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Abstract

Overexposure to the essential metal manganese (Mn) can result in an irreversible condition known
as manganism that shares similar pathophysiology with Parkinson’s disease (PD), including
dopaminergic (DAergic) cell loss that leads to motor and cognitive impairments. However, the
mechanisms behind this neurotoxicity and its relationship with PD remain unclear. Many genes
confer risk for autosomal recessive, early-onset PD, including the parkin/PARK2 gene that
encodes for the E3 ubiquitin ligase Parkin. Using Caenorhabditis elegans (C. elegans) as an
invertebrate model that conserves the DAergic system, we previously reported significantly
increased Mn accumulation in pdr-1/parkin mutants compared to wildtype (WT) animals. For the
current study, we hypothesize that this enhanced accumulation is due to alterations in Mn transport
in the pdr-1 mutants. While no change in mRNA expression of the major Mn importer proteins
(smf-1-3) was found in pdr-1 mutants, significant downregulation in mRNA levels of the putative
Mn exporter ferroportin (fpn-1.1) was observed. Using a strain overexpressing fpn-1.1 in worms
lacking pdr-1, we show evidence for attenuation of several endpoints of Mn-induced toxicity,
including survival, metal accumulation, mitochondrial copy number and DAergic integrity,
compared to pdr-1 mutants alone. These changes suggest a novel role of pdr-1 in modulating Mn
export through altered transporter expression, and provides further support of metal
dyshomeostasis as a component of Parkinsonism pathophysiology.

Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disorder, with a
typical age of onset around 60 years of age®. This debilitating disease is characterized by
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selective dopaminergic (DAergic) cell loss in the substantia nigra pars compacta (SNpc)
region of the brain. Hallmark symptoms of PD include bradykinesia, rigidity, tremors and
postural instability that are often preceded by emotional instability and cognitive
dysfunction. Unfortunately, PD is a progressive and irreversible condition?. Current
treatments do not target the molecular origins of PD, warranting further examination into the
mechanisms behind its pathophysiology.

Though PD is mostly idiopathic in its etiology, mutations in several genes have been
connected to the disease?. For example, homozygous mutations in the PARK2/parkin gene
are responsible for nearly 50% of an autosomal recessive, early-onset form of PD3. This
gene encodes for an E3 ubiquitin ligase involved in the ubiquitin proteasome system (UPS)
that targets substrates for degradation. Mutations in this gene result in impaired ligase
activity and substrate binding that can lead to increased protein aggregation®. Parkin
knockout animal models show a variety of PD-associated phenotypes, including hypokinetic
deficits, DAergic cell loss and increased extracellular dopamine (DA) in the striatum®: 6.
Parkin has also been more recently identified as a key regulator of mitophagy, an
intracellular autophagic process designed to eliminate damaged mitochondria from the cell’.

Despite the known genetic associations, familial cases often present with heterogeneity in
their age-of-onset and symptomatology, in addition to nearly 90% of all PD cases
manifesting without genetic disturbances®. The idiopathic component of the disease suggests
a contribution of environmental risk factors in the development of PD. One such factor is the
heavy metal manganese (Mn), an essential trace element found in many food sources
consumed daily by humans. Mn serves as a necessary cofactor for enzymes involved in
several critical processes, including reproduction, metabolism, development, and antioxidant
responses®. While deficiency is a rare concern, the essentiality of Mn is mirrored by its
neurotoxicity upon overexposure. Mn poisoning, or manganism, typically occurs from
occupational exposures in industrial settings, such as in welding, where Mn-containing
fumes and/or products are abundant1?: 11, Mn is also found as an antiknock agent
methylcyclopentadienyl manganese tricarbonyl (MMT) in gasoline, but limited studies
currently exist on the impact of Mn release from combustion on general human health12: 13,
Certain pesticides also contain Mn, making surface runoff from these agricultural uses an
additional source of overexposurel. Moreover, Mn toxicity can also affect other susceptible
populations, including ill neonates receiving total parenteral nutrition (TPN) that is
supplemented with a trace element solution containing Mn. Intravenous TPN administration
bypasses the gastrointestinal regulation of Mn absorption, resulting in 200% Mn retention®.
Another population at risk of Mn poisoning includes patients suffering from hepatic
encephalopathy and/or liver failure, as Mn is excreted from the body through the biliary
system14: 15 On the other hand, individuals with iron (Fe) deficiency (e.g., iron deficiency
anaemia), a highly prevalent nutritional condition, are at risk for increased Mn body
burdens. As Mn shares similar transport mechanisms with Fe, higher Mn levels are often
seen in conditions of low Fe levelsl®.

