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Abstract

Mitochondrial DNA (mtDNA) is more susceptible than nuclear DNA to helix-distorting damage
via exposure to environmental genotoxins, partially due to a lack of nucleotide excision repair
(NER). Thus, this damage is irreparable and persistent in mtDNA in the short term. We recently
found that helix-distorting mtDNA damage induced by UVC is gradually removed in
Caenorhabditis elegans and that removal is dependent upon autophagy and mitochondrial
dynamics. We here report the effects of UVC exposure on mitophagy, mitochondrial morphology,
and indicators of mitochondrial function in mammalian cells. Exposure to UVC induced
autophagy within 24 h; nonetheless, significant mitochondrial degradation was not observed until
72 h post exposure. Mitochondrial mass, morphology and function were not significantly altered.
These data further support the idea that persistent mtDNA damage is removed by autophagy, and
also suggest a powerful compensatory capacity for dealing with mtDNA damage.

Keywords

Mitochondrial fusion; mitochondrial fission; autophagy; mitophagy; mitochondrial DNA damage;
ultraviolet radiation

INTRODUCTION

Mitochondria are the site of most energy production within a cell and are key regulators of
apoptosis and calcium homeostasis (1). Mitochondria contain several hundred copies of their
own 16.5 kb genome which encodes for a small subset of mitochondrial proteins including
13 polypeptides that are incorporated into four of the five complexes of the OXPHOS
system plus 2 rRNAs and 22 tRNAs, with the remaining proteins encoded by nuclear DNA
(nDNA) (2). Despite this relatively small contribution, mutations in or depletion of mtDNA
are associated with a significant number of inherited mitochondrial diseases which in total
are estimated to affect more than 1 in 6,000 people (3), emphasizing the importance of
mtDNA integrity to human health. Significant research also implicates mitochondrial
dysfunction and mtDNA mutation in the pathogenesis of widespread disorders such as
neurodegenerative conditions (4, 5), type 2 diabetes mellitus (6), cancer (7, 8) and aging (9).

There is substantial evidence that mtDNA is uniquely susceptible to damage caused by
certain ubiquitous environmental genotoxicants including metabolically-activated polycyclic
aromatic hydrocarbons (10-13) and mycotoxins (14, 15), as well as endogenously produced
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reactive oxygen species (16). Mitochondria house several mechanisms to combat oxidative
damage including base excision repair, the repair mechanism responsible for repair of most
oxidative DNA lesions. However, mitochondria lack nucleotide excision repair (NER), the
mechanism necessary to repair helix-distorting chemical adducts and UVC-induced
photodimers. Therefore these lesions persist and have the potential to stall DNA replication
(12, 17-20) and transcription (14, 17) potentially leading to depletion of mtDNA and
mtDNA-encoded proteins, mutations and subsequently mitochondrial dysfunction.

Mitochondria and mtDNA are degraded by macroautophagy, the lysosomal-driven
degradation of cytoplasmic materials (21, 22). It is now well-established that autophagy can
selectively degrade dysfunctional mitochondria, referred to as mitophagy, and that this
process is dependent in part upon mitochondrial function and morphology and autophagy
induction (23-25). Mitochondrial dysfunction resulting from toxicant exposure, mtDNA
mutations and ROS can induce autophagy and mitophagy (26-30) and blocking autophagy
and mitophagy results in accumulation of dysfunctional mitochondria and damaged mtDNA
(31, 32) and increased susceptibility to apoptotic cell death (33-35). Therefore, autophagic
mitochondrial degradation may serve as an important mechanism to rid the cell of damaged
mitochondria that would otherwise trigger apoptosis.

We recently found that UVC-induced mtDNA damage is gradually removed /n vivo in
Caenorhabditis elegans and that removal is dependent upon genes involved in autophagy,
mitophagy and mitochondrial dynamics (36). Additionally, we demonstrated that UVC
exposure induces autophagy in C. elegans. We hypothesize that UVC-induced DNA damage
causes mitochondrial dysfunction resulting in changes in mitochondrial morphology and
autophagy induction that result in the removal of damaged mtDNAs. In this work, we
investigated the effects of UVC exposure on mitophagy, mitochondrial morphology, and
indicators of mitochondrial ETC function. We show that UVC-induced mtDNA damage is
removed at a similar rate in primary human fibroblasts as in C. efegans and that exposure to
UVC induces autophagy within 24 h. Interestingly, significant mitochondrial degradation is
not observed until 72 h post exposure. No significant changes in mitochondrial MP, ROS or
mitochondrial morphology were observed following UVC exposure. These data further
support the idea that persistent mtDNA damage is removed by autophagy; however, future
research is needed to elucidate the factors which trigger removal.

