS levels in the PD1 and PD2 iPSC-derived DA
neuron cultures compared with the iPSC control DA
neuron cultures (Figures S4A and S4B). In the PD1 and
PD2 iPSC-derived DA neurons, there was no substantial dif-
ference in TH immunoreactivity compared with the iPSC
control DA neurons (Figures S2ZA and S2B). PARIS is a tran-
scriptional repressor that regulates the expression of perox-
isome proliferator-activated receptor gamma, coactivator
la, PGC-1a, a master coregulator of mitochondrial biogen-
esis, oxidative stress management, and function (Scarpulla,
2011). There was a 50%-60% reduction in PGC-1a levels in
both PARKIN KO1 and KO2 neuronal cultures compared
with the iCont neuronal cultures (Figures 4D and 4E).
There was a 55% reduction in PGC-1a levels in the PD1
and PD2 iPSC-derived DA neuron cultures compared with
the iPSC control DA neuron cultures (Figures S4A and
S$4C). Transmission electron microscopy of mitochondria
from the human DA neuronal cultures revealed that the
mitochondria were significantly less in size and number.
There was also an increase in abnormal mitochondrial
cristae in both PARKIN KO1 and KO2 neuronal cultures
compared with the iCont neuronal cultures (Figures 4F-
41). The abnormal cristae were defined by the presence of

hollow cristae and a reduction in the mitochondrial ma-
trix. Mitochondrial copy number was assessed by
measuring the mitochondrial genes, tRNA Leu (MT),
NADH-ubiquinone oxidoreductase chain 1(ND1), mito-
chondrially encoded ATP synthase membrane subunit 6
(ATP6), and mitochondrially encoded cytochrome ¢ oxi-
dase I (COX1), normalized to the nuclear-encoded B2-mi-
croglobulin gene. There was a 20%-30% reduction in
tRNA Leu (MT), ND1, ATP6, and COX1 levels in both PAR-
KIN KO1 and KO2 neuronal cultures compared with the
iCont neuronal cultures (Figure 4J) and a 40%-60% reduc-
tion in tRNALeu (MT), ND1, ATP6, and COXI1 levels in the
PD1 and PD2 iPSC-derived DA neurons compared with the
iPSC control DA neuron cultures (Figure S4D). There was
also a significant reduction in the integral mitochondrial
proteins, cytochrome ¢ (Cyt C), and CoxIV levels in both
PARKIN KO1 and KO2 neuronal cultures compared with
the iCont neuronal cultures (Figures 4K, 4L, and 4M).
Taken together, these results indicate that there was a
reduction in mitochondrial mass in human DA neurons
lacking PARKIN.

Mitochondrial Biogenesis Defect in PARKIN-Deficient
Human DA Neurons

A modified non-radioactive protein puromycin labeling
called surface sensing of translation (SUnSET) assay
(Schmidt et al., 2009) was performed by assessing TOM20
and puromycin immunofluorescence levels within TH-
positive neurons and used to assess mitochondrial biogen-
esis (Figures 5A and 5B). There was a 50%—-60% reduction of
puromycin labeling in TOM20-labeled mitochondria in
human DA neurons (Figures 5A and 5B). Next, a (SNAP-
TAG) self-protein labeling tag covalently fused with a suit-
able ligand targeted to the mitochondria via fusion to the
integral mitochondrial protein Cox8A was transduced
into human DA neuron cultures via lentivirus to monitor
mitochondrial turnover (Figure 5C) (Gautier et al., 2008a;
Hussain et al., 2013). Old versus new mitochondria were

(D) Immunoblot analysis of PGC-1c in iCont and PARKIN KO lines, 60 days post differentiation to DA neurons.
(E) Quantification of immunoblots of PGC-1a. normalized to actin in iCont and PARKIN KO neuronal cultures. n = 3 independent experi-

ments.

