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Summary

Genetic backgrounds and risk factors among individuals with Parkinson’s disease (PD) are highly
heterogenous, limiting our ability to effectively detect and treat PD. Here we connect several potential PD
risk genes and elements to one biological pathway. Elevation of Fe**-levels causes Ca*"-overflow into the
mitochondria, through an interaction of Fe?" with mitochondrial calcium uniporter (MCU), the Ca?*-
import channel in the inner mitochondrial membrane, and resultant MCU oligomerization. This
mechanism acts in PD neuron models and postmortem brains. Miro, a Ca**-binding protein, functions
downstream of Ca?*-dysregulation, and holds promise to classify PD status and monitor drug efficacy in
human blood cells. Polygenetic enrichment of rare, non-synonymous variants in this iron-calcium-Miro
axis influences PD risk. This axis can be targeted by multiple ways to prevent neurodegeneration in PD
models. Our results show a linear pathway linking several PD risk factors, which can be leveraged for

genetic counseling, risk evaluation, and therapeutic strategies.

Main Text

Introduction

Parkinson’s disease (PD) is a leading cause of disability, afflicting the aging population. The dopamine
(DA)-producing neurons in the substantia nigra are the first to die in PD patients. A bottleneck that hinders
our ability to effectively detect and treat PD may be the presence of highly heterogenous genetic
backgrounds and risk factors among different patients. More than 90% of the PD cases are considered
sporadic with no known causal mutations. Genome-wide association studies (GWAS) have identified over
90 risk loci (Diaz-Ortiz et al., 2022). Functional studies on known causal genes of familial patients and
from cellular and animal PD models have pointed to multiple “cellular risk elements”, such as

mitochondrial damage, lysosomal dysfunction, immune system activation, neuronal calcium mishandling,
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and iron accumulation (Angelova et al., 2020; Apicco et al., 2021; Belaidi and Bush, 2016; Buttner et al.,
2013; Kim et al., 2020; Lee et al., 2018; Surmeier et al., 2017; Tabata et al., 2018; Verma et al., 2017;
Vuuren et al., 2020). These distinct genetic and cellular risk factors may confer individual heterogeneity
in disease onset, but also suggest that there are networks and pathways linking these “hubs” in disease

pathogenesis. Identifying their connections could be crucial for finding a cure for PD.

Mitochondria are the center of cellular metabolism and communication. Ions such as calcium and iron,
are not only essential for diverse mitochondrial functions but can be stored inside the mitochondria to
maintain cellular ionic homeostasis. lon channels in the plasma and mitochondrial membranes coordinate
for ion uptake, transport, and storage. For example, calcium ions enter the cell via voltage- or ligand-gated
calcium channels across the cell surface. Inside the cell, they are taken up by mitochondria through the
outer mitochondrial membrane (OMM) channel, VDAC, and the inner mitochondrial membrane (IMM)
channel, mitochondrial calcium uniporter (MCU) (Baughman et al., 2011), and extruded into the cytosol
through the IMM transporter, NCLX (Palty et al., 2010). MCU is a multimeric holocomplex consisting of
additional regulatory subunits, such as essential MCU regulator (EMRE), mitochondrial calcium uptake
1 (MICU1), MICU2, and MCUb (Fan et al., 2018; Fan et al., 2020; Lambert et al., 2019). Channels
complementary to these major mitochondrial calcium channels also exist (Patron et al., 2022). It remains
a mystery regarding the relation of calcium and iron ions in PD mechanisms and their contribution to

disease susceptibility.

Identifying the cellular causes to neuron death will not only provide more effective disease management
but also shed light on molecular signatures shared by a subset of people affected by the disease. A

convenient, cost-effective method to spot the vulnerable population, even before the symptom onset, will
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be extremely valuable for early intervention and preventive medicine. It will improve the efficacy of
clinical trials for testing experimental drugs, by facilitating patient stratification and serving as a

pharmacodynamic marker.