MATERIALS AND METHODS

Cell Culture, thymidine block, and UVC/chemical exposures

Primary human skin fibroblasts (CCD-1139sk, ATCC) were maintained in Iscove’s
Modified Dulbecco’s Media (IMDM) supplemented with 10% fetal bovine serum, 5% CO,,
and 5% penicillin/streptomycin at 37°C. Using a cell culture system to study mitochondrial
endpoints is complicated by the tendency of cells cultured in high glucose to utilize
glycolysis for energy production rather than OXPHQOS, thus rendering mitochondrial
function less critical for cell survival (37). We attempted to avoid this by using non-
transformed, primary human skin fibroblasts replaced monthly from a low passage frozen
stock.

The thymidine block, which was used for all experiments unless otherwise noted, was
performed 24 h before analyses on 90% confluent cells by the addition of 3 mM thymidine
(final concentration) to IMDM. Thymidine media was replaced every 24 h for the duration
of an experiment. For UVC exposure, cells were washed once in PBS and then exposed
without medium to 10 J/m2 UVC using an ultraviolet lamp with built-in UVC sensor
(CL-1000 Ultraviolet Crosslinker, UVP, Upland, CA, USA) with peak emission at 254 nm;
fresh cell culture medium was immediately replaced thereafter. For flow cytometry analyses,
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cells were seeded at 75K cells/2 ml of normal growth media with or without thymidine in
six-well plates, collected by 0.25% trypsin incubation, spun down and resuspended in FACS
buffer (1% BSA in PBS). For chemical exposures, 100 nM bafilomycin Al (Sigma)
resuspended to 32 wM in DMSO and further diluted into culture medium was replaced every
24 h for extent of the treatment period.

DNA synthesis and cell cycle analyses

Cell Viability

Cells were exposed to UVC with and without 3 mM thymidine in normal growth media and
assessed for DNA synthesis by BrdU incorporation at 24, 48 and 72 h post exposure to
UVC. Cells were labeled with BrdU, anti-BrdU FITC and PI per the manufacturer’s
instructions (BD Biosciences; Cat. No. 347583) and analyzed for FITC and PI fluorescence
simultaneously using a FACScan flow cytometer (Becton Dickinson). FlowJo 7.6.4 was
used to identify BrdU-positive cells and perform cell cycle analysis. Two biological
replicates were analyzed for each treatment at each time point.

Cells were collected and resuspended in FACS Buffer (1% BSA in PBS) containing 5 pg/ml
(final concentration) Hoechst (Life Technologies) and 1:100 Annexin V APC (Life
Technologies) and immediately placed on ice. Fluorescence was measured simultaneously
using a FACSVantage Sorter (Becton Dickinson) and acquired data was analyzed using
FlowJo 7.6.4. Viable, apoptotic and dead cell populations were defined by unstained and
Annexin V APC or Hoechst 33258 individually stained cells and the same quadrants were
applied to all samples. Four biological replicates were analyzed for each treatment at each
time point. Two-way ANOVA was used to compare the total percentage of apoptotic/dead
cells (Q2 + Q3) between treatments and recovery time using Statview 5.0.1.

DNA damage, removal quantification and quantitative PCR

At each recovery time point, cells were scraped, pelleted, flash-frozen, and stored at -80°C
until DNA extraction. Genomic DNA was extracted and quantified using a automated
extraction procedure and DNA damage analysis was performed using quantitative
polymerase chain reaction (QPCR) as described in Furda et al. (2012) (38). At least two
time-separated QPCR reactions were performed on each sample and at least two biological
replicates were analyzed per treatment and time point. Significant removal/repair at recovery
time points 72 and 96 h was determined by one-way ANOVA (effect of time point) and
subsequent Fisher’s PLSD (Statview 5.0.1).

Mitochondrial DNA content analysis

Relative mtDNA content was measured by quantitative, real-time PCR as described in
Venegas and Halberg (2012) (39) using the QPCR samples described above. For each
sample, three technical replicates were averaged from a single real-time PCR run.

Mitochondrial mass, membrane potential, ROS analyses

Cells were stained with 150 nM Mitotracker Green (Life Technologies) for 30 min at 37°C
then washed and stained with either 300 nM TMRE (Life Technologies) or 150 nM
Mitotracker Red CM-H,XROS (Life Technologies) for 30 min at 37°C. Cells were collected
for FACS analysis as described above. Samples were immediately placed on ice and
Mitotracker Green and TMRE or Mitotracker Red CM-H,XROS fluorescence were
simultaneously measured using a FACScan flow cytometer (Becton Dickinson). Viable cells
were gated and geometric mean fluorescence values for MTG, TMRE and Mitotracker Red
CM-H,XROS were obtained using FlowlJo 7.6.4. TMRE and Mitotracker Red CM-H,XROS
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were normalized to mitochondrial mass. 2-4 biological replicates were analyzed per
treatment per time point for each fluorophore.