(F) Transmission electron microscopy images of neurons derived from iCont and PARKIN KO hESCs, 60 days post differentiation to DA

neurons. Scale bar, 500 nm.

(G-I) Quantification of (G) abnormal mitochondria cristae, (H) mitochondria size, and (I) mitochondria number/cell body in iCont and

PARKIN KO hESC neurons. n = 16-17 cells for each condition.

(J) Mitochondrial DNA quantification of tRNALeu (MT), ND1, ATP6, and COX1, 60 days post differentiation to DA neurons in iCont and
PARKIN KO hESCs, normalized to nuclear B2-microglobulin gene. n = 6 independent experiments.
(K) Immunoblot analysis of CytC and CoxIV in iCont and PARKIN KO hESCs, 60 days post differentiation to DA neurons.

(L and M) Quantification of immunoblots of (L) CytC and (M) CoxIV in iCont and PARKIN KO neuronal cultures. n = 5 independent ex-
periments.

Error bar represents the mean = SEM. p values were determined using one-way ANOVA followed by Bonferroni’s multiple comparisons test.
Asterisks indicate the level of statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figures S2 and S4.
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Figure 5. Mitochondrial Biogenesis Defects in PARKIN KO DA Neurons

(A) Puromycin labeling SUnSET assay in iCont and PARKIN KO cells 60 days post differentiation to DA neurons. Anti-Puromycin (green), -TH
(blue), and -Tom20 (red) immunofluorescence staining. Scale bar, 25 pum.

(B) Quantification of immunofluorescence staining for puromycin, TH, and Tom20 within the TH-positive neurons. n = 13-16 for each
condition.

(C) Schematic diagram showing SNAP-tag, a protein labeling technique targeting the mitochondria. Old mitochondria are labeled with
substrate 1 (green), and after 24 h substrate 2 (red) is added to label new mitochondria.

(D) Confocal Z stacked images of SNAP-tag Cox8a labeled mitochondria along with anti-TH (blue) immunostained neurons. Green (old) and
new (red) mitochondria are labeled. Scale bar, 25 pm.

(legend continued on next page)
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identified by using a green (Oregon Green) SNAP-TAG and
a red (TMR-Star) SNAP-Tag substrate in TH-positive neu-
rons and demonstrated that there was significant 50%
reduction in the formation of new mitochondria within
DA neurons in both PARKIN KO1 and KO2 neuronal cul-
tures compared with the iCont neuronal cultures (Figures
5D and SE). In non-DA neurons, no significant defect in
mitochondrial biogenesis was observed using both the
SUNSET and SNAP-TAG assays (Figures SSA-S5D).

PARKIN-Associated Mitophagy Defects and Reduction
in PGC-1a Can Be Rescued by Expressing WT PARKIN
in PARKIN KO and PARKIN Mutant iPSC Neuronal
Cultures

Loss of PARKIN-induced defects were restored by intro-
ducing WT PARKIN in PARKIN KO hESCs and PARKIN
mutant iPSC neuronal cultures. Mature neurons from PAR-
KIN KO and PARKIN mutant iPSC neuronal cultures were
transduced with a lentivirus expressing WT PARKIN. High
levels of PARKIN were expressed in the PARKIN KO hESCs
and PARKIN mutant iPSC neuronal cultures (Figures SS5E
and SSF). Lentiviral-mediated expression of WT PARKIN
in PARKIN KO hESCs (Figures S5G and SSH) and PARKIN
mutant iPSC (Figures S5I and S5]) neurons restored the mi-
tophagy defects. Immunoblot analysis for PGC-1a also re-
vealed that the levels of PGC-1a were restored following
lentiviral-mediated expression of WT PARKIN in PARKIN
KO hESCs and PARKIN mutant iPSC neuronal cultures (Fig-
ures SSK-SSN).

