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Abstract

The mitochondrial genome (mtDNA\) is intimately linked to cellular and organismal health, as
demonstrated by the fact that mutations in and depletion of mtDNA result in severe mitochondrial
disease in humans. However, cells contain hundreds to thousands of copies of mtDNA, which
provides genetic redundancy, and creates a threshold effect in which a large percentage of mtDNA
must be lost prior to clinical pathogenesis. As certain pharmaceuticals and genetic mutations can
result in depletion of mtDNA, and as many environmental toxicants target mitochondria, it is
important to understand whether reduced mtDNA will sensitize an individual to toxicant exposure.
Here, using ethidium bromide (EtBr), which preferentially inhibits mtDNA replication, we
reduced mtDNA 35-55% in the /n vivo model organism Caenorhabditis elegans. Chronic, lifelong,
low-dose EtBr exposure did not disrupt nematode development or lifespan, and induced only mild
alterations in mitochondrial respiration, while having no effect on steady-state ATP levels. Next,
we exposed nematodes with reduced mtDNA to the known and suspected mitochondrial toxicants
aflatoxin By, arsenite, paraquat, rotenone or ultraviolet C radiation (UVC). EtBr pre-exposure
resulted in mild sensitization of nematodes to UVC and arsenite, had no effect on AfB; and
paraquat, and provided some protection from rotenone toxicity. These mixed results provide a first
line of evidence suggesting that reduced mtDNA content may sensitize an individual to certain
environmental exposures.
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1. Introduction

The mitochondrial genome (mtDNA) encodes 13 subunits of the electron transport chain
(ETC), 22 tRNAs, and 2 rRNAs [1], thus critically linking mtDNA to energy production via
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oxidative phosphorylation (OXPHOS). Furthermore, the integrity of mtDNA is paramount
for cellular and organismal health, which is demonstrated by the fact that mutations,
deletions, and depletion of mtDNA cause severe respiratory chain disease in humans [2, 3].
However, depending upon the age and energetic demands of a tissue, a cell can contain
hundreds to thousands of copies of mtDNA [4], providing a cell with genetic redundancy
that helps buffer against somatic and maternally-inherited mtDNA mutations. Thus, in the
context of heteroplasmy (multiple mtDNA variants within a tissue), levels of pathogenic
mutations must exceed a threshold, which generally ranges from 60-90% depending upon
the severity of the mutation and the energy demands of the effected tissue, before overt
pathology ensues [2, 3].

Another kind of mtDNA-related disease results from depletion of mtDNA, which can cause
a severe group of disorders known as mtDNA depletion syndrome (MDS). MDS is one of
the most common childhood mitochondrial disorders [5], and is primarily caused by
mutations in nuclear encoded genes that play a role in mitochondrial ANTP pool
maintenance (7K2, DGUOK, RRMZ2B, TYMPF, SUCLAZ, SUCLGI) or mtDNA replication
(POLG1, C10orf). This genetically heterogeneous group of disorders is characterized by a
severe loss of mtDNA that results in impaired ATP production. The pathogenic threshold is
dependent upon the energetic demands of the effected tissue, and severity of any concurrent
mutations in the affected tissues or organs, which are most frequently brain, liver, kidney or
muscle [6, 7]. Mutations in the mitochondrial fusion gene (MFN2) [8, 9], and exposure to
nucleoside reverse transcriptase inhibitors (NRTIs) [10-12], which are used to prevent the
transmission of HIV from mother-to-child, can also causes severe tissue-specific reductions
in mtDNA content.

Growing evidence has demonstrated that mitochondria and mtDNA are important targets of
numerous drugs and environmental toxicants [13]. The phospholipid rich mitochondrial
double membrane attracts lipophilic genotoxicants (e.g. polycyclic aromatic hydrocarbons
(PAHSs), aflatoxins), while proton pumping gives the mitochondrial matrix a slight negative
charge that attracts cationic compounds (Cd2*, MnZ*, Pb2*, EtBr*) that can disrupt
mitochondrial energy production through a number of routes. A lack of introns, protective
histones, and some DNA repair pathways (e.g. nucleotide excision repair (NER)) contribute
to mtDNA vulnerability to certain genotoxicants, such as PAHs, which induce irreparable
mtDNA damage due to a lack of NER [14-18]. Although high mtDNA copy number
provides genetic redundancy that may buffer against toxicant-induced mtDNA damage, little
is known about how individuals with reduced mtDNA content will respond to environmental
mitotoxicants.

Here, using the /n vivo model organism Caenorhabditis elegans we tested the hypothesis that
reduced mtDNA content (but not exceeding the pathogenic threshold) would increase
vulnerability to secondary mitotoxicant exposure. As nematodes share highly conserved
mitochondrial biology [19], energy metabolism pathways [20], and mtDNA [21] with
humans, they represent an excellent /n vivo model to test this hypothesis. Furthermore,
availability of transgenic strains, such as the PE255 ATP-reporter strain [22, 23], allow for
the rapid assessment of mitochondrial function /77 vivo. To test this hypothesis, we reduced
mtDNA copy number 35-55% and then exposed nematodes to known and suspected
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mitochondrial toxicants (aflatoxin B, (AfB1), arsenite, paraquat, rotenone, and ultraviolet C
radiation (UVC)). Interestingly, the effects were not dramatic; we report mild exacerbation
of mitochondrial dysfunction in the context of reduced mtDNA content in the context of
some but not all exposures.