LC3Il protein quantification by Western blot

Cells were incubated with or without bafilomycin (100 nM) for 3 h then collected and lysed
in 100 pl of buffer containing 2% Triton-X and complete protease inhibitor cocktail (Sigma)
in PBS for 1 h on ice. Protein concentration was measured by BCA assay (Thermo
Scientific). Lysates were resolved by 4-12% LDS-PAGE (NuPage 4-12% Bis-Tris Gels) and
electrotransferred onto a PVDF membrane. The membranes were blocked for 1 h in 5% milk
then incubated overnight in primary antibodies against LC3B (Novus Biologicals; Cat. No.
NB600-1384; 1:2000) and beta-actin (Abcam; Cat. No. ab8224; 1:2000) and for 2 h in
secondary antibodies: anti-rabbit-HRP (Pierce; Cat. No. 32460, 1: 200) and anti-mouse-HRP
(Immuno Jackson Research, Cat.No. 115-035-174, 1:2000). The blots were developed using
SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) and developed on
film. Densitometry was performed using ImageJ (1.43m). Each sample was analyzed by
Western blot at least twice and 2-4 biological replicates were analyzed per treatment per
time point.

RNA extraction, reverse transcription and real-time PCR analysis

Total RNA was extracted with Qiagen RNeasy Mini Kit and quantified by NanoDrop 8000
spectrophotometer (Thermo Scientific/NanoDrop). 250ng of isolated RNA was converted to
cDNA using the High Capacity cDNA Reverse Transcription Kit (Cat. No. 4368814) using
the manufacturer’s instructions and amplified by real time PCR using the 7300 Real Time
PCR System (Applied Biosystems), under the following conditions: 2 min at 50°C, 10 min
at 95°C, 40 cycles of 15 sec at 95°C and then 60 sec at 60°C for 18S, 3684, BECN1, COXI,
COXIV, FIS1, MAPLC3, MFN1, NRF1, OPAI, and TFAM, at 62°C for PGCIa and at
64°C for DRPI. A dissociation curve was calculated for each sample at the end of each
profile. The 25ul PCR reaction contained 12.5ul of SYBR Green PCR Master Mix, 8.5pl
H»0, 2l of target-specific primers at 400 nM final concentration, and 2.l of cDNA from
the RT reaction already diluted to 2 ng/pl. The ABI PRISM 7300 Sequence Detection
System Software, Version 1.1 (Applied Biosystems) was used to carry out data analysis. The
average mRNA fold change of each target gene was calculated by comparing the C+ (cycle
threshold) of the target gene to that of the housekeeping gene 36B4. Two biological
replicates were analyzed per treatment and all samples were run in triplicate and were
averaged prior to analysis. RT-PCR conditions were optimized for previously published and
designed primers; the primer sequences and conditions are listed in Table S1.

Mitochondrial and lysosome colocalization

Cells were plated in 35 mm collagen-coated, glass bottom dishes (MatTek Corporation).
Cells were stained with MTG (300 nM) for 30 min, washed and stained with 50 nM
Lysotracker Red (LTR; Life Technologies) for 30 min. Cells were incubated in 10 M
leupeptin (Sigma; stock 10 mM in H,0), 7.5 .M pepstatin A (Sigma; stock 2 mM in EtOH)
and 50 nM LTR for 1 h. For imaging, media was replaced with Opti-MEM supplemented
with 10 M leupeptin, 7.5 wM pepstatin A and 50 nM LTR.

Fluorescence imaging was performed using a Leica Sp5 laser scanning confocal microscope
with 63x/1.20 NA plan apochromat water immersion objective lens at 37°C. Z-stacks were
acquired (0.38 m thickness) at 1024 x 1024 resolution and 3D colocalization of LTR and
MTG was performed using Imaris 7.3. Colocalized areas were converted to “surfaces” and
the number of surfaces per cell was compared between treatments and time points by two-
way ANOVA. Given the significant treatment x time point interaction (P < 0.0001), a
treatment effect was analyzed by Fisher’s PLSD at each time point.
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Mitochondrial morphology analysis

Cells were plated in 35 mm collagen coated, glass bottom dishes (MatTek Corporation).
Cells were stained with MTG (300 nM) for 30 min. For imaging, media was replaced with
Opti-MEM. Fluorescence imaging was performed using a Leica Sp5 laser scanning confocal
microscope with 63%/1.20 NA plan apochromat water immersion objective lens at 37°C. Z-
stacks were acquired (0.38 m thickness) at 1024 x 1024 resolution. Using Imaris 7.3, MTG
fluorescence intensity was used to build a “surface” representing the mitochondria within a
cell. The total number of surfaces per cell was quantified as well as the surface area, volume
and sphericity of each surface. Mitochondria were separated in the following categories
based on volume: 0-10 wm?3 (class 1), 10-100 wm3 (class I1) and =100 wm? (class 111) and
average inverse sphericity, average surface area/volume and the number of mitochondria
were compared between treatments within each class for each time point. At least 20 cells/
treatment/time point/experiment were analyzed and two experiments were performed.