Reducing PARIS Levels Restores PGC-1a Levels

without Restoring the Defects in Mitophagy

PARIS levels were reduced in human DA neuron cultures
via CRISPR/Cas9 using lentiviral transduction of a guide
RNA to PARIS. The levels of PARIS were reduced by 90%-
95% in PARKIN KO1/PARIS KD and KO2/PARIS KD
compared with the PARKIN KO1 and KO2 neuronal cul-
tures (Figures 6A and 6B), and there was a 50%-80% reduc-
tion in the PD1/PARIS KD and PD2/PARIS KD iPSC-derived
DA neurons compared with the PD1 and PD2 iPSCs DA
neurons (Figures S6A and S6B). Accompanying the reduc-
tion in PARIS levels, PGC-1a was restored in the PARKIN
KO1 and KO2 neuronal cultures compared with the iCont
neuronal cultures (Figures 6C and 6D) and in the PD1 and
PD2 iPSC-derived DA neuron cultures compared with the
iPSC control DA neuron cultures (Figures S6C and S6D).
In the PARKIN KO1 and KO2 neuronal cultures with PARIS
knockdown, TH levels were also restored (Figures 6A, 6E, 6F,

and 6G). The mitophagy index in both PARKIN KO1 and
KO2 neuronal cultures remained reduced in the setting of
PARIS knockdown (Figures 6H and 6I). The p62 and LC3
I/11 levels also remain unchanged following PARIS knock-
down (Figures 6], 6K, and 6L).

Rescuing Mitophagy Does Not Restore PGC-1a Levels
in PARKIN KO Neurons

In the absence of PARKIN, mitophagy occurs at a low level,
and this process can be enhanced by exposing neurons to
the mitochondrial ionophore CCCP to induce mitophagy.
We analyzed mitophagy in human DA neuron cultures by
utilizing Mito-Keima in PARKIN KO neurons by treating
with CCCP for 2 h at 10 uM. We observed that mitophagy
was significantly induced in PARKIN KO neurons following
treatment with CCCP (Figures S6E and S6F). Treatment of
PARKIN KO neurons with CCCP does not change the level
of PGC-1a (Figures S6G and S6H). These results suggest that
inducing mitophagy in the absence of PARKIN is unable to
rescue the reduction in the levels of PGC-1a.

Reducing PARIS Levels Restores Mitochondrial
Respiratory and Biogenesis Defects in Human DA
Neuron Cultures Lacking PARKIN

The reduction in basal respiration, spare respiratory capac-
ity, and maximal respiration was rescued in the PARKIN
KO1 (Figures 7A and 7B) and PARKIN KO2 (Figures S7A
and S7B) neuronal cultures by knocking down PARIS. Basal
respiration, spare respiratory capacity, and maximal respi-
ration was also rescued in the in the PD1 and PD2 iPSC-
derived DA neuron cultures (Figures S7C-S7F). Mitochon-
drial copy number as assessed by tRNA Leu (MT), ND1,
ATP6, and COX1 levels normalized to the nuclear-encoded
B2-microglobulin gene was restored in the PARKIN KO1
line (Figure 7C) and the PARKIN KO2 line (Figure S7G)
and in the PD1 and PD2 iPSC-derived DA neuron cultures
(Figures S7H and S7I). Knockdown of PARIS restores the
mitochondrial biogenesis defect in DA neurons as deter-
mined by the puromycin labeling with the SUnSET (Figures
7D and 7E) and SNAP-tag assays in the PARKIN KO1 and
KO2 neuronal cultures (Figures 7F and 7G). The status of
healthy and unhealthy mitochondria was assessed based
on mitochondrial morphology where elongated and
tubular mitochondrial were counted as healthy and round
and swollen mitochondria were counted as unhealthy. The
reduction in size and number as well as the reduction in the
percentage of healthy mitochondria was significantly
restored by PARIS knockdown in the PARKIN KO1 and

(E) Quantification of the fluorescence intensity of old (green) and new (red) Cox8a labeled mitochondriain TH (blue)-positive neurons. n =

8 in each condition.