2. Material and Methods

2.1 Strains and culture conditions

Luciferase-expressing, PE255 glp-4 (bn-2) nematodes were generously provided by Dr.
Christina Lagido (University of Aberdeen, Aberdeen, UK). PE255 nematodes were
maintained at the permissive temperature of 15°C until experiments were initiated, at which
time they were shifted to the restrictive temperature of 25°C, which eliminates development
of the nematode germline [24]. Synchronous populations of larval stage one (L1) nematodes
were generated via sodium hydroxide bleach treatment, followed by overnight incubation on
an orbital shaker in complete K-medium (150ul 1M CaCly, 150ul 1M MgSQy, 254l
10mg/ml cholesterol, 50ml sterile K-medium (2.35g KCI, 3g NaCl, 1L ddH,0)) at 20°C
[25]. Nematodes were then cultured on K-agar plates seeded with Escherichia coli OP50 as
previously described [26, 27].

2.2 Ethidium bromide and toxicant exposure

Synchronous populations of L1 stage PE255 nematodes were cultured on OP50 seeded K-
agar plates containing 0, 0.05 or 1.0ug/mL EtBr (dissolved in ddH,0, Sigma-Aldrich, St.
Louis, MO). EtBr exposures were continuously maintained for the duration of all
experiments to maintain mtDNA knockdown.

2.2.1 UVC exposure—Synchronous populations of control and EtBr-exposed L4 stage
nematodes were transferred onto OP50-free K-agar plates containing 0 or 1.0pg/ml EtBr,
allowed to disperse, and then exposed to 0, 25, or 50J/m2 UVC using an ultra violet lamp
(UVLMS-38 EL Series 3UV Lamp, UVP, Upland, CA, USA) with peak emission at 254nm.
Nematodes were then transferred back onto OP50 seeded control or EtBr plates for
subsequent ATP determination.

2.2.2 Chronic toxicant exposures—Control and EtBr-exposed L4 nematodes were
exposed to AfB4 (dissolved in 1% DMSO, Sigma-Aldrich) or arsenite (Ricca Chemical
Company, dissolved in ddH50) for 4 to 9 days using the spot dead method as previously
described [28]. Briefly, 1.5ml arsenite (0, 50, 250, 500uM) or AfB1 (0, 5, 25, 50uM in 1%
DMSO) was added to the surface of peptone-free, control or EtBr (1ug/ml) K-agar plates
and allowed to dry. K-agar plates were then seeded with 300ul 20X concentrated UVC-
killed UvrA bacteria (UV-sensitive strain, due to lack of NER [29]). Nematodes were
transferred daily to freshly prepared plates.

2.2.3 Acute toxicant exposures—Approximately 3,000 control and EtBr-exposed L4
stage nematodes were exposed to AfB4 (0, 25, 50uM in 1% DMSO), arsenite (0, 50, 100uM
dissolved in ddH,0), methyl viologen dichloride (0, 0.5, 1.0mM paraquat hydrate dissolved
in ddH,0, Sigma-Aldrich), or rotenone (0, 0.5, or 1.0uM dissolved in 1% DMSO, Sigma-
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Aldrich) in complete K-medium containing UVC-killed UvrA, and 0 or 1.0pg/ml EtBr for
48h on an orbital shaker at 25°C. Following toxicant exposure, nematodes were rinsed three
times with 15ml k-medium to remove excess toxicant through dilution. Nematodes were
then transferred back to control or EtBr containing plates and ATP levels were measured
daily for 4 consecutive days.

2.3 Copy number determination

Nuclear (hnucDNA) and mtDNA genome copy number was determined as previously
described [30, 31]. Briefly, 6 nematodes were added to 90ul proteinase K-containing lysis
buffer using a platinum worm pick and frozen at —80°C. Samples were then thawed and
lysed via a 1h incubation at 65°C. Crude nematode lysate was then used as template DNA
for RT-PCR based determination of mtDNA and nucDNA copy number. Standard curves
were used for absolute copy number determination. Copy number experiments were
repeated 3 separate times.

2.4 Growth assay

An aliquot of nematodes grown on 0, 0.05, or 1.0ug/ml EtBr was collected every 2 days, for
12 consecutive days, and frozen at —20°C for size determination. On the day of analysis,
samples were thawed and imaged at 10x magnification on a Zeiss Axioskop. Images were
analyzed using NIS elements software (Nikon Inc., Melville, NY). An aliquot of live and
frozen nematodes was compared to ensure that the freeze-thawing process did not affect
measurements (S. Figure 2B). Approximately 20 nematodes were measured for each
exposure group within each time point from 2 independent experiments.

2.5 Determination of in vivo steady-state ATP levels

In vivo steady-state ATP levels were determined as previously described [23], and as
visualized in [22]. Briefly, 50 nematodes (suspended in K-medium) were loaded into each
well of a white 96-well plate (four wells per treatment), and then GFP fluorescence was
measured (emissions filter: 502nm; excitation filter: 485nm) using a FLUOSstar Optima
microplate reader (BMG Labtech, Germany). 50ul of luminescence buffer (140mM NayPOy,
30mM citric acid (pH 6.5), 1% DMSO, 0.05% Triton X-100, 100uM D-luciferin) was then
injected into each well and nematode bioluminescence was measured 3 minutes later using a
luminescence optic (BMG Labtech). As PE255 nematodes express a GFP::luciferase fusion
protein, each well's luminescence value was normalized to GFP fluorescence to correct for
overall luciferase content and slight discrepancies in the number and size of nematodes
loaded per well. All experiments were repeated at 3-5 separate times.