Understanding disease-causing cellular paths will also help us zoom in on rare genetic variants that
contribute to disease etiology but otherwise are difficult to discover through GWAS. Integrating studies
of risk variants with disease models and human tissues could establish a causal link of a biological pathway
to a disease with complex traits such as PD, with the promise of identifying more effective druggable
targets and biomarkers. In this work, we harness the power of combining human genetics, cellular and in
vivo models, and patient’s tissues, and identify an iron-calcium-Miro axis in PD. Iron accumulation causes
mitochondrial calcium overload via promoting MCU oligomerization and its channel activity, which may
consequently disturb cellular calcium homeostasis. Miro, a calcium-binding protein, acts downstream of
calcium dysregulation in PD models. Functional and genetic impairments in this axis may increase PD

risk and indicate PD status.

Results

A high-content Miro1 screening assay identifies a network of Ca**-related drug hits for PD

Miro is an OMM protein essential for mediating mitochondrial motility and safeguarding their quality.
Human Mirol and Miro2 are paralogs with high sequence similarity. We have previously shown that in
fibroblasts or neurons derived from sporadic and familial PD patients, Mirol degradation upon
mitochondrial depolarization is delayed, consequently slowing mitophagy and increasing neuronal
sensitivity to stressors (Hsieh et al., 2019; Hsieh et al., 2016; Shaltouki et al., 2018). This Miro1 phenotype

would serve as an excellent readout for screening small molecules that promote Mirol degradation
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following depolarization. Many compounds in the commonly used screening libraries have well-defined
roles and targets, and some show efficacy to treat certain human diseases. This rich information may allow
us to reveal cellular pathways underlying the Mirol phenotype in PD. To this end, we established a
sensitive immunocytochemistry (ICC)-based assay that was suitable for high-throughput screening
(Figures 1A, S1, S2, S3A, more details in Method). We performed the primary screens at the Stanford
High-Throughput Bioscience Center (HTBC) using 3 drug libraries in a sporadic PD fibroblast line.
Overall, we identified 35 actives (1.92% primary hit rate) that reduced Mirol following mitochondrial
depolarization (Figure S1, Table S1A-B). To validate the results of the high-content assays, we retested
34 out of the 35 positive Mirol reducers identified at the Stanford HTBC in our own laboratory using
fresh compounds and our confocal microscope. We confirmed that 15 compounds reliably reduced Mirol
protein levels following mitochondrial depolarization in PD fibroblasts (Figure S2, Table S1C). Next, we
performed a pathway analysis using a knowledge graph-based tool to reveal the potential cellular pathways
connecting Mirol to each hit compound. Strikingly, we discovered intracellular Ca?* as a primary shared
factor in the hit drug-Mirol network (Figure 1B, Table S2). Two drugs, Benidipine and Tranilast, could
directly inhibit plasma membrane Ca?*-channels. Benidipine is a blocker of voltage-gated Ca?*-channels
(L-, N-, T-type), and Tranilast has been proposed to inhibit ligand-gated Ca**-channels (TRPV2)
(Darakhshan and Pour, 2015). Dysregulation of Ca>* homeostasis has been widely reported in PD models
(Angelovaetal., 2020; Apicco et al., 2021; Buttner et al., 2013; Kim et al., 2020; Lee et al., 2018; Surmeier
et al., 2017; Tabata et al., 2018; Verma et al., 2017). Our results suggest a direct link of the Ca?*-binding

protein, Miro, to Ca?*-mediated abnormality in PD.

Validation of a role for Benidipine in Miro degradation
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Figure 1. HTP Screens Identify Calcium-Related Drug Hits for PD. (A) Schematic representation of a custom-
designed drug screen for Miro1 in PD fibroblasts. (B) Pathway analysis identified calcium as a shared factor in the
primary hit-Miro1 network. Each individual pathway is generated using a primary hit and Miro1 as search query
and the resulting subnetwork is visualized and curated using docs2graph—a knowledge-graph browser. The
visualization shows a subgraph generated by docs2graph from the collection of curated supporting documents for
each pathway.


