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ABSTRACT FOR THE THESIS

Cellular Responses to Different Types of Mitochondrial DNA Damage
by

Ching-Hsin Yang

Master of Science, Graduate Program in Environmental Toxicology
University of California, Riverside, September 2022
Dr. Linlin Zhao, Chairperson

Mitochondrial DNA (mtDNA) is a circular DNA molecule existing in multiple
copies in mitochondria. mtDNA contains a higher level of chemical-induced DNA
lesions than nuclear DNA due to the accumulation of lipophilic and charged chemicals in
the mitochondria and the lack of certain DNA repair pathways. mtDNA lesions can alter
mitochondrial function, such as the reduction of mitochondrial respiration, mitochondrial
membrane potential and an elevation of mitochondrial reactive oxygen species (ROS). In
response to mtDNA damage, DNA repair, mtDNA degradation and mitochondrial
dynamics are the major pathways to eliminate mtDNA damage. The relative
contributions of mtDNA repair, degradation, and mitochondrial dynamics in response to
different types of mtDNA damage remains an outstanding question. To address this
question, characterizing these pathways in mtDNA damage cell models was conducted in
this study. First, inducible mitochondrial targeting uracil DNA glycosylase 1 variant

(UNG1-Y147A) transduced HelLa and HEK293 cells with APE1 siRNA transfection

v



were used as mitochondrial abasic site (AP) lesion models. The mMtDNA copy numbers
were significantly reduced in the UNG1-Y147A-overexpressed HeLa and HEK293 cells.
However, PCR-blocking lesions on mtDNA were not increased in the UNG1-Y147A-
overexpressed or APEL-knockdown cells. DNA repair and mitochondria dynamics-
related genes were not significantly altered. mtDNA degradation was the main response
in the mtDNA AP lesion models. Second, mitochondrial targeting chemical mt-Ox was
used to generate mtDNA oxidative damage in HeLLa and HEK293 cells. Different from
UNGI1-Y147A, mt-Ox increased PCR-blocking lesions on mtDNA without reducing
mtDNA copy number. mt-Ox also induced the expressions of DNA repair and
mitochondria dynamics-related genes in HeLa cells. DNA repair and mitochondria
dynamics were more significant in response to mtDNA oxidative damage. The difference
in response might be due to the types and amounts of lesions. The mechanisms of damage
response activation and decision need further investigation. In conclusion, this study
provides solid evidence that cells had different damage responses in the mtDNA AP
lesions and oxidative damage models. The evidence provides insights into different
cellular responses to different types of mtDNA lesions and guides future research for

illustrating the mtDNA damage induced adverse outcome pathways.
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Introduction
1.1 Mitochondrial Toxicity

The mitochondrion is an important organelle for energy production,
steroidogenesis, calcium regulation, regulation of apoptosis and cell signaling. The
integrity of mitochondria is important for human health since multiple diseases, such
as cancer and neurodegeneration, have been associated with mitochondrial
dysfunction and oxidative damage®. Some chemicals have been reported to induce
mitochondrial toxicity and cause physiological disorders. For example, rotenone is
an electron transport chain complex | inhibitor that increases reactive oxygen species
(ROS) production in mitochondria and induces apoptosis®®. Antimicrobial agent
triclosan can increase ROS levels, depolarize mitochondrial membrane potential, and
disrupt mitochondrial structure in mammalian cell lines®. Trivalent arsenic (Arsenite)
has been reported to alter pyruvate metabolism, reduce ATP-linked respiratory
capacity, and increase proton leak in C. elegans (Caenorhabditis elegans)?’.
Furthermore, emerging pollutants, including phthalates, fungicides, and flame
retardants, have been identified as mitochondrial toxicants with uncertain modes of
toxicity?®. To understand the possible adverse effects of these emerging pollutants,

investigating the modes of mitochondrial toxicity are required.

1.2 Mitochondrial DNA
Mitochondrial DNA (mtDNA) is a closed circle double-stranded DNA located in

mitochondria. The sense strand and antisense strand of mtDNA are named as heavy



(H) strand and light (L) strand. In human cells, mtDNA contains 16,569 base pairs
and encodes 22 tRNAs, two ribosomal RNAs and 13 protein subunits of oxidative
phosphorylation (OXPHQOS) complexes. Besides coding sequence, mtDNA contains
a noncoding displacement loop (D-loop) which is important for mtDNA replication
and transcription®? . One mitochondrion contains multiple copies of mtDNA, but
the mtDNA copy number varies in different cell types and developmental stages®.
Since there are multiple copies of mtDNA within each cell, some copies can carry
mutated sequences without affecting cell physiology. The situation in which two or
more mtDNA variants exist within a cell is called heteroplasmy*’. The selection of
healthy copies for heritage is crucial for oocyte development® 24,