2.6 Lifespan

Twenty-five L1 stage PE255 nematodes were placed on OP50 seeded K-agar plates
containing 0 or 1.0ug/ml EtBr at 25°C for the duration of their lives. Nematodes were scored
daily, and judged dead when they failed to move in response to probing with a platinum
worm pick. Lifespan experiments were repeated 2 separate times.
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2.7 Seahorse XF€ analysis

The fundamental parameters of the mitochondrial respiratory chain (basal oxygen
consumption rate (OCR), maximal OCR, ATP-linked respiration, spare respiratory capacity
(SRC), and proton leak) were measured following 4 and 8 days of exposure to EtBr using
the Seahorse XF®24 Bioanalyzer (Seahorse Bioscience, Massachusetts, USA) as previously
described [32, 33]. Briefly, 50 nematodes were loaded into each well of a Seahorse utility
plate and 8 basal OCR readings were taken. Nematodes were then exposed to either 25uM
FCCP (mitochondrial uncoupler), 20uM DCCD (ATP synthase inhibitor), or 10mM sodium
azide (cytochrome ¢ oxidase inhibitor) and an additional 8, 16, or 4 oxygen consumption
measurements were taken, respectively. SRC was calculated by subtracting a wells basal
OCR from its FCCP response, ATP-linked respiration was calculated by subtracting a wells
DCCD response from its basal OCR, while proton leak was calculated by subtracting a wells
azide response from its DCCD response. All experiments were repeated 3 separate times.

2.8 Gene expression

MRNA levels of two cytochrome P450s (CYP35B2, CYP33C6), three mitochondrial heat
shock proteins (hsp-6, hsp-60a, hsp-60b), mitochondrial DNA polymerase (polg-1), and the
nematode mitochondrial transcription factor A homolog (/mg-5) were measured using real-
time PCR. mRNA was converted to cDNA using the Qiagen Omniscript Reverse
Transcription kit. RT-PCR was performed using a 7300 Real Time PCR System (Applied
Biosystems). The fold change of each gene was calculated by comparing the Ct of each gene
to that of the housekeeping gene cac-42[34]. RT-PCR primers for polg-1 and cdc-42 were
based on the literature [35]. Unpublished primers were as follows: CYP35B2 (For-5'-GTG
GGC TGA AAT GCG AAG AT-3', Rev-5'-CCA ACG GCA AGG TCA AAG AA-3'(177bp
amplicon, annealing temp 60°C)); CYP33C6 (For-5-GCT GCG GTT TGT GTATTC CT-3,
Rev-5'-GTC CAC CGT CTG AAG CAT TC-3' (164bp amplicon, annealing temp 64°C));
hsp-6 (For-5'-TCG TGT CAT CAA CGA GCC AA-3', Rev-5'- AGC GAT GAT CTT ATC
TCC AGC G-3' (76bp amplicon, annealing temp 56°C)); /sp-60a (For-5'-AGG CTC TTA
CCACTCTTGTTC T-3', Rev-5'- CTC CCG TCG CAA TTC CCA TA-3' (123bp amplicon,
annealing temp 56°C)); Asp-60b (For-5'-CCA AGA AGG TCA CCA TCA CC-3', Rev-5'-
TCT GTT TGA TCT CCA CGC CC-3' (64bp amplicon, annealing temp 56°C)); hmg-5
(For-5'-TGT CTG GAG CTG GAA TGG AA-3', Rev-5'-GCT TCT TCG CTT CGT CTG
TG-3' (108bp amplicon, annealing temp 60°C)). Samples were run in triplicate from two
separate experiments.

2.9 Glycolysis assay

To detect changes in glycolysis, we exposed control, 100uM arsenite, EtBr, and EtBr and
100uM arsenite co-exposed nematodes to 2-deoxy-D-glucose (glycolysis inhibitor), and then
measured the change in steady-state ATP as previously described [36, 37]. Briefly, 50
nematodes were loaded into each well (4 wells per treatment) of a white 96-well plate and
exposed to 50mM 2-DG for 4.5h at 25°C. Following 2-DG exposure steady-state ATP levels
were determined as described above. The effect of 2-DG on each treatment group was then
normalized to percent vehicle control (EPA H,0). The experiment was repeated four
separate times.
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2.10 Statistics

3. Results

Copy number (mtDNA, nucDNA, and their ratio), gene expression, steady-state ATP,
nematode growth, and Seahorse XF® data were initially analyzed with a one, two, or three
way ANOVA, and when warranted post-hoc comparisons were made via Tukey's HSD.
Lifespan data was analyzed via the non-parametric Mantel-Cox test. Statistics were
performed using JMP v11.0 software (SAS Institute).

As we were primarily interested in investigating the effects of mtDNA knockdown on
somatic tissues, and development of the nematode germline during the L3/L4 transition is
associated with large increases in mtDNA copy number [19, 38] which would confound the
interpretation of our results, we used the germline-deficient, in vivo ATP reporter strain
PE255 g/p-4 for all experiments [22, 23]. EtBr, a well-known inhibitor of mtDNA
replication [39-41] that is frequently used to generate rho® (mtDNA-deficient) cells, was
used to reduce mtDNA copy number in nematodes.

3.1 Chronic, low dose EtBr exposure reduces mtDNA copy number without affecting
nucDNA copy number, nematode lifespan, or larval development

Chronic exposure to 1.0, but not 0.05ug/ml EtBr reduced mtDNA copy number 32-51%
over the first 4 days of exposure (two way ANOVA, main effect of time (p<0.0001), not
EtBr (p=0.07), and their interaction (p=0.013)) (Figure 1A), whereas EtBr had no effect on
nucDNA copy number (two way ANOVA, main effect of time (p<0.0001), but not EtBr
(p=0.09), or their interaction (p=0.36)) (Figure 1B), demonstrating EtBr's ability to
specifically inhibit mtDNA, but not nucDNA replication in C. elegans. Furthermore, a robust
reduction (35-55%) in the ratio of mtDNA to nucDNA was observed over the first 8 days of
EtBr exposure (two way ANOVA, main effects of time (p<0.0001), EtBr (p<0.0001), and
their interaction (p=0.0073)) (Figure 1C). Interestingly, the mtDNA:nDNA ratio returned to
control levels by the twelfth day of exposure, which we postulate is due to reduced feeding
and/or reduced uptake of EtBr through the nematode cuticle (a collagenous barrier known to
limit toxicant uptake [42-44]) in aging nematodes, resulting in a loss of inhibition of
mtDNA replication.