Error bar represents the mean + SEM. p values were determined using one-way ANOVA followed by Bonferroni’s multiple comparisons test.
Asterisks indicate the level of statistical significance: *p < 0.05, **p < 0.01. See also Figure S5.
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KO2 neuronal cultures (Figures 7H-7K). At the same time,
the number of healthy mitochondria increased signifi-
cantly following PARIS knockdown in the PARKIN KO1
and KO neuronal cultures (Figure 7L). The reduction in
levels of the outer mitochondrial protein TOM20 in TH-
positive neurons was significantly restored by PARIS knock-
down in both PARKIN KO1 and KOZ2 neuronal cultures
(Figures 7M and 7N). Mitochondrial membrane potential,
as assessed via MitoCMXRos, was restored by PARIS knock-
down in both PARKIN KO1 and KO2 neuronal cultures
(Figures S7] and S7K). Taken together, these results indicate
that a reduction in PARIS restored the mitochondrial respi-
ratory and biogenesis defects due to the absence of PARKIN
in human DA neurons.

DISCUSSION

The major finding of this manuscript is the observation that
human DA neurons lacking PARKIN have defects in mito-
chondrial respiratory capacity and biogenesis that are due
in large part to elevation of the PARKIN substrate, PARIS.
Moreover, the mitochondrial deficits are not likely to be
due to defects in mitophagy since reducing PARIS levels fails
toreverse the mitophagy defects, while it restores the defects
in mitochondrial respiratory capacity and biogenesis.
Mitochondria play important roles in maintaining
cellular health and metabolism. Alterations in mitochon-
drial quality control are thought to play a pivotal role in
PD (Pickles et al., 2018; Scarffe et al., 2014). There are
many aspects to mitochondrial quality control, but mito-
chondrial number is, in large part, governed by removal of
damaged mitochondria (mitophagy) and production of

new mitochondria (mitochondrial biogenesis) (Scarffe
et al., 2014). PARKIN plays an important role in regulating
both mitophagy (Ordureau et al., 2014; Panicker et al.,
2017; Pickles et al., 2018) and biogenesis (Mouton-Ligeri
et al., 2017; Scarffe et al., 2014) through processes that are
regulated by PINK1. Consistent with this notion, we show
that there are defects in both mitophagy and mitochondrial
biogenesis in human DA neurons lacking PARKIN.

The use of human DA neurons provided an opportunity
to dissect out the relative contribution of mitophagy versus
mitochondrial biogenesis in the pathogenesis of PD due to
the loss of PARKIN. Reducing PARIS levels by CRISPR/Cas9
restored PGC-1a levels without affecting the defects in mi-
tophagy as assessed via Mito-Keima, while enhancing mi-
tophagy failed to restore PGC-1a levels in DA neurons lack-
ing PARKIN. Thus, although there are defects in mitophagy
as assessed by Mito-Keima in human DA neurons, the
major driver of the mitochondrial respiratory and mito-
chondrial depolarization defects appears to be decreased
mitochondrial biogenesis. These mitochondrial respiratory
and depolarization defects are likely occurring through the
elevation of PARIS and the reduction of PGC-1a.

The use of isogenic PARKIN KO lines compared with the
isogenic controls also indicates that the absence of PARKIN
leads to a reduction in the number of DA neurons, which is
restored by reducing PARIS levels. These results in human
DA neurons are consistent with the observation that
reducing PARIS levels in adult conditional Parkin KO
mice prevents mitochondrial biogenesis defects and the
loss of DA neurons through restoration of PGC-1a levels
(Shin et al., 2011; Stevens et al., 2015). Similar to our re-
sults, a reduction in mitochondrial volume and TH
neuronal counts was observed in isogenic PARKIN KO DA

Figure 6. Generation and Characterization of PARKIN/PARIS Knockdown (PARKIN/PARIS KD) hESCs Lines
(A) Representative immunoblot of PARIS, TH, and PARKIN protein levels in iCont, PARKIN KO, and PARKIN/PARIS KD cells, 60 days post

differentiation to DA neurons.