Different from nuclear DNA (nDNA) which is wrapped by histones, mtDNA is
packaged by other proteins, such as mitochondrial transcription factor A (TFAM),
DNA polymerase gamma (POLG), and twinkle (TWNK), and forms mtDNA-protein
complexes termed mitochondrial nucleoids®®. As one of the most abundant nucleoid
proteins packaging mMtDNA into nucleoids, TFAM regulates mitochondrial
transcription and mtDNA replication as well. Knockdown of tfam in zebrafish
(Danio rerio) embryos causes mtDNA copy number reduction, OXPHQOS deficiency
and developmental abnormalities®?. Homozygous Tfam-knockout mice are
embryonic lethal with significant mtDNA loss®. TFAM is essential for mtDNA

maintenance and mitochondria integrity.



1.3 Mitochondrial DNA Damage

mtDNA contains more chemical-induced lesions than nuclear DNA due to the
accumulation of lipophilic and charged chemicals in mitochondria and the absence of
certain DNA repair pathways®. For example, the abundance of mtDNA lesions
increases significantly in the blood and skeletal muscle of the rats after five daily 3.0
mg/kg/day rotenone injections. However, nDNA damage is not observed in either
tissue*. Compared to nDNA, mtDNA is more vulnerable. But the understanding of
mtDNA damage lags behind that of its nuclear counterpart.

The removal of the nitrogenous base causes the formation of absic sites (AP
sites). AP lesion is one of the most abundant DNA lesions in mitochondria and
nucleus. The steady-state amount of AP sites is approximately 30,000 per cell*®, AP
sites arise from a variety of chemical and biochemical processes including the loss of
unstable modified nucleobases, intermediates generated by DNA glycosylases and
free radical attack on deoxyribose. Accumulation of AP sites would cause secondary
DNA damages, such as DNA-protein crosslinks (DPCs) and DNA strand breaks®’.
DPC is a severe type of nuclear DNA damage to cause sister chromatid exchanges,
transformation, and cytotoxicity®. In mitochondria, AP lesions are also abundant and
can number in the hundreds per cell®. Besides forming DPCs and DNA strand
breaks, the accumulation of mitochondrial AP sites triggers mtDNA degradation in
human cell lines and mice?* #4. The reduction of mtDNA copy number can cause
OXPHOS deficiency and mitochondrial membrane potential depolarization®.

Therefore, AP lesion is more harmful to mitochondria.



DNA oxidation is one of the common base modified lesions, such as 8-
oxoguanine (8-o0xoG) and 8-oxoadnine. 8-0xo0G is the most common oxidative lesion
since guanine has the lowest reduction potential among the four nitrogenous bases.
The steady-state amount of 8-oxoG is about 2,400 per cell®. ROS are the major
oxidants of DNA oxidation. Therefore, 8-0xoG is widely used as a biomarker of
oxidative stress’. 8-0xoG can be removed by base excision repair (BER) which is
initiated by 8-0xoG glycosylases, such as 8-oxoguanine DNA glycosylase-1 (OGG1)
and mutY DNA glycosylase (MUY TH)®. During DNA replication, 8-0xoG can pair
with adenine to cause transversion mutations’. 8-0xoG is a mutagenic DNA lesion.
mtDNA locates in the mitochondrial matrix where most cellular ROS are generated,
so mtDNA accumulates more oxidative damage than nDNASZ. Interestingly, the
elevation of oxidative damage doesn’t increase the mutation rate of mtDNA in mice
and mammalian cell lines'® “. Mitochondria might equip novel mechanisms to
protect mtDNA against oxidative damage induced mutation. Other types of mtDNA
damage are also detected in biological samples, such as DNA double strand breaks
and DNA adducts®. Although various types of mtDNA damage are found in cells,

the cellular responses to different types of mtDNA damage are unclear.

1.4 Mitochondrial DNA Damage Responses
DNA repair is an important process for removing DNA damage in mitochondria.
Base excision repair (BER) is the most characterized pathway in mitochondria. BER

removes various types of DNA lesions, including uracil, oxidized bases, and



deaminated and hydrolyzed bases. In BER, different glycosylases remove targeted
DNA lesions to become AP sites and AP endonuclease 1 (APE1) cut the AP sites to
form 5'-deoxyribose phosphates (5'-dRPs). Then 5-dRPs are processed by short-
patch BER, in which POLG fills the gaps and DNA ligase 3 (LIG3) seals the nicks to
complete the repair. Alternatively, in long-patch BER, POLG inserts more than one
nucleotide and flap endonuclease 1 (FEN1), DNA Replication Helicase/Nuclease 2
(DNA2) and Exo/Endonuclease G (EXOG) remove the flaps before LIG3 sealing the
DNA nicks™ %2, In contrast, nucleotide excision repair (NER) is absent or inefficient
in mitochondria. Whether other DNA repair pathways exist in mitochondria, such as
mismatch repair (MMR) and homologous recombination (HR), are still
controverisal*!.