As chronic exposure to higher concentrations of EtBr (=5.0ug/ml) has previously been
reported to extend nematode lifespan through an induction of the mitochondrial unfolded
protein response (UPR™Y) [38, 45], we tested whether lower concentrations of EtBr would
elicit a similar effect. Chronic (48h) exposure to 1.0ug/ml EtBr elicited a mild, yet
statistically significant induction of mitochondrial Asp-6 (one way ANOVA, p=0.0016) and
hsp-60b (p=0.0056), but not Asp-60a (p=0.25) (Figure 2). However, lifelong exposure to
1.0ug/ml EtBr did not extend nematode lifespan (p=0.26) (S. Figure 1), suggesting that the
low dose EtBr-induced UPR™M is not robust enough to extend lifespan. Furthermore,
1.0pg/ml EtBr caused no larval growth delay (two way ANOVA, main effect of time
(p<0.0001), but not EtBr (p=0.27) or their interaction (p=0.87)) (S. Figure 2A), while
5.0ug/ml EtBr caused severe larval growth delay and L3 stage arrested (data not shown), a
finding that has been previously reported [46]. Collectively, these results demonstrate that in
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C. elegans, chronic, low-dose EtBr exposure can effectively reduce mtDNA content, while
having no observable adverse organismal level effects.

3.2 mtDNA knockdown causes mild disruption of the mitochondrial respiratory chain

As the pathogenic threshold for mtDNA depletion syndrome is frequently reported to be
around 65% [6, 7], we hypothesized that a 35-55% reduction in the whole worm
mtDNA:nucDNA ratio would not cause major mitochondrial dysfunction. In agreement with
this, only mild alterations in basal respiration (Figure 3A), ATP-linked respiration (Figure
3B), and proton leak (Figure 3D) were detected following chronic EtBr exposure (2 way
ANOVA, main effects of Time (p<0.0001 for all) and EtBr (p<0.05 for all), but not their
interaction (p>0.05 for all)), while 1.0pug/ml EtBr reduced spare respiratory capacity in 4 day
old nematodes (2 way ANOVA, main effects of time (p=0.0009), and time*EtBr (p=0.0016),
but not EtBr (p=0.93)) (Figure 3C), and increased FCCP-uncoupled maximal OCR in 8 day
old nematodes (2 way ANOVA, main effects of time (p<0.0001), and time*EtBr (p=0.0074),
but not EtBr (p=0.36)) (Figure 3A). Although increased maximal OCR in 8 day old
nematodes exposed to EtBr was unexpected, compensatory changes in mtDNA and function
have been observed following NRTI cessation [47], and we have previously observed
increased mitochondrial DNA polymerase gamma expression in response to polymerase
stalling, UVC-induced photodimers, which also result in large reductions in mtDNA copy
number [35]. As we observe an increase in mtDNA copy number from day 4 to day 12
(Figure 1A), which we hypothesis is due to reduced feeding in aging nematodes and thus
reduced uptake of EtBr, we measured the effect of EtBr on DNA polymerase gamma
(polg-1, the sole replicative mitochondrial DNA polymerase), and Amg-5 (TFAM homolog,
required for mtDNA replication and transcription) expression to investigate a potential
compensatory response that may explain EtBr-induced increases in maximal OCR. However,
1.0pg/ml EtBr did not affect polg-1 expression (Figure 4A), and only mildly increased
hmg-5 expression (Figure 4B).

Although mild alterations in mitochondrial function were observed following chronic, low-
dose EtBr exposure, no alterations in steady-state ATP levels were observed throughout the
course of a 12 day EtBr exposure (2 way ANOVA, main effect of time (p<0.0001), but not
EtBr (p=0.53), or their interaction (p=0.93)) (Figure 5), further demonstrating that the
magnitude of EtBr-induced mtDNA knockdown (35-55%) did not induce major
mitochondrial dysfunction.

3.3 Reduced mtDNA content sensitizes C. elegans to secondary exposure to some but not
all mitotoxicants

Acute and/or chronic exposures to the known and suspected mitochondrial toxicants AfB1,
arsenite, paraquat, rotenone, and UVC were initiated after 48h of EtBr exposure in L4 stage
nematodes, as this is when the most robust reduction in mtDNA (51%) and the
mtDNA:nucDNA ratio (55%) was observed. With the exception of UVC (which does not
penetrate the ozone layer), these toxicants are of human health concern. AfB4, a foodborne
mycotoxin and important carcinogen in the developing world, causes bulky DNA lesions
when its epoxide metabolite reacts with DNA. We and others have found that AfB,
preferentially, and irreparably (due to a lack of NER) damages mtDNA [15-17]. Arsenite, a
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global drinking water contaminant associated with the development of skin, lung, and
bladder cancer, is a well-known inhibitor of several Krebs cycle dehydrogenases [48], ETC
complexes [49], and is also capable of causing metabolic shifts from OXPHQOS to aerobic
glycolysis, otherwise known as the Warburg effect [36, 50]. Exposure to rotenone, a
pesticide and prototypical mitotoxicant that acts by inhibiting complex | of the ETC leading
to superoxide production, is associated with the development of Parkinson's disease [51].
Like rotenone, the herbicide paraquat is also associated with the development of Parkinson's
disease [51], but functions as a redox cycler that preferentially damages mtDNA [15];
however, paraquat-induced mtDNA damage is oxidative and largely repaired by base
excision repair. Alternatively, UVC causes equal amounts of nucDNA and mtDNA
photodimers; however, photodimers are only repaired in the nuclear genome [52, 53], so that
UVC can be used as a tool to rapidly induce irreparable mtDNA damage.