Tight regulation through an intricate system of transport mechanisms helps maintain proper
Mn homeostasis in cells. The divalent metal transporter 1 (DMT1) represents the primary
mode of divalent Mn importl”. However, Mn efflux remains less understood than Mn
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import. We previously identified ferroportin (FPN), a well-known iron (Fe) exporter, as
facilitating Mn export in cells and micel8. We have previously identified and characterized
components of the Mn transport system in the Caenorhabditis elegans (C. elegans) model
system. This nematode provides an attractive, alternative system that has a rapid life cycle,
short lifespan, and large brood size. Additionally, the well-characterized genome allows for
the utilization of various genetic mutants for studies. This nematode also conserves all
necessary components of a fully functional DAergic system, allowing for the study of the
effects of PD-associated genetic loss on the DAergic system. Our previous studies have
identified SMF-1, SMF-2 and SMF-3 as the C. elegans homologs for DMT1, with SMF3
acting as the most DMT1-like homolog in its necessity to regulate Mn uptakel®, Thus far,
these proteins are the only known Mn importers in the worm. Furthermore, the worm
contains 3 homologs for FPN: FPN-1.1, FPN-1.2 and FPN-1.320. As of now, FPN-1.1 is the
only known protein that conserves Fe efflux in C. elegans?l.

The overlap in sites of damage and similar symptomatology between manganism and
Parkinsonism has warranted investigations into potential gene-environment interactions. For
example, parkin has been shown to selectively protect against Mn-induced DAergic cell
death in vitro?2, while rats exposed to Mn-containing welding fumes show increased Parkin
protein levels?3. Our previous study using C. elegans found significantly enhanced Mn
accumulation in pdr-1 (parkin homolog) knockout worms compared to WT worms24, With
the aforementioned relationships between PD-associated genes and Mn toxicity, we
hypothesized that this enhancement is due to an alteration in Mn homeostasis, at the level of
transport, in the background of pdr-1 loss. In the present study, while no significant change
in MRNA expression of importers was seen, we found a downregulation of fpn-1.1 mRNA.
Upon overexpression of this exporter in pdr-1 mutants, we found decreased metal levels that
were associated with improved survival and DA-dependent behaviour. Together, our results
provide further support for altered metal homeostasis as a component of the
pathophysiology seen in Parkinsonism.

Experimental Procedures

Plasmid Constructs

Full-length wildtype (WT) fpn-1.1 with C-terminal FLAG tag was PCR amplified using
primers 5’
GGGGACAAGTTTGTACAAAAAAGCAGGCTACATGGCTTGGTTATCCGGAAAAG-
3 and 5'-
GGGGACCACTTTGTACAAGAAAGCTGGGTTTCACTTGTCATCGTCGTCCTTGTAG
TCTTCAAAAGTTGGCGAATCCAAC-3 from cDNA library which was converted from
total RNAs isolated from N2 worms (see below). The plasmid was created with Gateway
recombinational cloning (Invitrogen). The above PCR product was initially recombined with
the pPDONR221 vector to create the pENTRY clone. Next, the fpn-1.1 pENTRY construct
was recombined into pDEST-sur-5 vector2>, under the promoter of the acetoacetyl-
coenzyme A synthetase (sur-5) gene. This plasmid was then used to create transgenic
worms.
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C. elegans Strains and Strain Construction

C. elegans strains were handled and maintained at 20°C as previously described?®, Strains
used were: N2, wildtype (Caenorhabditis Genetics Center, CGC) and VC1024, pdr-1(gk4438)
Il (CGC). The MAB326 strain was created by microinjecting Pgr_s5::fpn-1.1 with pBCN27-
R4R3 (Prpi-2g::PuroR, Addgene) and Pyyo-3::mCherry (a gift from Dr. David Miller) into
VC1024 strain. Over three stable lines were generated and analysed. Representative lines
were selectively integrated by using gamma irradiation with an energy setting of 3600 rad.

Preparation of Manganese Chloride (MnCly)

2 M MnCl; (> 99.995% purity) (Sigma-Aldrich) stock solutions were prepared in 85 mM
NaCl. To prevent oxidation, fresh working solutions were prepared shortly before each
experiment. The range of concentrations used in all experiments are based on Mn dose-
response curves recently published by our laboratory24.

Mn-Induced Treatments and Lethality Assay

2500 synchronized L1 worms per group were acutely treated with MnCl, (0-100 mM) in
siliconized tubes for 30 minutes. Worms were then pelleted by centrifugation at 7000 rpm
for 3 minutes and washed four times with 85 mM NaCl. 30-50 worms were then pre-
counted and transferred to OP50-seeded NGM plates in triplicate and blinded. 48 hours
post-treatment, the total number of surviving worms was scored as a percentage of the
original plated worm count.

TagMan Gene Expression Assay

Total RNA was isolated via the Trizol method. Briefly, following Mn treatment, 1 mL of
Trizol (Life Technologies) was added to each tube containing 20,000 worms resuspended in
100 plI 85 mM NaCl, followed by three cycles of freezing in liquid nitrogen and thawing at
37°C. 200 pL of chloroform was then added to each tube, followed by precipitation using
isopropanol and washing with 75% ethanol. Following isolation, 1 pg total RNA was used
for cDNA synthesis using the High Capacity cDNA Reverse Transcription Kit (Life
Technologies), per manufacturer’s instructions. cDNA samples were stored at 4°C.
Quantitative real-time PCR (BioRad CFX96) was conducted in duplicate wells using
TagMan Gene Expression Assay probes (Life Technologies) for each gene, using the gpd-3
(gapdh homolog) housekeeping gene for normalization after determining the fold difference
using the comparative 2-2ACt method?’. The following probes were used: smf-1 (Assay 1D:
Ce02496635_g1); smf-2 (Assay ID: Ce02496634 g1l); smf-3 (Assay ID: Ce02461545 gl);
fpn-1.1 (Assay ID: Ce02414545_m1); and gpd-3 (Assay ID: Ce02616909 gH).