Transmission electron microscopy

Cells were plated in six-well plates for 24 h after which they were dosed with UVC 10 J/m?.
Three hours before collection cells were incubated with or without bafilomycin (100 nM).
Cells were collected using trypsinization, pelleted then resuspended and placed in the initial
fixative, 4% paraformaldehyde, 1% glutaraldehyde (45:1G, pH 7.2-7.4) and stored at 4°C
until time of processing. Primarily fixed cells were then pelleted and placed in secondary
fixative, (1% osmium tetroxide/0.1 M sodium phosphate buffer, pH 7.2-7.4) for 1 h at room
temperature. Resultant secondarily fixed cells were dehydrated in graded ethanol solutions
and embedded in Spurr’s resin. Semithin sections (500 nm thick) were cut with glass knives,
mounted on glass slides, and stained with 1% toluidine blue O in 1% sodium borate (Figure
S4). These sections were used first, to determine presence and relative number of fibroblasts
in the block face, and secondly to visualize high resolution light microscopic details of the
cells. Ultrathin sections (70-90 nm thick) were cut with a diamond knife, stained with uranyl
acetate and lead citrate, and examined using a FEI/Philips 208S transmission electron
microscope (TEM) at 80kV accelerating voltage. TEM processing, analysis, and imaging
were performed at the Laboratory for Advanced electron and Light Optical Methods
(LAELOM), College of Veterinary Medicine, North Carolina State University. Cells were
selected at random for imaging. Images were taken at 3300X-5600X to capture the entire
cell, at 11000X to capture the majority of the cytoplasmic area and finally at 22000X to
investigate the contents of autophagic vacuoles (AVs) within the cell.

RESULTS

We recently reported that removal of otherwise irreparable UVC-induced mtDNA damage is
detectable in adult C. elegans within 72 h, and that this removal is dependent on autophagy,
mitophagy, and mitochondrial dynamics. The goal of this work was to test if removal would
also be detectable in a mammalian cell culture system, and elucidate the effect of UVC
exposure on mitophagy and mitochondrial function and dynamics. A cell culture system was
utilized to address these goals because of the ease of mitochondrial and autophagy
visualization via fluorescence and electron microscopy and availability of high-throughput
technologies such as flow cytometry (FACS) to analyze mitochondrial function.

UVC-induced mtDNA damage is removed slowly

First, we sought to determine if removal of UVC-induced photodimers in mtDNA occurred
at a similar rate in primary human fibroblasts as it does in C. elegans. Most studies in cell
culture have shown the persistence of bulky adducts and UVC-induced photodimers up to 48
h (19, 40, 41). One challenge associated with examining later time points is the potential
confounding effect of cell replication on removal quantification due to mtDNA damage
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dilution. Although mtDNA replication is not dependent on the cell cycle, we wanted to
minimize any effect of dilution. Accordingly we blocked nDNA synthesis with excess
thymidine (3 mM), a method referred to as a thymidine block (42). Such a block arrests cells
in S-phase and has often been used to synchronize cell cultures. BrdU incorporation and
propidium iodide-based cell cycle analysis were utilized to test for the effectiveness of the
thymidine block. In Figure S1a, the cell cycle profile of 90% confluent cells without the
thymidine block displays a typical cell cycle distribution with most cells in GO/G1 (76%)
(43). Addition of excess thymidine for 24 h arrested the majority of cells at the beginning of
S-phase (Figure S1b). At confluency, nDNA synthesis is very low (~4% of cells positive for
BrdU incorporation; Figure S1c) and addition of excess thymidine significantly blocked
nDNA synthesis with <1% of cells positive for BrdU incorporation (Figure S1d). At 48 and
72 h after seeding, nDNA synthesis is minimal with or without excess thymidine,
presumably due to 100% confluency (Figure Sle).

In thymidine blocked cells, we measured UVC-induced DNA lesions in mitochondrial and
nuclear DNA at 0, 72 and 96 h post exposure (10 J/m2). As shown in Figure 1a, mtDNA
damage was reduced by ~40 % by 72 h and ~60 % by 96 h. There was a nonsignificant trend
towards more mtDNA damage removed without the thymidine block. Additionally, the
thymidine block did not inhibit nDNA repair (Figure 1a) which was repaired to baseline by
72 h (earlier timepoints were not examined), nor did it inhibit mtDNA replication (Figure
1b). In order to ensure that loss of damage was not the result of cell death, we measured cell
viability via FACS analysis of Annexin V APC and Hoescht 33258 cell uptake. Annexin V
APC is an indicator of early apoptosis and Hoescht 33258 is an indicator of late apoptotic or
necrotic cell death. Lack of a significant increase in the proportion of cells positive for the
above markers in control or treated cells led us to conclude that cell viability was not
diminished at 24, 48 or 72 h post exposure (Figure 1c-d).