3.3.1 Reduced mtDNA content does not sensitize nematodes to the effects of
chronic arsenite or AfB; exposure on steady-state ATP levels—Following
mtDNA knockdown, nematodes were chronically (96h) exposed to arsenite or AfB1. Neither
arsenite (S. Figure 3) nor AfB; (S. Figure 4) differentially altered steady-state ATP levels
between control and EtBr exposed nematodes (3 way ANOVA, p>0.05 for both). A trend in
reduced steady-state ATP levels in nematodes treated with EtBr was observed following 72
and 96h of AfB4 exposure (S. Figure 4). Therefore, we chronically exposed control and EtBr
treated nematodes to AfB4 for 9 days, starting at the L4 stage, to see if the observed effects
on ATP would become more pronounced with a longer exposure. However, exposure to
AfB4 for 9 days at this concentration failed to significantly affect ATP levels in control or
EtBr treated nematodes (S. Figure 5) (3 way ANOVA, p>0.05). P-values for all effects and
interaction terms are shown in Supplemental File 1.

As the nematode cuticle (a protective collagenous barrier) has been shown to limit toxicant
uptake [42-44], and all chronic arsenite and AfB; exposures were performed on K-agar
plates, we next performed liquid toxicant exposures, which has been shown to help facilitate
toxicant uptake in nematodes [28].

3.3.2 Reduced mtDNA content sensitizes nematodes to acute arsenite and
UVC exposure, but not to AfB,, paraquat or rotenone exposure, in liquid
culture—Following mtDNA knockdown nematodes were exposed to AfB, arsenite,
paraquat and rotenone in liquid for 48h, and then steady-state ATP levels were determined
every 24h for four days. Neither AfB4 nor paraquat significantly altered steady-state ATP
levels between control and EtBr exposed nematodes (S. Figures 6 & 7) (3 way ANOVA,
p>0.05 for both). Unfortunately, higher concentrations of AfB; could not be tested due to
limited water solubility, while higher concentrations of paraquat (=5mM) induced mortality.

Rotenone, a prototypical mitochondrial toxicant and ETC complex I inhibitor, reduced
steady-state ATP levels 50% in both control and EtBr treated nematodes after a 48h rotenone
exposure (Figure 6A). Unexpectedly, steady-state ATP levels remained reduced in control
nematodes 24h after rotenone exposure, while ATP levels in nematodes treated with EtBr
completely recovered by 24h, and then increased by 48h post-rotenone exposure (3 way
ANOVA, rotenone*EtBr*Time interaction (p=0.0091)) (Figure 6A & S. Figure 8). This
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might suggest that nematodes with reduced mtDNA content recover more rapidly from
rotenone exposure. An alternative hypothesis is that because rotenone is mainly metabolized
via cytochrome P450s [54], and we have previously reported that high dose (5.0pg/ml) EtBr
can induce CYP expression [35], the EtBr exposure protected against rotenone by increasing
its metabolism. Therefore, we next tested whether the low doses (1.0ug/ml) of EtBr used in
this study would also induce CYP expression. In agreement with our hypothesis, EtBr
caused a very large (>180-fold) induction of CYP35B2 (one way ANOVA, p<0.001) (Figure
6B), but not CYP33C6 (p=0.27) (Figure 6C), two CYPs previously shown to play a role in
xenobiotic metabolism in nematodes [55, 56]. Unfortunately, it is not clear which of the
many nematode CYP proteins is responsible for rotenone metabolism.

A persistent trend toward increased steady-state ATP levels was observed following arsenite
exposure; however, reducing mtDNA copy number with EtBr prevented this trend (3-way
ANOVA, EtBr*arsenite interaction (p=0.048)) (Figure 7A & S. Figure 9). As we have
previously shown that similar concentrations of arsenite can induce glycolysis [36], we
hypothesized that a persistent increase in glycolysis might be responsible for the increased
steady-state ATP levels. As previously reported, the glycolytic inhibitor 2-deoxy-D-glucose
significantly reduced steady-state ATP levels in arsenite-treated nematodes immediately
after arsenite exposure, demonstrating an induction of glycolysis (one way ANOVA,
p=0.045) (Figure 7B). However, this effect was not observed in EtBr, or EtBr and arsenite
co-treated nematodes, nor was it persistent (one way ANOVAs, p>0.05 for 24, 48, 72hrs).

Interestingly, a transient increase in steady-state ATP levels was observed 24h post UVC
exposure in nematodes with reduced mtDNA content; however, steady-state ATP levels
declined below control values 48 and 72h post-UVC, but then recovered by 96h (3 way
ANOVA, time*arsenite*UVC interaction (p=0.049)) (Figure 8 & S. Figure 10).

4. Discussion

Here, we have investigated how reduced mtDNA content affects sensitivity of the /n vivo
model organism C. elegansto secondary mitochondrial toxicant exposure, and report that
reduced mtDNA content causes mild sensitization to certain environmental toxicants.
Collectively, our results provide the first line of evidence that reduced mtDNA content may
sensitize an organism to certain mitochondrial toxicants, while also demonstrating that this
is not likely to be a universal outcome for all mitotoxicants.