Metal Quantification

Total intraworm metal content was quantified using inductively coupled plasma mass
spectrometry (ICP-MS), as previously described?4. Briefly, 50,000 synchronized L1 worms
were acutely treated with MnCl,. Worms were then pelleted, washed five times with 85 mM
NaCl and re-suspended in 1 mL 85 mM NaCl supplemented with 1% protease inhibitor.
After sonication, an aliquot was taken for protein normalization using the bicinchoninic acid
(BCA) assay kit (Thermo Scientific). Subsequently, the suspension was mixed again,

Metallomics. Author manuscript; available in PMC 2016 May 13.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chakraborty et al. Page 5

evaporated, and incubated with the ashing mixture (65%HNO3/30%H,0, (1/1) (both
Merck)) at 95 °C for at least 12 h. After dilution of the ash with bidistilled water, metal
levels were determined by ICP-MS.

Relative Mitochondrial DNA Copy Number Quantification

Relative mitochondrial DNA copy number was quantified using g°PCR methods as
previously described?®, with slight modifications. Briefly, 1,000 synchronized L1 worms
were treated with MnCl, for 30 minutes, following by several washes. Total genomic DNA
was then isolated using a 1X PCR buffer containing 0.1% Proteinase K, and subjected to the
following lysis protocol in a thermal cycler (BioRad T100): 65°C for 90 minutes, 95°C for
15 minutes, and then hold at 4°C. Following lysis, DNA was diluted to 3 ng/ul, and real time
PCR (BioRad CFX96) using SYBR Green (BioRad) was performed in triplicate with the
following primers: nd-1 for mtDNA (forward primer sequence: 5’-
AGCGTCATTTATTGGGAAGAAGAC-3; reverse primer sequence: 5’
AAGCTTGTGCTAATCCCATAAATGT-3) and cox-4 for nuclear DNA (forward primer
sequence: 5-GCCGACTGGAAGAACTTGTC-3’; reverse primer sequence: 5'-
GCGGAGATCACC TTCCAGTA-3). The PCR reaction consisted of: 2uL of template
DNA, 1pL each of mtDNA and nucDNA primer pairs (400nM final concentration each),
12.5uL SYBR Green PCR Master Mix and 8.5uL H,O. The following protocol was used:
50°C for 2 minutes, 95°C for 10 minutes, 40 cycles of 95°C for 15 seconds and 62°C for 60
seconds. The mitochondrial DNA content relative to nuclear DNA was calculated using the
following equations: ACt = (nucDNA Ct — mtDNA Cr), where relative mitochondrial DNA
content = 2 x 28CT,

Glutathione Quantification

Total intracellular glutathione levels (reduced and oxidized GSH) have been determined
using the “enzymatic recycling assay”, as previously described?®. Briefly, whole worm
extracts were prepared out of 40,000 L1 worms acutely exposed to MnCls,. This was
followed by washes with 85 mM NaCl and sonication of the pellet in 0.12 mL ice-cold
extraction buffer (1% Triton X-100, 0.6% sulfosalicylic acid) and 1% protease inhibitor in
KPE buffer (0.1 M potassium phosphate buffer, 5 mM EDTA). After centrifugation at
10,000 rpm for 10 minutes at 4°C, the supernatant was collected, with an aliquot reserved
for protein normalization using the BCA assay. Total intracellular GSH was quantified by
measuring the change in absorbance per minute at 412 nm by a microplate reader (FLUOstar
Optima microplate reader, BMG Labtechnologies) after reduction of 5,5’-dithio-2-
nitrobenzoic acid (DTNB, Sigma-Aldrich). Hydrogen peroxide was used as a positive
control.

Basal Slowing Response Assay

This assay of dopaminergic integrity was performed as previously described3?, with slight
modifications. Briefly, 2500 synchronized L1 worms were acutely treated in siliconized
tubes with MnCl, for 30 minutes. Following washes with 85 mM NacCl, treated worms were
transferred to seeded NGM plates. 48 hours after treatment, 60 mm NGM plates with seeded
with bacteria spread in a ring (inner diameter of ~1 cm and an outer diameter of ~3.5 ¢cm) in
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the center of the plate. Two seeded and two unseeded plates per group were kept at 37°C
overnight, and allowed to cool to room temperature before use. Once Mn-treated animals
reached the young adult stage, animals were washed at least two times with S basal buffer
and then transferred to the central clear zone of the ring-shaped bacterial lawn (5-10 worms
per plate) in a drop of S basal buffer that was delicately absorbed from the plate using a
Kimwipe. After a five-minute acclimation period, the number of body bends in a 20-second
interval was scored for each worm on the plate. Data are presented as the change (&) in body
bends per 20-second interval between worms transferred to unseeded plates and those with
bacterial rings. Worms lacking cat-2 (the homolog for tyrosine hydroxylase) were used as a
positive control, as these worms are impaired in bacterial mechanosensation30. General
locomotion was assessed using the number of body bends/20 seconds of the group
transferred to unseeded plates.