Autophagy is induced by UVC exposure within 24 h

The basal half-life of mtDNA is estimated to be 2-4 days (44) (45, 46). Therefore, the
removal of damaged mtDNA observed may reflect natural turnover rather than the result of
induced degradation via autophagy. Microtubule-associated protein 1 light chain 3
(MAPLC3) Il is incorporated into autophagic membranes and conversion of LC3 to LC3lII
upon phosphatidylethanolamine conjugation is commonly used as an indicator of autophagy
(47). We measured LC3lII protein in control and UVC exposed cells. LC3I1 was significantly
lower in UVC exposed cells compared to controls at each time point (Figure 2a); however,
these data reflect the steady-state level of LC3I1 protein which results from both formation
and degradation of LC3I1. Addition of bafilomycin prevents autophagosomal and lysosomal
fusion and allows for the measurement of LC3II production specifically (i.e., autophagic
flux) (48). UVC exposed cells had significantly higher LC3I1 production compared to
control samples indicating that lower steady state LC3I1 in UVC exposed cells was the result
of rapid LC3II degradation and that autophagy was induced. In addition, gene expression of
MAPLC3, which encodes LC3, and BECN1, which encodes the autophagy protein,
BECLINL1 required in the early stages of autophagosomes nucleation, were measured. In
accordance with the protein data, we observed a small but significant 1.3 fold induction in
MAPLC3expression (Figure 2b); however, there was no significant change in the
expression of BECNJ.

No change in mitochondrial mass or mtDNA content

Mitochondrial mass can serve as an indicator of mitochondrial biogenesis or degradation. To
determine if the increase in autophagy was accompanied by altered mitochondrial mass, we
used the mitochondrial selective dye Mitotracker Green (MTG) to quantify mitochondrial
mass in control and UVC exposed cells at 0, 48 and 72 h post exposure. MTG selectively
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accumulates in mitochondria independent of mitochondrial MP. While there was a
significant increase in mitochondrial mass with time, there was no significant difference
between control and UVC exposed cells at any time point (Figure 2d). As described above,
mtDNA content did not change significantly over the course of these experiments (Figure
1b). This suggests that either mitochondrial and mtDNA degradation are not elevated in
UVC treated cells, or that they are balanced by mitochondrial biogenesis and mtDNA
replication.

To further explore a potential biogenic response, we measured the expression of genes that
regulate biogenesis including peroxisome proliferator-activated receptor gamma coactivator
la (PGC1a), nuclear respirator factor 1 (AMRFI) and mitochondrial transcription factor A
(TFAM), as well as genes regulated by this pathway: mitochondrial proteins cytochrome c
oxidase subunit IV (COX/V) and COX subunit | (COX/). PGCla regulates both
mitochondrial biogenesis and mtDNA replication through enhanced NRFI expression and
transcriptional activity (49, 50). TFAM, the downstream target of NRF1, is essential for
mtDNA stability and directly influences mtDNA copy number (51, 52). COX/Vand COX/
expression are mediated by PGC1 a (53). We observed statistically significant changes in
NRF1and TFAM gene expression over 48 h but these were few and small (Figure 2e).
Taken together, our data indicate that mitochondrial biogenesis was not dramatically
induced or repressed by 10 J/m2 UVC exposure at least at the level of gene expression.

Increased lysosomal degradation of mitochondrial at 72 h post exposure

Given that mitochondrial mass and copy number were not affected by UVC exposure, we
questioned whether increased autophagy resulted in increased mitochondrial degradation. To
evaluate this, lysosomal degradation of mitochondria was captured via live-cell fluorescence
microscopy. Lysotracker Red (LTR; 50 nM) and MTG (300 nM) stained cells were
incubated with protease inhibitors, leupeptin and pepstatin A, to prevent mitochondrial
degradation within the lysosomes. Colocalization of lysosomes and mitochondria was
quantified using Imaris Colocalization. In UVC exposed cells, the number of colocalized
spots was significantly lower at 24 h, returned to control level by 48 h and was significantly
higher at 72 h (Figure 3). This indicates that initially mitochondrial degradation is reduced
following UVC exposure but gradually increases and exceeds baseline mitochondrial
degradation by 72 h.