(B) Quantification of the immunoblot of PARIS protein levels. n = 3-4 independent experiments.

(C) Representative immunoblot for PGC-1e. protein levels in iCont, PARKIN KO, and PARKIN KO/PARIS KD DA neurons in (A).

(D) Quantification of immunoblots for PGC-1c.. n = 3-4 independent experiments.

(E) Quantification of the immunoblots of TH protein levels in iCont, PARKIN KO, and PARKIN/PARIS KD neuronal cultures in (A). n = 3-4

independent experiments.

(F) Immunofluorescence staining of TH-positive neurons (green) and nuclei (blue) iCont, PARKIN KO, and PARKIN/PARIS KD cells, 60s day

post differentiation to DA neurons.

(G) Quantification of TH-positive neurons in (F). n = 5 independent experiments.
(H) Confocal live imaging of neurons transduced with lentivirus encoding for Mito-Keima in iCont, PARKIN KO, and PARKIN/PARIS KD cells,

60 days post differentiation to DA neurons.

(I) Quantification of Mito-Keima (mitophagy index) in (H). n = 19-25 neurons in each condition.
(J) Representative immunoblot of P62 and LC3 I/II in iCont, PARKIN KO, and PARKIN/PARIS KD cells, 60 days post differentiation to DA

neurons.

(K and L) Quantification of (K) P62 and (L) LC3 I/II. n = 3-4 independent experiments.
Error bar represents the mean + SEM. p values were determined using one-way ANOVA followed by Bonferroni’s multiple comparisons test.
Asterisks indicate the level of statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figure S6 and

Table S1.
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neurons compared with isogenic controls (Shaltouki et al.,
2015). In iPSC DA neurons from patients lacking PARKIN,
we also observed elevations of PARIS and accompanying
defects in mitochondrial biogenesis, respiration, and depo-
larization that were restored by reducing PARIS levels
without affecting the defects in mitophagy. However, there
was no alteration in TH, which is in contrast to what was
observed in the isogenic human PARKIN KO DA neurons
reported here and by Shaltouki et al. (2015). These results
highlight the importance of using isogenic controls to un-
cover phenotypic differences due to a genetic mutation in
human-derived cultures (Soldner and Jaenisch, 2018). Len-
tiviral-mediated expression of PARKIN restores the defects
in mitophagy and the reduction in PGC-1a levels, indi-
cating the key phenotypes described in the human PARKIN
KO and iPSC DA neurons are due to the loss of PARKIN and
not some non-specific background effect. Since the num-
ber of iPSC DA neurons from patients lacking PARKIN
was equal to the number of control iPSC DA neurons,
and the defects in mitochondrial biogenesis and mitochon-
drial respiratory capacity and the defects in mitophagy
were equivalent to those observed in the isogenic PARKIN
KO DA neurons, it is unlikely that the defects in the
isogenic lines are due to a reduction in TH number.

Our results, which indicate that there are defects in mi-
tophagy in human DA neurons as assessed by a reduction