Dose-response lethality curves and all histograms were generated using GraphPad Prism
(GraphPad Software Inc.). A sigmoidal dose-response model with a top constraint at 100%
was used to draw the lethality curves and determine the respective LDsg values, followed by
a one-way ANOVA with a Dunnett post-hoc test to compare all strains to their respective
control strains. Two-way ANOVAs were performed on TagMan gene expression, metal
content, total GSH, relative mtDNA copy number and basal slowing response data, followed
by Bonferroni’s multiple comparison post-hoc tests.

pdr-1 mutants show alterations in mRNA expression of Mn exporter-, but not importer-
related genes

We previously reported a statistically significant increase in Mn accumulation in pdr-1
mutants vs. WT worms?4, To test whether this enhancement was due to a change in
transcription of Mn importer and/or exporter genes, we performed quantitative reverse
transcription PCR (qRT-PCR) to examine smf-1,2,3 (Fig. 1A-1C) and fpn-1.1 gene
expression (Fig. 1D), respectively, following acute Mn exposure. Two-way ANOVA
analysis showed no overall effect of Mn treatment on transcription of any of the genes
tested. However, while pdr-1 mutants showed no significant changes in smf-1,2,3 (the
importers) mMRNA expression (Fig. 1A-1C), a significant genotype difference (p<0.0001)
was noted in fpn-1.1 (the exporter) between pdr-1 mutants and WT animals. Post-hoc
analysis revealed a significant fpn-1.1 downregulation at 0 and 2.5 mM MnCl; (Fig 1D).

Overexpression of fpn-1.1in pdr-1 mutants suppresses Mn-induced lethality

In addition to enhanced Mn accumulation, pdr-1 mutants showed a leftward shift in the Mn
dose-response survival curve, with WT worms exhibiting a LDsq of 10.43 mM?24, To
determine whether downregulation of fpn-1.1 may have played a role in exacerbating Mn-
induced lethality of pdr-1 mutants, we overexpressed fpn-1.1 in the pdr-1 mutant
background. Upon Mn exposure, pdr-1 mutants overexpressing fpn-1.1 (pdr-1 KO; fpn-1.1
OVR) exhibited a rightward shift in the dose-response curve of compared to pdr-1 mutants
alone (Fig. 2A). The LDgg of pdr-1 KO; fpn-1.1 OVR animals (10.84 mM) relatively
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normalized to previously published WT levels, while pdr-1 mutants alone show a LDsq of
7.416 mM (Table, 2B). Two-way ANOVA analysis showed a significant interaction effect
(p=0.0064) between both genotype and treatment (p<0.0001).

Overexpression of fpn-1.1 in pdr-1 mutants decreases levels of pro-oxidant metals

Upon noting the improved survival in pdr-1 KO; fpn-1.1 OVR animals, we hypothesized
that this attenuation in Mn-induced toxicity is associated with a decrease in redox active
metal accumulation. Using inductively coupled plasma mass spectrometry (ICP-MS), we
measured intraworm concentrations of various metals, including Mn, iron (Fe), zinc (Zn)
and copper (Cu) following acute Mn exposure. To our surprise, Mn levels remained
relatively similar between strains, though two-way ANOVA analysis revealed a significant
treatment effect (p=0.0165). However, endogenous Fe levels were significantly decreased in
pdr-1 KO; fpn-1.1 OVR animals compared to pdr-1 KOs alone revealed as a significant
genotype effect by ANOVA (Fig. 3B, p=0.0092). No significant changes were seen in Zn
levels (Fig. 3C). However, similar to Fe, Cu levels were significantly decreased in pdr-1
KO; fpn-1.1 OVR animals compared to pdr-1 KOs (Fig. 3D, p=0.0256), with no post-hoc
level differences. In summary, Mn levels stayed relatively the same, while Fe and Cu were
both significantly decreased in pdr-1 KO; fpn-1.1 OVR animals. These results indicate that
the improved survival is probably due to decreased levels of Fe and Cu, and suggests that
fpn-1.1 may prefer Fe and Cu as substrates over Mn.