Xinnan Wang
Figure 1. HTP Screens Identify Calcium-Related Drug Hits for PD. (A) Schematic representation of a custom-designed drug screen for Miro1 in PD fibroblasts. (B) Pathway analysis identified calcium as a shared factor in the primary hit-Miro1 network. Each individual pathway is generated using a primary hit and Miro1 as search query and the resulting subnetwork is visualized and curated using docs2graph–a knowledge-graph browser. The visualization shows a subgraph generated by docs2graph from the collection of curated supporting documents for each pathway. 
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To understand in detail the relation of Miro with the Ca**-pathway in Parkinson’s pathogenesis, we further
examined Benidipine’s role in Miro protein stability. Using the same ICC method as in Figure S2, we
found that Benidipine reduced Miro1 in a dose-dependent manner in PD fibroblasts treated with carbonyl
cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) (Figure S3B). To exclude the possibility of any
artifacts caused by our ICC method, we verified our results using an entirely different approach to detect
Mirol response to depolarization. We measured Mirol and additional mitochondrial proteins by Western
blotting. We also depolarized mitochondria with a different uncoupler, carbonyl cyanide m-chlorophenyl
hydrazone (CCCP) (Hsieh et al., 2019), instead of FCCP. We detected Mirol and mitochondrial markers
at 6 and 14 hours after CCCP treatment. We have previously demonstrated that in healthy control
fibroblasts following CCCP treatment, Mirol is degraded earlier (6 hours) than multiple other
mitochondrial markers (14 hours) (Figure S3C) (Hsieh et al., 2019; Hsieh et al., 2016), consistent with the
observation of proteasomal degradation of Mirol prior to mitophagy (Chan et al., 2011; Hsieh et al., 2019;
Hsieh et al., 2016; Wang et al., 2011). Using this alternative method, we confirmed that both Mirol
degradation and damaged mitochondrial clearance were impaired in the PD cell line we used for screens.
Importantly, Benidipine promoted Mirol degradation after 6 hours following CCCP treatment without
affecting the matrix protein ATP5P and facilitated mitochondrial clearance as was evidenced by the
degradation of both Mirol and ATP5f3 at 14 hours post-treatment (Figure S3C). Interestingly, Miro2 was
also resistant to depolarization-induced degradation in PD cells (Hsieh et al., 2019) and Benidipine
rescued its phenotype (Figure S3C). This result suggests that Mirol and Miro2, which share the Ca?*-
binding EF-hands, are functionally redundant in the Ca?'-dependent regulation. We confirmed that
Benidipine did not affect Mirol messenger RNA (mRNA) expression detected by reverse transcription
quantitative real-time PCR (RT-qPCR) under basal and depolarized conditions in PD cells (Figure S3D).

Neither did Benidipine alter the basal ATP levels (Figure S3E), nor the mitochondrial membrane potential
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measured by TMRM staining (Figure S3F). Collectively, we have demonstrated that Benidipine, a Ca?*-
channel blocker, specifically promotes Miro degradation upon depolarization in PD fibroblasts using

multiple methods.

Benidipine rescues Parkinson’s phenotypes in human neuron and fly models of PD

We have previously shown that reducing Miro rescues Parkinson’s phenotypes in cellular and in vivo
models (Hsieh et al., 2019; Hsieh et al., 2016; Li et al., 2021; Shaltouki et al., 2018), suggesting that small
molecules that lower Miro protein levels could represent an effective therapeutic approach for PD. From
our high-throughput screens we have discovered that Benidipine, which targets the Ca?" pathway,
promotes Miro degradation upon depolarization in skin cells of a PD patient (Figures 1, S1-3). We next
tested whether Benidipine was useful for alleviating Parkinson’s phenotypes in two independent models:
the human neuron and fly models. We examined Benidipine using induced pluripotent stem cells (iPSCs)
from one familial patient with the A53T mutation in SNCA (encodes a-synuclein) and its isogenic wild-
type control (Hsieh et al., 2019; Hsieh et al., 2016; Li et al., 2021; Shaltouki et al., 2018). We differentiated
iPSCs to neurons expressing tyrosine hydroxylase (TH), the rate-limiting enzyme for DA synthesis as
previously described (Figure S4A) (Hsieh et al., 2019; Hsieh et al., 2016; Li et al., 2021; Shaltouki et al.,
2018). These patient-derived neurons display increased expression of endogenous a-synuclein (Shaltouki
et al, 2018). We identified DA neurons by TH-immunostaining and cell death by terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-staining (Li et al., 2021; Shaltouki et al.,
2018) (Figures 2A-B, S4A). We have previously shown that iPSC-derived DA neurons from PD patients
are more vulnerable to stressors than those from healthy controls (Hsieh et al., 2019; Hsieh et al., 2016;
Li et al., 2021; Shaltouki et al., 2018). The treatment of the complex III inhibitor, Antimycin A, at 10 puM