in Mito-Keima, reduced LC3A, and increased p62 levels,
strengthens the emerging data that PARKIN and by infer-
ence, PINK1, regulate mitophagy in DA neurons. These
findings are consistent with the evidence that PINK1 and
PARKIN regulate mitophagy in cancerous cell lines and ro-
dent and Drosophila neurons (Cummins and Gotz, 2018;
Whitworth and Pallanck, 2017). Our results contrast with
in vivo studies in Drosophila expressing Mito-Keima, which
uses a mitochondrial matrix-targeted pH-sensitive variant
of GFP (Katayama et al., 2011), or mito-QC, which uses a
tandem GFP-mCherry fusion protein targeted to the outer
mitochondrial membrane (McWilliams et al., 2016) where
defects in basal mitophagy were not observed in Drosophila
lacking Parkin or PINK1 in a variety of cell types including
DA neurons despite the loss of DA neurons in these models
(Lee et al., 2018). PINK1 knockout mice expressing mito-
QC also failed to show defects in basal mitophagy (McWil-
liams et al., 2018). On the other hand, combining Mito-
Keima imaging with correlative light and electron
microscopy in Drosophila indicates that mitophagy can
occur in vivo and that the absence of Parkin or PINK1
reduced basal mitophagy (Cornelissen et al., 2018). Howev-
et, 1-week-old Drosophila lacking PINK1 or Parkin exhibited
mitochondrial abnormalities (Greene et al., 2003) but
failed to exhibit a significant reduction in mitophagy (Cor-
nelissen et al., 2018), suggesting that the mitochondrial

Figure 7. Rescue of Mitochondrial Function Defects in PARKIN/PARIS KD Lines

(A) Mitochondrial oxygen consumption rate (OCR) by the Seahorse platform in iCont, PARKIN K01, and PARKIN/PARIS KD cells, 55 days
post differentiation to DA neurons. The green line represents iCont, the red and blue lines represent PARKIN KO-1 and PARKIN/PARIS KD
neurons, respectively.

(B) Quantification of basal respiration, reserve capacity, and maximal respiration in iCont, PARKIN K01, and PARKIN/PARIS KD neurons.
n = 3 independent experiment.

(C) Mitochondrial DNA quantification of tRNALeu (MT), ND1, ATP6, and COX1, 60 days post differentiation to DA neurons in iCont, PARKIN
KO, and PARKIN/PARIS KD cells normalized to nuclear B2-microglobulin gene. n = 4 independent experiments.

(D) Puromycin labeling SUnSET assay in iCont, PARKIN KO neuronal cultures, and PARKIN/PARIS KD, 60 days post differentiation to DA
neurons. Anti-Puromycin (green), anti-TH (blue), and anti-Tom20 (red) immunofluorescence staining.

(E) Quantification of the SUnSET assay. n = 10-15 TH neurons in each condition.

(F) Confocal Z stacked images of SNAP-tag Cox8a labeled mitochondria along with anti-TH (blue) immunostained neurons. New mito-
chondria are labeled in red and old mitochondria are labeled in green. Scale bar, 50 um.

(G) Quantification of the fluorescence intensity of new (red) and old (green) Cox8a labeled mitochondria in TH (blue) positive neurons. n=
16 TH neurons in each condition.

(H) Transmission electron microscopy images of neurons from iCont and PARKIN KO and PARKIN/PARIS KD hESC lines from 60-day-old
cultures. Scale bar, 500 nm.

(I-L) Quantification of mitochondrial (I) abnormal cristae, (J) size, (K) number/cell, and (L) number of healthy and unhealthy mito-
chondria in iCont and PARKIN KO and PARKIN/PARIS KD hESC-derived neurons, 60 days post differentiation. n = 15-35 cells in each
condition.

(M) Immunofluorescence staining of Tom20 (red), TH (green), and nuclei stained with DAPI (blue) from iCont, PARKIN KO, and PARKIN/
PARIS KD TH neurons, 60 days post differentiation. Colocalized Tom20 and TH are in white. Scale bar, 50 pum.

(N) Quantification of colocalized Tom20and TH in iCont, PARKIN KO, and PARKIN/PARIS KD TH neurons. n = 7-15 TH neurons in each
condition.

Error bar represents the mean + SEM. p value were determined using one-way ANOVA followed by Bonferroni’s multiple comparisons test.
Asterisks indicate the level of statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figure S7 and
Table S1.
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deficits are separate from the mitophagy defects similar to
the results in human DA neurons lacking PARKIN. The
Drosophila PARIS homolog (Merzetti and Staveley, 2016)
also drives the mitochondrial defects as it does in mouse
and human DA neurons (Pirooznia et al., 2020).