Overexpression of fpn-1.1 in pdr-1 mutants improves mitochondrial integrity and
antioxidant response

Increased Mn levels in pdr-1 KOs (vs. WT animals) have been noted concurrently with
significantly increased basal levels of reactive oxygen species (ROS) and depleted basal
levels of total glutathione (GSH)?4, suggesting an overall exacerbated environment of
oxidative stress in pdr-1 KO animals. Therefore, we next sought to determine whether the
significant decrease in Fe and Cu levels (Fig. 3) and improvement in survival of pdr-1
KO;fpn-1.1 OVR animals (Fig. 2) were associated with improved defence mechanisms
against oxidative stress. This was investigated using two measures: relative mitochondrial
DNA (mtDNA) copy number and total GSH levels. Alterations in mtDNA copy number
have been associated with aging and degenerative processes3?. Moreover, parkin has been
shown to regulate mitochondrial turnover to maintain proper mitochondrial integrity’. Using
a quantitative PCR (qPCR) technique, we found pdr-1 KO animals had a significantly
elevated mtDNA copy number relative to WT animals, whereas pdr-1 KO;fpn-1.1 OVR
animals exhibited levels similar to WT animals (Fig. 4A); two-way ANOVA analysis
reveals a significant genotype effect (p=0.0116), though significance was not reached at the
post-hoc level. Moreover, we previously published the basal depletion of total GSH in pdr-1
KOs compared to WT controls. Given the reversal of increased mtDNA copy number in
pdr-1 KO;fpn-1.1 OVR animals, we examined whether there was a similar rescue of GSH
depletion. While statistical significance wasn’t reached, there was a slight increase in GSH
levels in pdr-1 KO;fpn-1.1 OVR animals relative to pdr-1 KOs (Fig. 4C, p=0.09). In both
measures, Mn treatment itself did not significantly affect the outcomes.
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Overexpression of fpn-1.1 in pdr-1 mutants improves the DA-dependent basal slowing

response

Loss of parkin is connected to PD-associated DAergic neurodegeneration, and we
previously published similar results of pdr-1 KOs showing increased DAergic
neurodegeneration vs. WT worms with fluorescence microscopy24. Consequently, we
investigated whether the visual effects of DAergic neurodegeneration persisted to alter a
behavioral outcome of DAergic integrity. The basal slowing response is a DA-dependent
behavior that affects the mechanosensation needed for proper food sensing in C. elegans, as
worms slow their movement when encountering a bacterial lawn. Worms lacking cat-2, the
homolog for tyrosine hydroxylase, are defective in this response from the loss of dopamine
synthesis and do not slow down3L. Thus, the changes (A) in number of body bends between
plates with and without bacteria reflect the integrity of DAergic neurons. Using this
paradigm, pdr-1 KO animals exhibited a significantly defective basal slowing response vs.
WT animals (p<0.001) that was analogous to that of cat-2 mutants (Fig. 5). The pdr-1
KO;fpn-1.1 OVR animals showed a partial rescue of the response, without reaching
statistical significance. However, in the presence of Mn treatment, pdr-1 KO;fpn-1.1 OVR
fully restored the response to WT levels, with the changes (&) in number of body bends
being significantly higher than pdr-1 KOs alone (p<0.01). To ensure that these effects were
not due to general locomotion differences, we compared the number of body bends per
group on plates without bacterial lawns; there were no significant differences between all
groups (data not shown).

Discussion

The relationship between genetic mutations and the contribution of environmental risk
factors in the development of PD has yet to be clearly defined. In the present study, the C.
elegans model system was utilized to investigate alterations in Mn homeostasis and toxicity
in animals lacking pdr-1/parkin, a genetic risk factor for PD. We previously published
evidence that animals lacking pdr-1 show high sensitivity to an acute Mn exposure, with
decreased survival and significantly elevated Mn accumulation compared to WT animals24.
The present study aimed to determine whether the enhanced Mn concentrations were due to
altered expression of Mn transporters in C. elegans to affect Mn homeostasis.

Parkin’s role in regulating metal homeostasis has only recently begun to be investigated.
Previous in vitro evidence has shown that parkin can modulate levels of the 1B isoform of
DMT1 through ubiquitination32. Moreover, Drosophila studies show that both
pharmacological (BCS/BPD) or genetic (increased expression of the metal responsive
transcription factor 1, MTF-1) chelation of redox-active metals decreases oxidative stress,
improves reduced lifespan and normalizes metal concentrations in parkin mutant flies33: 34,
Therefore, parkin’s regulation of metal homeostasis and its role as an E3 ligase raise the
possibility of parkin-mediated regulation of Mn-responsive proteins. The C. elegans system
represents a ideal model to study this possibility, as PDR-1 conserves its ligase activity3®,
and their genome contains less E3 ligases3® to minimize the possible compensatory
mechanisms seen in vertebrate knockout models.
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The enhanced Mn accumulation in pdr-1 mutant animals may be a selective phenotype of
this particular genetic background. Notably, our previous studies using methylmercury
(MeHg) exposure do not show the same accumulation phenotypes in pdr-1 KO’s%’.
Moreover, Aboud et al. showed increased oxidative stress in response to Mn exposure in
neuroprogenitor cells from patients possessing parkin mutations, despite exhibiting reduced
Mn accumulation38, which is opposite to our ICP-MS findings. This discrepancy may be
due to their human data arising from isolated neuroprogenitors, whereas the current study
assesses whole-worm Mn levels. Nonetheless, such studies provide further support of
alterations in neuronal Mn biology in the presence of parkin mutations. This may be true for
other PD genetic risk factors as well, as recent studies have highlighted the role of another
PD-linked gene known as PARK9, which encodes for the P-type ATPase ion pump
ATP13A2. Evidence shows that this protein modulates Zn homeostasis3?, with previous
evidence indicating that this protein can also transport Mn%0. However, our findings with the
pdr-1 mutant background show no differences in Zn accumulation, providing further support
for a selective relationship between Parkin and Mn homeostasis.