No significant change in mitochondrial ROS production or membrane potential

Others have demonstrated that targeting of mitochondria for degradation can be mediated by
mitochondrial MP and ROS. We tested whether UVC exposure affected mitochondrial MP
or level of mitochondrial ROS considering that later onset of dysfunction may account for
the later onset of mitochondrial degradation at 72 h. FACS analysis of tetramethylrhodamine
ethyl ester (TMRE) and Mitotracker Red CMH,;XROS fluorescence were employed. TMRE
selectively accumulates in mitochondria based on membrane potential and is widely used for
mitochondrial labeling and MP quantification (54). Of the available fluorescent ROS
indicators, Mitotracker Red CMH,XROS has been shown to have the most mitochondrial
specificity and exhibits relatively high sensitivity (55). Compared to control, there was no
significant change in MP or mitochondrial ROS in UVC exposed cells at any time point
(Figure S2), after normalizing to total mitochondrial mass. These data do not support the
hypothesis that autophagy was induced by decreased MP or increased ROS production.

Mitochondrial morphology is not affected by UVC exposure

Slow-onset or low level mitochondrial dysfunction can trigger mitochondrial fusion which
restores function (56-59) and in many cases inhibits degradation (60, 61). We considered
that increased mitochondrial interconnectivity might mask low level dysfunction caused by
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UVC treatment and modulate mitochondrial degradation. Therefore, mitochondrial
morphology was analyzed in both treatments at all time points via live-cell fluorescence
microscopy and MTG staining. Morphometric analysis was based on Koopman et al. (62)
with the following modifications to facilitate 3D analysis. To evaluate the effect of UVC on
mitochondrial interconnectivity and elongation, the number of surfaces (i.e., mitochondria)
per cell as well as the inverse sphericity and surface area/volume ratio of each surface were
compared between treatments. Inverse sphericity acts as a measure of both elongation and
branching (1=perfect sphere) (62). Surface area/volume ratio decreases with size but, within
a specific size range, increases with elongation and branching. Size distribution among the
mitochondrial population of each cell was heavily skewed toward small mitochondria in
these cells such that such that taking the average of these morphology parameters per cell
would fail to accurately capture variation of the mitochondrial population and would reduce
the sensitivity to detect slight treatment differences (Figure S3). Therefore, we chose to
classify mitochondria by volume (size) into the following groups: 0.1-10 pm? (Class 1),
10-100 wm3 (Class I1) and <100 wm?3 (Class 111) and the number of mitochondria, average
surface area/volume and average inverse sphericity were quantified per class for each cell.

Figure 4a displays the average number of mitochondria per cell within each class for each
treatment and time point. There was initially a decrease in the number of mitochondria per
cell in UVC treated cells at 24 h. This reflected primarily a decrease in class | and 11
mitochondria therefore there were less small mitochondria. This could result from an
increase in mitochondrial fusion or fewer mitochondria overall. However, as shown above,
mitochondrial mass was unaffected by UVC exposure. At later time points, there was no
significant effect of UVC on the total number of mitochondria per cell or the size
distribution of mitochondria. UVC exposure did not significantly affect mitochondrial
elongation or interconnectivity as measured by inverse sphericity or surface area/volume
ratio at any time point within any class (Figure 4b). Therefore, we concluded that UVC
treatment of cells was not associated with significant alteration in mitochondrial
morphology.

We also measured the mRNA levels of MFNI, OPAI1, DRPI and FI/S1 which encode
proteins necessary for mitochondrial fusion and fission. At 6 hr post UVC exposure, OPAL,
MFN1and DRPI gene expression were significantly reduced (-1.5, -1.6 and -1.4 fold,
respectively; Figure 4c). A reduction in both fusion and fission gene expression could reflect
an overall decrease in mitochondrial dynamics and this would have minimal effects on
mitochondrial morphology since it reflects the balance between fusion and fission. At 24 hr,
endogenous expression was restored in all cases and by 72 hr post exposure, expression of
DRPI and OPAI genes was elevated, significantly so in the case of DRPL.

Mitochondrial degradation via autophagy increases during recovery

The mitochondrial/lysosomal colocalization data described above suggests that
mitochondrial degradation increased at 72 h post exposure. While this approach provides
detailed 3D data it does not lend information regarding the specificity of the degradation
process (autophagy vs. mitophagy) since other cellular components potentially present in the
lysosomes are not visualized. Therefore, we next investigated mitochondrial degradation
using TEM which allows for the visualization of autophagic vacuoles and differentiation of
their specific contents. In order to capture autophagosomes and their contents prior to
degradation, bafilomycin was added three hours before cell fixation to inhibit fusion of
autophagosomes and lysosomes.

As shown in Figure 5a, control cells without bafilomycin contained several AVs.
Mitochondria in these cells were numerous, well-defined and dense. As expected, AVs
representing multiple stages of autophagy including multivesicular endosomes, early and

J Biochem Mol Toxicol. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bess et al.