for 6 hours caused acute neuronal cell death leading to the loss of TH and the increase of TUNEL signals
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Figure 2. Benidipine Rescues PD Relevant Phenotypes. (A-B) iPSC-derived neurons from a PD patient with SNCA-
A53T and the isogenic control, treated as indicated, were immunostained with anti-TH (A) or TUNEL and Dapi (B), and
imaged under a confocal microscope. Scale bars: 100 um. Below: Quantifications of the density of TH-positive neurons
(A) or the percentage of TUNEL-positive neurons (B). n=20 images from 3 independent coverslips. P values are
compared with the far-left bar, except indicated otherwise. (C) 40-day-old fly brains were immunostained with anti-TH
and the DA neuron number was counted in the PPL1 cluster. Scale bar: 20 um. n=4, 7, 7, 4 (from left to right). (D) The
Performance Index was measured in 30-day-old flies, fed as indicated. n=59, 57, 54, 57 flies (from left to right), 3
independent experiments. (C-D) Drug treatment was started from adulthood (day 1). One-Way Anova Post Hoc Tukey
Test for all panels.
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Figure 2. Benidipine Rescues PD Relevant Phenotypes. (A-B) iPSC-derived neurons from a PD patient with SNCA-A53T and the isogenic control, treated as indicated, were immunostained with anti-TH (A) or TUNEL and Dapi (B), and imaged under a confocal microscope. Scale bars: 100 um. Below: Quantifications of the density of TH-positive neurons (A) or the percentage of TUNEL-positive neurons (B). n=20 images from 3 independent coverslips. P values are compared with the far-left bar, except indicated otherwise. (C) 40-day-old fly brains were immunostained with anti-TH and the DA neuron number was counted in the PPL1 cluster. Scale bar: 20 um. n=4, 7, 7, 4 (from left to right). (D) The Performance Index was measured in 30-day-old flies, fed as indicated. n=59, 57, 54, 57 flies (from left to right), 3 independent experiments. (C-D) Drug treatment was started from adulthood (day 1). One-Way Anova Post Hoc Tukey Test for all panels.
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in neurons derived from the PD patient (Hsieh et al., 2019; Li et al., 2021; Shaltouki et al., 2018) (Figure
2A-B). Notably, Benidipine treatment at 10 uM for 30 hours significantly rescued this stressor-induced
neuron death (Figure 2A-B).

In order to cross-validate the neuroprotective effect of Benidipine in vivo, we fed Benidipine to a fly
model of PD, which expressed the pathogenic human a-synuclein protein with the A53T mutation (o.-
syn-A53T) in DA neurons driven by TH-GAL4 (Hsieh et al., 2019; Li et al., 2021; Shaltouki et al., 2018).
These flies exhibit PD-relevant phenotypes such as age-dependent locomotor decline and DA neuron loss
(Hsieh et al., 2019; Li et al., 2021; Shaltouki et al., 2018). Importantly, feeding PD flies with 2.5 uM
Benidipine from adulthood prevented DA neuron loss in aged flies (Figure 2C) and improved their
locomotor ability (Figure 2D). Taken together, Benidipine, which eliminates the Mirol defect in PD

fibroblasts, rescues PD-related phenotypes in human neuron and fly models.

The EF-hands of Miro play a role in causing Parkinson’s-relevant phenotypes

Having demonstrated a link between Miro and Ca?* in multiple models of PD, we next determined whether
Ca?" directly interacted with Miro to contribute to phenotypes in these models. To achieve this goal, we
made GFP-tagged human Mirol protein in both the wild-type (Mirol-WT) form and in a mutant form
where two point mutations were introduced in the two EF-hands of Mirol (Mirol1-KK) to block Ca?*-
binding (Wang and Schwarz, 2009). We expressed GFP-tagged Mirol (WT or KK) and Mito-dsRed that
labeled mitochondria in iPSC-derived neurons from the PD patient and isogenic control, described earlier.
We chose the distal segment of the axon for analysis (Hsieh et al., 2016). We have previously shown that
following 100 uM Antimycin A treatment that triggers mitophagy, Mirol and mitochondria are
sequentially degraded in wild-type neurons (Hsieh et al., 2019; Hsieh et al., 2016; Shaltouki et al., 2018).