Contrary to in vitro evidence of parkin-mediated control of a DMT isoform, we observed no
significant changes in expression of the smf genes, especially with smf-3 being the most
DMT1-like homolog?®. Instead, significant downregulation of fpn-1.1 was observed in pdr-1
KOs compared to WT animals. These findings suggest that the loss of pdr-1 in C. elegans
results in increased Mn accumulation from defective export, rather than from impaired
uptake. Notably, we recently identified a novel role for SLC30A10 in Mn export that is
associated with heightened risk for PD. However, no homologs for this protein are expressed
in C. elegans*L. Thus, for the present study, given the downregulation of fpn-1.1 mRNA in
pdr-1 mutants, we investigated whether overexpression of the only known Mn exporter in C.
elegans would result in a rescue of pdr-1 mutant phenotypes.

Mn uptake is modulated by a variety of proteins, including: DMT1, the transferrin receptor
(TfR), the choline transporter, the citrate transporter, the magnesium transporter HIP14,
ATP13A2, the solute carrier 39 family of zinc transporters, and calcium channels®. Among
these, DMT1 has been given the most attention, as it is not only the primary mode of uptake,
but is also associated with parkinsonism. Increased DMT1 expression has been found in the
SNpc of PD patients, as well as in SNpc of MPTP mouse models*2. Elevated DMT1 mRNA
expression and DAergic neurotoxicity was also seen in rats exposed to Mn-containing
welding fumes*3. Moreover, specific polymorphisms in DMT1 have been found in a
Chinese population suffering from PD#4. These studies highlight altered metal homeostasis
in the etiology of Parkinsonism. Interestingly, the overexpression of FPN in our pdr-1
mutants altered not only Mn, but Fe and Cu levels to a greater extent. \WWe were not surprised
to observe a treatment effect for Mn, as this was the only exogenous treatment administered
to the nematodes. However, we did expect to see a greater decrease in Mn concentrations. It
is possible that FPN’s affinity for Fe is greater than that of Mn, as the differential binding
affinities have yet to be determined. Moreover, as FPN has not been shown to export Cu, the
decrease in Cu levels may be a secondary effect of lowered intracellular Fe due to increased
Fe efflux. Fe-deficiency anaemia has been associated with copper deficiencies, though the
mechanism remains unknown*® 46, Though future studies are needed to further elucidate
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FPN’s transport profile in C. elegans, the rescue of the pdr-1 mutant phenotype through
FPN overexpression supports our hypothesis that metal dyshomeostasis in the background of
pdr-1 loss may be due to alterations in transporter expression.

In addition to the well-characterized toxicity of Mn resulting in Parkinsonian symptoms,
enhanced iron accumulation in the SN is often seen in PD brains*2 47, with pharmacological
Fe chelation showing potential therapeutic value*8: 49, Moreover, Mn treatment has been
recently shown to disrupt general metal homeostasis in WT C. elegans, with excess Mn
resulting in altered Fe and Cu levels®. Though the authors of this study used slightly higher
Mn concentrations (10-30 mM) than the present study, this was most likely due to the use of
older worms treated for 24 hours, rather than larval stage worms acutely treated for 30
minutes. However, as their lowest dose (10 mM) is within the range of the doses used in the
present study, similar findings were seen with higher Mn concentrations (30 mM)
corresponding with comparatively lower Fe and Cu levels overall®0. The results in the
present study provide further support of the interplay between metals, as exogenous Mn
treatment results in the alteration of endogenous metal concentrations that may alter vital
downstream processes. It is possible that the combined effects of decreased Fe and Cu
levels, rather than the moderate to slight decrease in Mn levels, results in the amelioration of
the pdr-1 KO phenotypes. Moreover, the connection between Cu and a mutant parkin
background is further supported by recent human data showing increased Cu sensitivity in
neuroprogenitors from patients carrying PARK2 mutations®L.