Multiple copies of mtDNA allows mitochondria to remove DNA damage by
degrading damaged molecules. mtDNA degradation seems to be an essential tool to
remove overwhelming oxidative and alkylating damage which is beyond the repair
capacity®®, and also eliminate some types of DNA damage that are not able to be
repaired in mitochondria, such as ultraviolet light-induced pyrimidine dimers and
DNA DSBs' 8, For restriction-enzyme-induced mtDNA DSBs, instead of being
repaired, broken mtDNA are rapidly degraded, leading to a significant drop in copy
number'?. Although mtDNA degradation has been observed in many mtDNA
damage models, the mechanisms and regulations of mtDNA degradation are still
unclear. The stalling of replication or transcription complexes is a likely to be a

trigger of mtDNA degradation®®. Endonuclease G (ENDOG) is an abundant nuclease



in mitochondria, which is thought to degrade damaged mtDNA?®. On the other hand,
recent studies show that mtDNA replication complex proteins, POLG, TWNK and
Mitochondrial genome maintenance exonuclease 1 (MGMEL), play roles in both
mtDNA replication and the degradation of mtDNA with DSBs in HEK293 cells®.
Furthermore, mtDNA degradation deficiencies are observed in Polg mutant mice and
Mgme1l-knockout mice?® 3. Besides coating on mtDNA, regulating transcription and
DNA transactions in mitochondria, our laboratory proposes that TFAM may play a
role in mtDNA degradation. Our results show that TFAM forms Schiff base
intermediates with damaged DNA at AP sites and accelerates strand cleavage in
vitro®®. However, the subsequent pathways to degrade the cleaved mtDNA remain to
be clarified.

Mitochondria dynamics include mitochondria fission and fusion. Mitochondria
fusion is the event that two adjacent mitochondria fuse into one mitochondrion
coordinated by mitofusin 1 (MFN1), mitofusin 2 (MFN2) located in the outer
mitochondrial membrane (OMM) and optic atrophy 1 (OPALl) in the inner
mitochondrial membrane (IMM). On the other hand, mitochondria fission in which
OMM-bound proteins, such as mitochondrial fission 1 (FIS1) and mitochondrial
fission factor (MFF), recruit dynamin-related protein 1 (DRP1) to separate one
mitochondrion into two®. A previous study reported that mitochondrial
fission/fusion and mitophagy genes were required for removing UV-induced mtDNA
lesions in C. elegans®. Another study indicates that acrolein significantly increases

mtDNA damage, reduces mtDNA copy number and induces mitochondrial fission



and mitophagy in human cell lines®®. Therefore, mitochondrial dynamics and
mitophagy are considered possible mtDNA damage response pathways.

Although some mtDNA damage responses have been identified, the contribution
and coordination of these processes to eliminate damage are unclear. Furthermore,
cells might have different damage response contributions to different types of
damage. Therefore, clarifying the interactions between damage response pathways
and different mtDNA damage is crucial for plotting mtDNA damage initiated

adverse outcome pathways.

1.5 Adverse Effects of Mitochondrial DNA Damage

Codon alterations, such as DNA mutation and carcinogenesis, are the most
documented outcomes of DNA damage. Several mtDNA mutations and the
associated diseases have been identified as well. Kearns—Sayre syndrome which is
associated with progressive myopathy, ophthalmoplegia, and cardiomyopathy is
caused by mtDNA deletions. Leber’s hereditary optic neuropathy is an optic
neuropathy that is caused by mtDNA point mutations®. Recent studies also show
that mtDNA mutations are associated with other chronic diseases, including diabetes,

60, Therefore, preventing mtDNA

Alzheimer’s disease, and Parkinson’s disease
mutations is crucial for human health.
mtDNA damage induced copy number reduction causes mitochondrial

physiology alteration as well. The respiration rates, mitochondrial membrane

potentials and ROS production are significantly reduced in three different mtDNA



depleted cell lines*®. On the other hand, the reduction of embryonic mtDNA copy
number doesn’t cause malformation in the newborn mice but increases hepatic
lipidosis and induces glucose intolerance at five months of age®*.