4.1 Use of EtBr to reduce mtDNA genome copy number in germline-deficient nematodes

Because development of the nematode germline around the L3/L4 transition causes large
increases in whole-body mtDNA content that would complicate the interpretation of results
[38], we used germline-deficient g/p-4 nematodes for our studies, which allows for the
investigation of somatic cell effects of mtDNA knockdown. To reduce mtDNA, we used the
DNA intercalating agent, EtBr, which has been used to generate rho® (mtDNA-deficient)
cells for decades by preferentially inhibiting mtDNA replication over nucDNA replication
[39-41]. EtBr has previously been used to reduce mtDNA copy number in C. elegarns,
however, the timing and dose of EtBr exposure is crucial. High larval doses of EtBr
(=5.0ug/ml) induce larval growth arrest [38, 46], while the lower doses of EtBr (1.0ug/ml)
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used in the present study caused no growth delay (S. Figure 2). Interestingly, high doses of
EtBr (=5.0ug/ml) have also been shown extend nematode lifespan through induction of the
mitochondrial unfolded protein response (UPR™!) [38, 45]. Because induction of the UPR™!
represent a protective response that could protect nematodes from secondary toxicant
exposure, we utilized lower doses of EtBr to reduce mtDNA. Low dose EtBr (1.0ug/ml)
mildly induced the expression of several genes (Asp-6, hsp60b, but not hsp-60a) known to
play a role in the UPR™ (Figure 2). However, chronic exposure to low dose EtBr did not
extend nematode lifespan (S. Figure 1) suggesting only a mild induction of the UPR™!,

Although chronic exposure to low dose EtBr reduced mtDNA 35-55% over the first 8 days
of the nematode lifespan, the knockdown was lost by day 12 (Figure 1). The loss in
knockdown may be explained by the nematode cuticle (a protective collagenous barrier),
which has been shown to limit toxicant uptake, and is impermeable to ionic compounds [42-
44]. However, nematode feeding also decreases with age [57, 58], which is expected to
reduce intestinal uptake of EtBr, and contribute to the loss of mtDNA knockdown later in
life. Interestingly, nematodes exposed to EtBr had increased maximal OCR after 8 days of
exposure (Figure 3A). As compensatory changes in mtDNA and function have been reported
following cessation of NRTI-induced mtDNA knockdown [47], we hypothesized that
increased maximal OCR may be due to compensatory changes in mtDNA replication or
transcription. To test this, we measured the expression of the mitochondrial DNA
polymerase (polg-1), and the nematode 7FAM homolog (Amg-5), which is required for
mtDNA replication and transcription. However, chronic exposure to EtBr did not
significantly affect polg-1 expression, and only mildly induced /Amg-5 expression (Figure 4).
It is possible that the small induction of Amg-5 expression on day 8, which coincided with
the increase in maximal OCR, facilitates a compensatory increase in mtDNA transcription.
Additional experiments would be needed to test this possibility. Based on these findings, all
secondary mitochondrial toxicant exposures were initiated in young adult (2 day old)
nematodes, when the largest reduction of mtDNA was observed (55%), and all experiments
were completed on or before day 8, when increased maximal OCR was observed.

4.2 C. elegans as a model for studying mtDNA depletion

As mtDNA encodes 13 critical ETC subunits [1], depletion of mtDNA due to mutations in
nuclear encoded genes that control mitochondrial mtDNA replication (POLG1, C10orf) or
the mitochondrial dNTP pool (7K2, DGUOK, RRMZ2B, TYMPF, SUCLAZ, SUCLGI) cause
severe human respiratory chain disease. In agreement with the pathogenic threshold effect
frequently described in other species, a 35-55% loss of mtDNA did not cause severe
mitochondrial dysfunction in C. elegans. This is further supported by the fact that the NRTI,
zidovudine, which reduced mtDNA content by greater than 80%, also reduced mitochondrial
respiration in nematodes [59], while mutations in the sole mitochondrial polymerase, polg-1,
resulted in a greater than 90% loss of mtDNA and altered mitochondrial morphology in C.
elegans [60].

Although EtBr can be used to reduce mtDNA, and major mitochondrial dysfunction is not
observed following a 35-55% reduction in mtDNA, there are limitations associated with the
use of C. elegansto study mtDNA depletion. In humans, mtDNA depletion due to nuclear
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mutations typically only affects certain, energetically demanding tissues such as the brain,
liver, kidney, or muscle [6, 7], and exposure to NRTIs has also been shown to deplete
mtDNA in energetically demanding tissues (e.g. brain, heart, liver) in humans and primates
[12, 61]. Although nematodes lack many of the well-defined organs found in humans, they
do have many well-defined tissues such as the cuticle, excretory system, gonad, hypodermis,
intestine, muscles, neurons, and a pharynx [62]. Some of these tissues, including the
neurons, pharynx, and gonad, are more energetically demanding, and highly sensitive to
certain toxicant exposures. For example, the nematode gonad is one of the most sensitive
tissues to doxycycline- and chloramphenicol-induced mitochondrial toxicity [63]. Thus, it is
possible that EtBr is preferentially depleting mtDNA in the more energetically demanding
tissues of C. elegans, however, due to the small size of nematodes (adults are 1.0mm in
length), it is difficult to isolate biochemically relevant amounts of purified tissue, making
this hypothesis difficult to test.

4.2 Secondary toxicant exposures

Given that high mtDNA copy number provides a cell with genetic redundancy and buffers
against DNA damaging events, we hypothesized that reducing mtDNA copy number would
sensitize nematodes to secondary mitochondrial toxicant exposure. Surprisingly, secondary
toxicant exposure only mildly exacerbated mitochondrial dysfunction when initiated in the
context of a 55% reduction in mtDNA. Several factors could explain this. First, many of the
toxicants used in the present study have been shown to have tissue-specific effects in human
and other mammalian models. For example, AfB; targets the liver [64, 65], while rotenone
and paraquat target the central nervous system [66, 67], and arsenite targets many organs,
such as the bladder, Kidney, liver, lungs, and skin [68, 69]. Given that more energetically
demanding tissues are typically more sensitive to mtDNA depletion [6, 7], it is likely that the
toxicants used in the present study are having tissue-specific effects or even exacerbating
mitochondrial dysfunction in the context of reduced mtDNA copy number in a tissue-
specific manner; however, it is also likely that these effects are being diluted at the
organismal level. This is supported by the fact that UVC, which indiscriminately damages
mtDNA and nucDNA (irreparable in mtDNA) in all tissues of the transparent nematode [52,
53], reduced ATP levels in the context of reduced mtDNA, while AfB; and paraquat, both of
which preferentially damage mtDNA [15-17], did not exacerbate mitochondrial dysfunction.
Alternatively, the nematode cuticle may limit the uptake and thus toxicity of AfB4, arsenite,
paraquat, and rotenone, while not limiting UVC-induced damage. However, this seems
unlikely as we have previously shown that the concentrations of AfB4, paraquat and UVC
used in the current study cause similar amounts of mtDNA damage [15, 53]. Finally, EtBr
can act synergistically with UV light (365nm) [70]; however, we have previously shown that
EtBr at this level does not exacerbate UVC (100-280nm)-induced mtDNA damage [35].