The recently discovered role of parkin as a mediator of mitophagy has introduced the
potential significance of mitochondrial integrity in Parkinsonism®2; loss of parkin could
result in the accumulation of defective mitochondria to increase cellular oxidative stress.
This could explain the significant increase in relative mtDNA copy number in pdr-1 KO
animals as a measure that could equate with increased mitochondrial mass in pdr-1 KOs.
This data corresponds with our previously published findings that pdr-1 KOs exhibit
significantly increased ROS levels?4. Notably, it seems controversial in the literature
whether increased mtDNA copy number is protective or damaging in degenerative
processes®3: %4, However, increased mtDNA copy number has been associated with aging, as
well as a response to increased oxidative stress30. Therefore, the increased copy number
may also be in response to increased oxidative stress from enhanced Mn accumulation to
compensate for damaged mitochondria. This may be especially true due to the preferential
accumulation of Mn in mitochondria®®. Consequently, the beneficial alterations in Mn, Fe
and Cu in pdr-1 KO;fpn-1.1 OVR animals would then help to reverse this effect by
decreasing metal-induced oxidative stress. Additionally, the increase in the antioxidant GSH
in pdr-1 KO;fpn-1.1 OVR animals vs. pdr-1 KO animals is modest, though it does not reach
statistical significance. This may represent a slight improvement in the overall handling of
oxidative stress. It has been previously shown that neurons treated with increasing Fe
concentrations show depletion in GSH content®. This is similar to the elevation in GSH
content of pdr-1 KO;fpn-1.1 OVR animals that also exhibit decreased Fe accumulation.
However, we are limited in the present study, as we have been unsuccessful in using the
microplate assay format to measure both GSSG and GSH. While pdr-1 KO;fpn-1.1 OVR
and pdr-1 KO animals show no difference in gcs-1 (homolog for the glutamate-cysteine
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ligase responsible for catalysing GSH synthesis) mRNA expression (data not shown), future
studies should be done to determine whether this change in GSH is due to more reduced vs.
oxidized forms of GSH.

Finally, we previously reported that pdr-1 KO animals show an exacerbation of DAergic
neurodegeneration compared to WT animals?4. Currently, conflicting findings exist on the
effects of Mn on DAergic neurodegeneration in C. elegans®® 7. However, this may be due
to differences in treatment paradigms and doses. Additionally, fluorescence microscopy is a
common technique to assess degeneration; however, microscopy for GFP visualization
remains a mostly qualitative readout of cell death. Accordingly, we focused on an output
parameter of an intact DAergic system by assaying a DA-dependent behavioural measure.
The basal slowing response (BSR) is a well-known feeding response that requires DA and
affects mechanosensation to properly recognize food sources (bacteria) in C. elegans®L.
Similar to our previous results?4, Mn treatment itself in WT animals did not result in a
statistically significant decrease in BSR, though a slight decline was apparent. However,
while pdr-1 KOs show impairment in this response, the rescue of BSR deficits by pdr-1
KO;fpn-1.1 OVR animals normalizes to the WT response. These data suggest that the
overexpression of FPN normalizes DAergic integrity in the background of pdr-1 loss. The
effect of Mn on BSR in pdr-1 KO and pdr-1 KO;fpn-1.1 OVR animals is negligible. This
may be due to the complete loss of pdr-1 resulting in a “ceiling effect,” such that the
addition of Mn exposure does not further exacerbate the basal differences. However, the
BSR in pdr-1 KO;fpn-1.1 OVR animals fully normalizes to WT levels upon treatment.

Notably, we cannot relate the improvement in BSR to the improved survival of pdr-1
KO;fpn-1.1 OVR animals, as it has been previously reported that ablation of DAergic
neurons in nematodes does not affect overall survival®®. However, the relationship between
metals and dopamine toxicity is well known. Dopamine itself is a strong oxidant that can
undergo an auto-oxidation process to produce highly damaging intermediates, which makes
a strong argument for the vulnerability of DA-specific brain areas to toxins and other
oxidants®®. Mn has been shown to catalyse dopamine oxidation®%, while Fe has been shown
to specifically bind neuromelanin found in DAergic neurons®l. Thus, the pdr-1 KO; fpn-1.1
OVR animals may show improvement in the DA-dependent BSR due to the lower
bioavailability of Mn, Fe and Cu that would otherwise participate in directly enhancing DA
oxidation and/or indirectly producing damaging free radicals in an already susceptible cell

type.

Conclusion

In conclusion, the present study provides further support for altered metal homeostasis as a
critical component of PD pathophysiology. Using the genetically tractable C. elegans
system, we show a novel role of pdr-1/parkin in modulating metal homeostasis following an
acute Mn exposure, affecting metal efflux. Though human mutations in FPN have not yet
been associated with PD, our findings demonstrate the importance and specificity of PD
genetics (e.g. loss of pdr-1/parkin) in interacting with environmental factors to exacerbate
physiological processes that may lead to cell death. Future studies should focus on potential
therapeutic routes that help understand the interplay between pdr-1/parkin-mediated
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mitochondrial dynamics and enhanced efflux of redox-active metals like Mn, Fe and Cu as a
strategy against Mn-induced Parkinsonism.
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Fig. 1. pdr-1 mutants show alterationsin mRNA expression of Mn exporter, but not importer,
genes
(A-D) smf-1,2,3 and fpn-1.1 mRNA expression after an acute, 30 min treatment of L1