Page 9

late autophagosomes and lysosomes were present in bafilomycin-treated cells. The
occurrence of AVs containing recognizable mitochondria was low in control cells and
mitochondria in bafilomycin-treated control cells were less dense and had less defined
cristae (Figure 5b). In UVC-exposed cells mitochondrial ultrastructure was variable ranging
from long, dense mitochondria with well-defined cristae to rounded, enlarged mitochondria
with less well-defined membranes and cristae (Figure 5c-h). In two cases, mitochondria in
UVC exposed cells revealed a focal area of low electron density signifying swelling of the
matrix (Figure 5d, f). There was a trend toward increasing occurrence of AVs containing
mitochondria at 48 and 72 h post exposure (Figure 5e, h). Of these, many contained other
cytoplasmic components. Additionally, there were several AVs without mitochondria that
contained general cytoplasmic contents such as glycogen and membranous tubules. These
observations support a UVC-induced increase in non-specific autophagy leading to
increased mitochondrial degradation later in recovery.

DISCUSSION

We recently found that in adult C. elegans ~40% of UVC-induced mtDNA damage was
removed within 72 h of exposure (36). We induced a similar number of mtDNA lesions in
non-replicating human fibroblasts and found that damage removal occurred at a similar rate
with ~40% removal by 72 h post exposure suggesting that the kinetics of removal are
conserved between lower eukaryotes and mammals, at least in non-replicating cells.

UVC exposure induced autophagy, as previously reported in cell culture (33) and in C.
elegans (36). Interestingly, our data suggest that mitochondrial degradation is initially
inhibited at 24 h post exposure despite elevated autophagy but recovers and exceeds control
levels by 72 h. Despite this correlation between the timing of mitochondrial degradation and
the timing of detectable damage removal, we cannot know with certainty that autophagy is
removing damaged mtDNA without inhibiting autophagy. A lag time between induction of
autophagy and mitochondrial degradation has recently been reported by others (63-65) such
as during amino acid starvation (63) and has been attributed to enhanced mitochondrial
elongation (64, 65). Interestingly, at 24 h when mitochondrial degradation was suppressed,
we observed a corresponding decrease in smaller sized mitochondria suggesting increased
fusion. However, mitochondrial elongation and interconnectivity at 24 h were not affected at
least at the level that we could detect. Thus an exciting future direction is to investigate
directly the effect of UVC on fusion and fission events.

Although ~80% of mtDNAs are expected to contain at least one lesion at the level of
mtDNA damage induced in the present study, the effects of this damage appear to be within
the compensatory range of the mitochondrial population such that mtDNA damage was
removed with no significant perturbation of mitochondrial mass, mtDNA content, MP or
ROS level. However, it is likely that mtDNAs harboring UVC-induced photodimers are
distributed randomly and unequally during fission events resulting in a subset of
mitochondria with a higher proportion of damaged DNA and potentially compromised
mitochondrial function. MP and ROS analyses performed here reflect an average among all
mitochondria within a cell; thus, effects in a subset of mitochondria cannot be ruled out.

We observed an increasing trend in AVs containing mitochondria in UVC treated cells at 438
and 72 h post exposure; however, the contents of AVs overall appeared to be heterogeneous.
Therefore, non-specific autophagy rather than more specific mitophagy appears to be
mediating mitochondrial degradation following UVC exposure. However, as discussed
above (65, 66), even a non-specific autophagic response may be selective at some level for
dysfunctional mitochondria so it is possible that dysfunctional mitochondria may be
degraded preferentially thus facilitating mtDNA damage removal.
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An effect of damage to nDNA on autophagy and mitochondrial fate is also conceivable even
though UVC is relatively nucleic acid-specific and nDNA damage is repaired relatively
quickly. Autophagy is induced by UVC-induced activation of DNA damage responsive
genes ATR, ATMand p53(67-69) and ATM-deficient cells exhibit defective mitophagy
(70). However, it was recently shown that autophagy induction following UVC exposure
proved temporally dependent. For example, ATR was dependent up to 6 h but ATR
independent at 24 and 48 h (33). Further research is needed to understand the role of DNA
damage responsive genes in mediating mitochondrial turnover by autophagy and mitophagy.
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Figure 1. UVC-induced mtDNA damageisremoved slowly
(a) Significant mtDNA damage removal was observed in cells dosed with 10 J/m2 UVC by
72 h compared to initial lesion frequency (one-way ANOVA, effect of time point =
0.0140; Fisher’s PLSD, P=0.0316 for 72 h and A= 0.0047 for 96 h). nDNA damage was
repaired to baseline by 72 h. (b) mtDNA content was comparable to control throughout the
recovery period. (c) No significant decrease in cell viability was observed in cells exposed to
10 J/m? as measured by Annexin VV APC and Hoechst 33258. (d) Representative control and
UVC dot plots at 24 h post exposure as measured by FACS with viable (Q4), apoptotic (Q3)
and dead (Q2) cell frequencies defined. Bars £ s.e.m.
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Figure 2. UVC exposureincreases L C3I1 formation without changesin mitochondrial mass
LC3II protein was quantified by Western blot in control and UVC treated cells with and
without bafilomycin and normalized to beta-actin. (a) Steady-state (no bafilomycin) levels
of LC3II were significantly decreased by UVC exposure at 24, 48 and 72 h when compared
to time point controls (asterisks; two-way ANOVA, effect of treatment £=0.0325). With
bafilomycin, UVC exposed cells accumulated more LC3Il compared to bafilomycin treated
controls at all time points (hash; two-way ANOVA, effect of treatment £=0.007). (b)
MAPLC3mRNA expression increased by 1.3 fold with UVC exposure 48 h after exposure
(asterisks; two-way ANOVA, treatment x time point 2= 0.03; Fisher’s PLSD, effect of
treatment < 0.0424 at 48 h). The black line signifies baseline expression level. (c)
Representative immunoblots of LC3I1 in control and UVC (10 J/m2) exposed cells with and
without bafilomycin at 24, 48 and 72 h. (d) No significant change in mitochondrial mass was
detected after UVC exposure compared to controls (two-way ANOVA, effect of recovery P
< 0.0001, treatment x recovery £=0.4730). () mRNA expression of PGCI1a, NRFIand
TFAM, COXIVand COXI. NRF1 expression decreased at 6 h (P= 0.0466). TFAM
expression was induced 1.3 fold at 6 h but reduced by -1.20 fold by 48 h (two-way ANOVA,
treatment x time point 2= 0.01; Fisher’s PLSD, effect of treatment £< 0.05 at 6 and 48 h).
Bars + s.e.m.
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Figure 3. Increased lysosomal degradation of mitochondria after exposureto UVC