As previously mentioned, high concentrations of EtBr (=5 pg/ml) have been shown to induce
the expression of numerous xenobiotic metabolizing genes, including myriad CYPs [35];
however, little is known about how low-dose EtBr exposure will effect gene expression.
Since steady-state ATP levels recovered faster in nematodes pretreated with EtBr than in
nematodes not treated with EtBr following rotenone exposure, and rotenone is mainly
metabolized via CYPs [54], low dose EtBr may be inducing the expression of CYPs,
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allowing EtBr-treated nematodes to metabolize and recover from rotenone exposure faster
than nematodes not treated with EtBr. In agreement with this, CYP35B2 expression was
induced by low doses of EtBr (Figure 6). Although the precise CYPs that metabolize
rotenone in mammals and nematodes remain unknown, both CYP35B2 and CYP33C6 have
previously been shown to be inducible by high doses (5ug/ml) of EtBr [35], and are known
to play a role in xenobiotic metabolism is nematodes [55, 56], providing a plausible
explanation for why EtBr treated nematodes recovered more rapidly from rotenone exposure
than control nematodes. However, it is important to note that induction of CYPs is not
expected to be protective for all toxicant exposures, as paraquat is, in general, poorly
metabolized [71], while CYPs metabolically activate AfB; to its DNA damaging epoxide
(although it is unclear if the necessary CYPs are being induced (CYP2A6, 2B6, 3A4); [72,
73]). Finally, nematodes lack arsenite methyl transferase [74], which plays a major role in
arsenite metabolism and excretion in humans [75].

Interestingly, a trend in increased steady-state ATP levels was observed in nematodes
exposed to arsenite, while reducing mtDNA copy number prevented this trend (Figure 7A).
Although growing evidence suggests that the mitochondrion is an important target of arsenic
toxicity [36, 48-50], low dose arsenic has also been linked to hormesis in which the
induction of protective mechanisms is associated with therapeutic effects [76, 77]. The
reported hormetic effects of arsenic include: reduced risk for non-melanoma skin cancer in
Denmark [78], increased growth advantage of cells in culture [79, 80], and lifespan
extension in C. elegans [79]. Furthermore, arsenite-induced lifespan extension in nematodes
is accompanied by increased mitochondrial respiration, and increased mitochondrial protein
content [79]. Although the concentrations of arsenite used in the present study are much
higher (50-100uM vs. 100nM), the exposure duration is brief (48h vs. lifelong), which could
result in increased mitochondrial function and steady-state ATP levels, while reduced
mtDNA copy number may prevent this effect by limiting the number of mtDNA transcripts
available for transcription and translation of ETC subunits. Alternatively, chronic arsenic
exposure can induce metabolic shifts from OXPHOS to aerobic glycolysis (Warburg effect)
in vitro, and in C. elegans [36, 50]. Therefore, we hypothesized that asenite-induced
glycolysis persists after arsenite exposure, resulting in increased steady-state ATP levels.
However, this does not appear to be the case, as sensitivity to ATP depletion following
inhibition of glycolysis with 2-deoxy-D-glucose was not persistent in arsenite or EtBr and
arsenite treated nematodes (Figure 7B).

Finally, given the long half-life of mtDNA in C. elegans[81], it is not surprising that we did
not see reduced steady-state ATP levels in EtBr-treated nematodes exposed to UVC until
48h after UVC exposure. Although UVC induces irreparable photodimers in mtDNA, it is
not surprising that steady-state ATP levels completely recovered by 96h-post UVC exposure,
as we have previously shown that the processes of autophagy, and mitochondrial fission,
fusion, and mitophagy play a role in the slow removal of irreparable mtDNA damage
through the recycling of damaged genomes [46]. It is also possible that these protective
mechanisms limit the adverse effects of the other mitochondrial toxicants tested.
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5. Conclusions

Overall, our data suggests that individuals with reduced mtDNA content may be more

Su

sceptible to certain environmental toxicants. However, interpretation of our data is

complicated by the fact that energetically demanding tissues tend to be more susceptible to
mtDNA depletion, while many toxicants target specific tissues. It is likely, and an important
area for future research, that adverse interactions between reduced mtDNA content and

en

Supplement

vironmental toxicants will occur in a tissue specific manner.
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. Chronic, low dose EtBr exposure reduces mtDNA content 35-55% in