worms with 0, 2.5 and 5 mM MnCl,. Relative gene expression was determined by gRT-
PCR. (A) smf-1 mRNA expression in N2 (WT) and pdr-1 KO animals. (B) smf-2 mRNA
expression in N2 (WT) and pdr-1 KO animals. (C) smf-3 mRNA expression in N2 (WT) and
pdr-1 KO animals. (D) fpn-1.1 mRNA expression in N2 (WT) and pdr-1 KO animals. (A-D)
Data are expressed as mean values + SEM of at least five independent experiments in
duplicates normalized to the untreated wildtype and relative to gpd3 mRNA. Statistical
analysis by two-way ANOVA: (A) interaction, ns; genotype, ns; concentration, ns; (B)
interaction, ns; genotype, ns; concentration, ns; (C) interaction, ns; genotype, ns;
concentration, ns; (D) interaction, ns (trend level, p=0.0639); genotype, p<0.0001;
concentration, ns. *p < 0.05, ***p < 0.001 vs. respective wildtype worms.
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Fig. 2. Overexpression of fpn-1.1in pdr-1 mutantsrescues Mn-induced lethality
(A,B) Dose-response survival curves following acute Mn exposure. All values were

compared to untreated worms set to 100% survival and plotted against the logarithmic scale
of the used Mn concentrations. (A) pdr-1 KO animals and pdr-1 mutants overexpressing
fpn-1.1 (pdr-1 KO; fpn-1.1 OVR) were treated at the L1 stage for 30 min with increasing
MnCI, concentrations. (B) The respective LDsg concentrations (mM MnCl,) for both
genotypes. Data are expressed as mean values + SEM from at least five independent
experiments. Statistical analysis by two-way ANOVA: interaction, p=0.0064; genotype,
p<0.0001; concentration, p<0.0001.
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Fig. 3. Overexpression of fpn-1.1in pdr-1 mutants decr eases levels of highly pro-oxidant metals
(A-D) Intraworm metal concentrations following acute, 30 min MnCl, treatment (0, 2.5 and

5 mM) at the L1 stage, as quantified by ICP-MS/MS. (A) Mn content (ug Mn/mg protein) in
pdr-1 KO and pdr-1 KO; fpn-1.1 OVR animals. (B) Iron (Fe) content (ug Fe/mg protein) in
pdr-1 KO and pdr-1 KO; fpn-1.1 OVR animals. (C) Zinc (Zn) content (ug Zn/mg protein) in
pdr-1 KO and pdr-1 KO; fpn-1.1 OVR animals. (D) Copper (Cu) content (ug Cu/mg
protein) in pdr-1 KO and pdr-1 KO; fpn-1.1 OVR animals. (A-D) Data are expressed as
mean values + SEM from at least six independent experiments and normalized to total
protein content. Statistical analysis by two-way ANOVA: (A) interaction, ns; genotype, ns;
concentration, p=0.0165; (B) interaction, ns; genotype, p=0.0092; concentration, ns; (C)
interaction, ns; genotype, ns; concentration, ns; (D) interaction, ns; genotype, p=0.0256;
concentration, ns.
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Fig. 4. Overexpression of fpn-1.1in pdr-1 mutantsimproves mitochondrial integrity and
antioxidant response

(A) Relative mitochondrial DNA (mtDNA) copy humber in pdr-1 KO and pdr-1 KO;
fpn-1.1 OVR animals following an acute, 30 min treatment with 0 and 5 mM MnCls.
Relative gene expression was determined by qPCR. (B) Two-way ANOVA analysis of data
in 4A showing genotype significance in mtDNA copy number. (C) Total glutathione (GSH)
levels of pdr-1 KO and pdr-1 KO; fpn-1.1 OVR animals following an acute, 30 min
treatment with 0 and 5 mM MnCls. (A) Relative mtDNA copy number is expressed as a
ratio of nd-1 (mtDNA marker) to cox-4 (nuclear DNA marker). Data are expressed as mean
values + SEM of at least five independent experiments in duplicates normalized to the
untreated N2 wildtype values. (C) Data are expressed as mean values + SEM of at least five
independent experiments in duplicates, normalized to total protein content and relative to
untreated pdr-1 KO values. Statistical analysis by two-way ANOVA: (A) interaction, ns;
genotype, p=0.0116; concentration, ns; (B) interaction, ns; genotype, ns (trend level,
p=0.09); concentration, ns.
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Fig. 5. Overexpression of fpn-1.1in pdr-1 mutantsimproves the DA-dependent basal slowing
response
Behavioral data are expressed as the change (A) in body bends per 20 seconds between

treated (5 mM MnCly) and untreated WT, pdr-1 KO and pdr-1 KO; fpn-1.1 OVR animals
placed on plates without food vs. plates with food. Schematic shows the spectrum of change,
with N2 wildtype animals possessing a higher change in body bends (i.e., a fully intact
DAergic system) to cat-2 mutants possessing a smaller, almost negligible change in body
bends (i.e., an impaired DAergic system). cat-2 KO animals were used as a positive control.
Statistical analysis by two-way ANOVA: interaction, ns (trend level, p=0.0872); genotype,
p<0.0001; concentration, ns. ***p<0.001 vs. untreated WT, *p<0.05 vs. pdr-1 KO.
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