Studies on both Drosophila and mice lacking either PINK1
or Parkin have failed to observe an increase in mitochon-
drial mass, which would be expected if defects in mitoph-
agy were driving the mitochondrial defects. For instance,
mass spectrometry revealed that mitophagy might not
control mitochondrial turnover in the heads of PINK1
and Parkin KO files (Vincow et al., 2013). Mitochondria
do not accumulate in PINK1 KO mice (Gautier et al.,
2008b). Despite evidence of elevated phospho-ubiquitin,
a marker of PINK1 activation and mitophagy, and loss of
DA neurons, no increase in mitochondrial mass was
observed in germline Parkin KO mice crossed to the DNA
polymerase subunit gamma (POLG) 257A mitochondrial
mutator mouse (Pickrell et al., 2015). An increase in mito-
chondrial mass or mitophagy was not observed in germline
Parkin KO crossed to the PD-mito-Pstl mouse despite mito-
chondrial DNA damage and enhanced DA neuron degener-
ation (Pinto et al., 2018). Indices of impaired mitophagy
were not observed in germline Parkin KO mice crossed to
mitochondrial transcription factor A (Tfam) KO mice
(Sterky et al., 2011). Taken together, these reports suggest
that defective mitophagy is not driving the alterations in
mitochondrial function or loss of DA neurons (Cummins
and Gotz, 2018; Whitworth and Pallanck, 2017). On the
other hand, careful examination of mitochondrial content
via mass spectrometry revealed decreased mitochondrial
proteins (Palacino et al., 2004) and reduced respiratory ca-
pacity (Damiano et al., 2014) in germline Parkin KO mice.
In human DA neurons lacking PARKIN, we observed a
reduction in mitochondrial size, mass, and number, which
is consistent with a defect in mitochondrial biogenesis.
Reducing PARIS levels restores the defects in mitochondrial
biogenesis and the indices of mitochondrial function
without restoring the Mito-Keima defects. On the other
hand, while enhancing mitophagy in human DA neurons
lacking PARKIN restored the Mito-Keima defects, it was un-
able to restore the key defect in the reduction in PGC-1a
levels. These results are consistent with the notion that
increased PARIS levels and reduced mitochondrial biogen-
esis due to decreased PGC-1a levels is driving the mito-
chondrial phenotype, not mitophagy. In adult conditional
Parkin KO mice, there was also a reduction in mitochon-
drial size, mass, and number, which was reduced by
lowering PARIS levels (Stevens et al.,, 2015). There is
emerging data that there are forms of mitophagy indepen-
dent of PARKIN and PINK1, which is consistent with our
observation that CCCP is able to induce mitophagy in hu-
man DA neurons lacking PARKIN (Di Rita et al., 2018; Ka-

642 Stem Cell Reports | Vol. |5 | 629—645 | September 8, 2020

geyama et al., 2014; Villa et al., 2017). We cannot exclude
the possibility that these other mitophagy pathways play
a role in the survival of DA neurons in PD.

In summary, our findings highlight that mitochondrial
mitophagy and mitochondrial biogenesis are impaired in
human DA neurons lacking PARKIN and that the impair-
ment in mitochondrial biogenesis is an important driving
force in the reduction of mitochondrial function and the
loss of DA neurons in PD due to PARKIN deficiency or inac-
tivation. Strategies focused on enhancing mitochondrial
biogenesis may offer new therapeutic approaches to pre-
venting the loss of DA neurons in PD.

EXPERIMENTAL PROCEDURES

iPSC Generation and Characterization

hiPSCs were generated using a CytoTune -iPS Sendai Reprogramming
Kit (Thermo Scientific) following the manufacturer’s instruction. Es-
tablished hiPSC clones were karyotyped and characterized for stem-
ness by evaluating the expression level of stem cell markers using
immunocytochemistry. Pluripotency was tested by an in vivo tera-
toma assay. Gene deletion was confirmed using RT-PCR and
immunoblots.