C. elegans
. This level of reduced mtDNA content doesn't induce major

mitochondrial dysfunction
. This doesn't sensitize C. elegansto afBq, paraquat, or rotenone
. This sensitizes C. elegans to secondary arsenite and UVC exposures
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Figure 1. Ethidium bromide reduces mtDNA copy number
Chronic, lifelong exposure to EtBr reduced (A) mtDNA copy number (2 way ANOVA, main

effect of time (p<0.0001), but not EtBr (p=0.073), and their interaction (p=0.013)), but not
(B) nucDNA copy number (2 way ANOVA, main effect of time (p<0.0001), but not EtBr
(p=0.089), or their interaction (p=0.36)), while also reducing the (C) mtDNA:nucDNA ratio
(2 way ANOVA, main effect of time (p<0.0001), EtBr (p<0.0001), and their interaction
(p=0.0073). Asterisk denotes statistical significance (p<0.05) for post-hoc comparison
(Tukey's HSD) to control within each time point. N=6-9. Bars + SEM.
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Figure 2. Ethidium bromide induces mitochondrial heat shock protein expression
Chronic (48h) exposure to EtBr induced the expression of the mitochondrial heat shock

proteins /Asp-6 (one way ANOVA, p=0.0016), /sp-60b (p=0.0056), but not Asp-60a (p=0.25)
in L4 PE255 g/p-4 nematodes. Asterisk denotes statistical significance compared (p<0.05) to
control. N=6. Bars + SEM.
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Figure 3. Ethidium bromide induces mild alterations in the mitochondrial respiratory chain
Reduced mtDNA content induced mild alterations in (A) basal respiration (2 way ANOVA,

main effects of time (p<0.0001), and EtBr (p=0.0011), but not their interaction (p=0.45)),
(B) ATP-Linked OCR (2 Way ANOVA, main effects of time (p<0.0001) and EtBr (p=0.036),
but not their interaction (p=0.41)), and (D) proton leak (2 way ANOVA, main effects of time
(p<0.0001), and EtBr (p<0.0001), but not their interaction (p=0.21)), while an increase in
(A) FCCP-induced maximal OCR was observed after 8 days of EtBr exposure (2 way
ANVOA, main effect of time (p<0.0001), but not EtBr (p=0.36), and their interaction
(p=0.0074)), and reduced (C) spare capacity was observed after 4 days of EtBr exposure (2
way ANOVA, main effect of time (p=0.0009), but not EtBr (p=0.93), and their interaction
(p=0.0016)). Time, on the x-axis, refers to both nematode age and the length of the EtBr
exposure. Asterisk denotes statistical significance (p<0.05) for post-hoc comparison
(Tukey's HSD) to control within each time point. N=21-46. Bars = SEM.
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Figure 4. Ethidium bromide increases hmg-5 expression
Chronic, lifelong exposure to EtBr does not affect (A) polg-1 expression (two way ANOVA,

main effect of time (p=0.0048), but not EtBr or their interaction (p>0.05 for both)), but does
induce the expression of (B) Amg-5 (two way ANOVA, main effects of time (p<0.0001) and
EtBr (p=0.041), but not their interaction (p=0.26)), the nematode homolog of 7FAM, which
plays a role in mtDNA replication and transcription. Time, on the x-axis, refers to both
nematode age and the length of the EtBr exposure. Data is normalized to fold change over
the day 2 control samples. N=6. Bars + SEM.
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Figure 5. Ethidium bromide does not alter steady-state ATP levels
Chronic, lifelong exposure to EtBr does not affect steady-state ATP levels throughout the

nematode lifespan (2 way ANOVA, main effect of time (p<0.0001), but not EtBr (p=0.53),

or their interaction (p=0.93)). Time, on the x-axis, refers to both nematode age and the

Page 23

length of the EtBr exposure. Relative luminescence is a surrogate measure of /n vivo steady-
state ATP levels. N=2. Bars + SEM.
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Figure 6. Nematodes with reduced mtDNA content recover from rotenone faster than control
nematodes

(A) Steady-state ATP levels were reduced 50% in control and EtBr treated nematodes
following a 48h liquid rotenone exposure; however, steady-state ATP levels recovered to
control levels faster in nematodes co-exposed to EtBr and rotenone (3 way ANOVA,
EtBr*Time*Rotenone interaction (p=0.0091), N=3). 48h exposure to EtBr induced the
expression of (B) CYP35B2 (one way ANOVA, p<0.0001, N=6), but not (C) CYP33C6 (one
way ANOVA, p=0.27, N=6). P-values for all effect and interaction terms are shown in
Supplemental File 1. Relative luminescence values are shown in Supplemental Figure 8.
Asterisk denotes statistical significance (p<0.05) for post-hoc comparison (Tukey's HSD) to
control within each time point. Bars+SEM.
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Figure 7. Reduced mtDNA content sensitizes C. elegansto arsenite
(A) A persistent trend in increased steady-state ATP levels was observed following a 48h

liquid exposure to arsenite, while reducing mtDNA content with EtBr prevented the
observed trend (3 way ANOVA, EtBr*arsenite interaction (p=0.048)). P-values for all effect
and interaction terms are shown in Supplemental File 1. Relative luminescence values are
shown in Supplemental Figure 9. (B) Inhibition of glycolysis with 2-deoxy-D-glucose
significantly reduces steady-state ATP levels in nematodes treated with 100puM arsenite
immediately after (T=0) arsenite exposure demonstrating the induction of glycolysis (one
way ANOVA, p=0.045). However, this effect was not observed in nematodes treated with
1.0pg/ml EtBr or co-treated with EtBr and arsenite, nor is the induction of glycolysis
persistent (p>0.05 for one way ANOVAS 24, 48, 72h post arsenite). Asterisk denotes
statistical significance (p<0.05) for post-hoc comparison (Tukey's HSD) to control. N=3-5.
Bars+SEM.
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Figure 8. Reduced mtDNA content sensitizes C. elegansto UVC
Steady-state ATP levels were reduced 48—72h post-exposure to a single dose of 25 or 50

j/m? UVC in nematodes with reduced mtDNA content (3 way ANOVA, EtBr*Time*UVC
interaction (p=0.049)). P-values for all effect and interaction terms are shown in
Supplemental File 1. Relative luminescence values are shown in Supplemental Figure 10.

Asterisk denotes statistical significance (p<0.05) for post-hoc comparison (Tukey's HSD) to
control within each time point. N=5. BarstSEM.
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