We observed the same mitochondrial events in isogenic control axons transfected with GFP-Mirol-WT.
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Within 25 min GFP-Mirol-WT was partially degraded, and within 58 min mitochondrial clearance was
induced (Figure 3A-C). In contrast, in PD neuron axons transfected with GFP-Miro1-WT, the degradation
rates of both Mirol and damaged mitochondria upon Antimycin A treatment were slowed (Figure 3A-C),
consistent with our previous studies (Hsieh et al., 2019; Shaltouki et al., 2018). Notably, GFP-Miro1-KK
significantly rescued these phenotypes in PD axons: it expedited the degradation rates to the control level
(Figure 3A-C). These data suggest that Mirol directly binds to Ca** to mediate mitochondrial phenotypes
in PD neurons, at least in part.

To confirm the Miro-Ca®* relation in vivo, we generated transgenic flies carrying T7-tagged fly Miro
(DMiro)-WT or DMiro-KK. DMiro is an ortholog of human Mirol and Miro2. Both DMiro-WT and
DMiro-KK were expressed at comparable levels when the transgenes were driven by the ubiquitous driver
Actin-GAL4 (Figure S4B). We next crossed these transgenic flies to a fly PD model described earlier that
expressed human a-syn-A53T in DA neurons driven by TH-GAL4. Consistent with the results from
human neurons, DMiro-KK significantly rescued the PD-relevant phenotypes including the age-
dependent DA neuron loss and locomotor decline, as compared to DMiro-WT (Figure 3D-E). Altogether,
we have provided evidence showing that the Ca?*-binding domain of Miro plays a key role in causing

phenotypes in human neuron and fly models of PD.

The Ca?*-uptake ability of mitochondria is enhanced in PD neurons

Our results, showing that either blocking Ca**-entry into the cell or inhibiting Ca**-binding to Miro rescues
the Miro and neurodegenerative phenotypes in PD models (Figures 1-3), placed Ca** dysregulation
upstream of Miro. We next dissected how Ca?*-handling was mis-regulated in neurons derived from the
PD patient (Figures 2-3). We stimulated these neurons with the G-protein-coupled receptor (GPCR)

agonist, thrombin, and measured cytosolic and mitochondrial Ca?" levels with live Calcium Green and
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Figure 3. The EF-hands of Miro Play a Role in Causing PD Relevant Phenotypes. (A) Representative still
images from live Mito-dsRed and GFP-Miro1 imaging movies of axons of indicated genotypes, following
100 uM Antimycin A treatment. Scale bar: 10 um. (B) Left: Quantification of the GFP-Miro1 intensity at 25
minutes divided by that at O minute following 100 uM Antimycin A treatment from the same axonal region.
Right: Quantification of the reduction speed of the GFP-Miro1 intensity within 25 minutes following 100 uM
Antimycin A treatment. (C) Left: Quantification of the Mito-dsRed intensity at 58 minutes divided by that at
0 minute following 100 uM Antimycin A treatment from the same axonal region. Right: Quantification of the
Mito-dsRed intensity reduction speed within 58 minutes following 100 uM Antimycin A treatment. (B-C) n=5,
4, 5 (from left to right) axons (one axon per coverslip). (D) The DA neuron number was counted in the PPL1
cluster of flies with indicated genotypes. Scale bar: 20 um. n=7, 4, 6, 5 (from left to right). (E) The
Performance Index was measured in flies with indicated genotypes and age. n (from left to right)=49, 47,
40, 47 flies (day 12); 49, 47, 39, 47 (day 14); 48, 45, 37, 44 (day 20); 3 independent experiments. One-Way
Anova Post Hoc Tukey Test for all panels.
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Figure 4. PD Mitochondria Import More Ca2+. iPSC-derived neurons from a PD patient with SNCA-
AS53T and the isogenic control were stimulated with thrombin and mitochondrial (Rhod-2) and cytosolic
Ca2+ levels (Calcium Green) were measured. Left: Representative traces of Ca2+ ions in neurons.
Right: Quantifications of the peak fluorescent intensity normalized to baseline. n=15 cell bodies from 3
independent coverslips. Two-tailed Welch’s T Test.
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