(a) The number of colocalized spots between mitochondria and lysosomes was initially
lower at 24 h but significantly exceeded that of control by 72 h (two-way ANOVA,
treatment x time point £< 0.0001; Fisher’s PLSD, effect of treatment at 24 h A= 0.0068 and
72 h P<0.0001). Representative images displaying (1) MTG stained mitochondria, (I1) LTR
stained lysosomes, (I11) colocalized spots and (IV) an overlay of all three as detected by
Imaris 3D colocalization analysis in (b) control and (c) UVC treated cells. Bars * s.e.m.
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Figure 4. No detectable change in mitochondrial number or mitochondrial morphology in UV
exposed cells

(@) The total number of mitochondria per cell was decreased 24 h after UVC exposure (two-
way ANOVA, treatment x time point 2= 0.0143; Fisher’s PLSD, effect of treatment at 24 h
in £=0.0345), particularly in class | and Il sized mitochondria (three-way ANOVA,
treatment x time point x class £=0.0034, two-way ANOVA per class, treatment x time
point P< 0.05; Fisher’s PLSD effect of treatment at 24 h < 0.05). By 48 h mitochondrial
number and size distribution had returned to control levels. (b) Scatterplot displaying the
average surface area/volume as compared to the average inverse sphericity of mitochondria
in each size class. Mitochondrial interconnectivity and elongation (inverse sphericity or
surface area/volume) were not affected by UVC exposure at any time point in any class
(three-way ANOVA, treatment x time point x class 2> 0.05). (c) A small but significant
~40 % reduction in DRP1, MFNI and OPA1 expression was observed within 6 h of UVC
exposure. (d) Representative images of control and UVC exposed mitochondria stained with
MTG. Bars £ s.e.m.
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Figure 5. Autophagic degradation of mitochondria is enhanced during recovery

Electron micrographs of control (a), control + Baf (b), UV 24 h + Baf (c-d), UV 48 h + Baf
(e-f) and UV 72 h + Baf (g-h). (a) Control cells without bafilomycin had autophagic
vacuoles (AV) that corresponded to multivesicular endosomes (MVE) or early
autophagosomes, and several mitochondria with defined cristae (solid white arrows). (b)
Mitochondria in control cells with bafilomycin were less defined and several AVs
representing MVEs, autophagosomes and lysosomes were present. (i) Higher magnification
(22,000 x) of a mitochondrion highlighting a lack of electron density and cristae definition.
In UVC-exposed (10 J/m?2) cells a range of mitochondrial phenotypes was observed from
dense mitochondria with well-defined cristae to enlarged mitochondria with less density and
poorly defined cristae. At 24 and 48 h (d,f) large round mitochondria were observed with
areas of low electron density suggesting damaged or swollen inner membrane.
Autophagosomes containing mitochondria (yellow arrows) were observed at 24, 48 and 72 h
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with an increasing trend in frequency at 48 and 72 h. Several autophagosomes containing
general cytoplasmic materials were also observed throughout the recovery period.

J Biochem Mol Toxicol. Author manuscript; available in PMC 2014 January 01.