Maintenance and Differentiation of hESCs and hiPSCs
to DA Neurons

All procedures involving human embryonic and inducible plurip-
otent stem cells were approved by and conformed to the guidelines
of the Johns Hopkins Medicine Institution Review Board
and Johns Hopkins University Institutional Stem Cell Research
Oversight Committee. Differentiation of hESCs and hiPSCs to
dopamine neurons was done as described by Kriks et al. (2011).
Full details are provided in Supplemental Experimental
Procedures.

ZFN Design and Generation of PARKIN KO hESCs

The ZFN expression and targeting vector were purchased from
Transposagen. ZFNs were designed against the human PARKIN
gene locus targeting exon 7. Individual targeted colonies were
selected and screened. Full details are provided in Supplemental
Experimental Procedures.

hESC and hiPSC Analysis

Immunoblot and immunohistochemistry were performed using pre-
viously described methods (Xu et al., 2016). Genomic DNA was ex-
tracted using QIAGEN kit and was separated on a 0.7% agarose gel af-
ter restriction digest with appropriate restriction enzyme for Southern
blots. Total RNA was extracted from the cells using a QIAGEN RNA
isolation kit for RT-PCR. Cells were fixed with 4% paraformaldehyde
for 15 min at room temperature for microscopy and imaging with
an LSM7 or Airy scan (Carl Zeiss) confocal laser scanning microscope
under a 20x or 40x oil objective. The oxygen consumption rate was
assessed via a Sea Horse instrument. For CRISPR Cas9, knockdown
guide RNAs were designed using the online tool from http://crispr.
mit.edu/. Lentivirus was used to transduce human cells. Transmission


http://crispr.mit.edu/
http://crispr.mit.edu/

electron microscopy was performed on neurons that were fixed in
2.5% glutaraldehyde, 3 mM MgCl,, in 0.1 M sodium cacodylate
buffer, 60 days post differentiation. Images were captured with an
AMT XR80 high-resolution (16-bit) 8 M pixel camera. Full details
are provided in Supplemental Experimental Procedures.

Antibodies

Anti-mouse parkin, Cell Signaling, catalog no. 4211; anti-mouse
PARIS, NeuroMab, catalog no. 75-195; anti-rabbit TH, EMD Milli-
pore, catalog no. AB152; anti-rabbit P62, Cell Signaling, catalog
no. 8025; anti-rabbit LC3A, Cell Signaling, catalog no. 4599;
anti-mouse TUJ1, Covance, catalog no. MMS-435P; anti-rabbit
PGCla, Novus, catalog no. NBP1-04676; anti-rabbit Annexin V,
Abcam, catalog no. ab14196; anti-mouse Puromycin, EMD Milli-
pore, catalog no. MABE343; anti-mouse Tom20, Santacruz, catalog
no. SC-17764; anti-rabbit CytC, Cell Signaling, catalog no. 4280;
anti-rabbit COXIV, Cell Signaling, catalog no. 4850; anti-mouse
Actin, Sigma, catalog no. A3854; anti-rabbit Ki76, Abcam, catalog
no. ab15580; goat anti-mouse IgG, Thermo Fisher, catalog no. A-
11029; StemLight Pluripotency Antibody Kit, Cell Signaling, cata-
log no. 9656; goat anti-rabbit IgG, Thermo Fisher, catalog no. A-
11036; goat anti-rabbit 1gG, Thermo Fisher, catalog no. A-21068.

Quantification and Statistical Analysis

Details of the statistical analyses performed can be found in Sup-
plemental Experimental Procedures and in the figure legends of
the respective figures.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/
10.1016/j.stemcr.2020.07.013.
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