mtDNA damage also causes cellular physiology alteration unrelated to codons.
For example, damaged mtDNA can be an immune signaling molecule to induce pro-
inflammatory and type | interferon (IFN) responses®®. A previous study found that
low-level and prolonged oxidative stress generated by glucose oxidase reduced the
mtDNA integrity and copy number in BEAS2B cells. Following that, the damaged
mtDNA molecules enter the cytoplasm and bind to Z-DNA binding protein 1 (ZBP1)
to trigger inflammation“®. A recent study shows that oxidized mtDNA is cleaved by
FEN1 and transported out of mitochondria via mitochondrial permeability transition
pore and voltage-dependent anion channels (VDACS) to activate leucine-rich repeat
protein-3 (NLRP3) inflammasome and stimulator of interferon genes (STING)%8. The
other study also discovers that mtDNA DSBs can induce the release of mitochondrial
RNA to cytoplasm and trigger both IFN response and retinoic acid-inducible gene |
(RIG-1) - mitochondrial antiviral-signaling protein (MAVS) dependent immune
response®. Plenty of evidence indicates that mtDNA damage can cause various
adverse effects in different cells and organisms. However, a complete picture
connecting mtDNA damage (Molecular initiating event), mitochondrial dysfunction

(Key event) and physiological alteration (Adverse outcome) is missing.



1.6 Mitochondrial Targeting Uracil DNA Glycosylase 1 Variants

Uracil DNA glycosylase 1 (UNGL1) is a DNA repair enzyme which removes
uracil to form AP sites in DNA and initiates the BER pathway. In vitro enzyme
activity experiments show that UNG1-Y147A and N204D variants can generate
excessive AP sites from thymine and cytosine, respectively'’. Based on the excessive
glycosylase activities of the UNGL1 variants, mitochondrial targeting UNGL1 variants
are introduced to generate mtDNA specific AP lesions in cell and animal models.
Overexpression of mitochondrial targeting UNG1-Y147A variant in mouse
hippocampal neurons significantly reduces mtDNA copy number and transcription
activities, and increases oxidative stress in hippocampus??. The following study also
indicates that the overexpression of UNG1-Y147A in mouse cardiac myocytes
decreases the mtDNA copy number, mtDNA encoded transcripts and mitochondrial
respiration rate in the heart tissues. In contrast, mitochondrial mass, antioxidative
defense enzymes, and mitochondrial fission/fusion gene expressions are induced in
the heart tissues?®. Overexpression of mitochondrial targeting UNG1-Y147A and -
N204D variants significantly reduce the mtDNA copy numbers. However, A>G
(T>C) transition or A>T (T>A) transversion mutations are not increased in mtDNA.
On the other hand, G>A (C>T) mutation in mtDNA is increased in the cells
expressing UNG1-N240D variant but not in the cells expressing the UNG1-Y147A
variant?’. Overall, mtDNA copy number reduction is the most iconic phenomenon of

mitochondrial targeting UNGL1 variants overexpression.



1.7 Mitochondrial Targeting DNA Damage Agents

To investigate the cellular responses to mtDNA damage, inducing mtDNA
specific damage in vivo is required but challenging. To achieve this aim, some
mitochondrial targeting chemicals have been developed. MitoParaquat which is a
triphenylphosphonium lipophilic cation conjugated paraquat can significantly
increase the mitochondrial ROS level in C2C12 cells®. A light activated system,
Mito-FAP-MG-21 complex, can produce singlet oxygen in mitochondria®. Kelly
and colleagues developed a series of mitochondria-penetrating peptides (MPPs)
linked DNA-damaging agents to induce different types of lesions specifically on
mtDNA, such as mt-cbl (Chlorambucil)!°, mt-Dox (Doxorubicin)* and mt-Ox®’. mt-
Ox is a mitochondrial targeting DNA oxidizing agent which can induce 8-
oxoguanine in mitochondria rather than nucleus. The PCR-blocking DNA lesions are
also presented on mtDNA but not on nDNA. mt-Ox is able to induce mtDNA

oxidative damage specifically with low off-target effects®’.

1.8 Objectives

mtDNA damage is a molecular initiating event that affects hallmarks of
mitochondrial dysfunction, which can lead to adverse outcomes for higher endpoints®.
Some possible mtDNA damage responses have been documented, but the
contributions of these responses to eliminate different types of mtDNA damage are
not clear. Therefore, the aim of this study is exploring the contributions of mtDNA

damage responses, including mtDNA repair, mtDNA degradation and mitochondrial

10



dynamics, against different types of mtDNA damage in cells. To investigate the
cellular responses to different mtDNA lesions in human, human cell lines, HeLa and
HEK293 cells, with mitochondrial targeting UNG1-Y147A variants and APE1l
siRNA transfection were used as the mitochondrial AP lesion cell models. On the
other hand, HeLa and HEK293 cells with mitochondrial targeting chemical mt-Ox
treatment were defined as the mtDNA oxidative damage cell models in this study.
mtDNA degradation was monitored by counting mtDNA copy numbers through
gPCR. mtDNA repair and mitochondrial dynamics were validated by the expressions
of mtDNA repair and mitochondrial dynamics-related genes. Overall, this study

provides insights into pathways and different damage responses.
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Materials and Methods
2.1 Cell Lines

Human cell lines, HEK 293T cell line, tet-on HeLa cell line, and HEK 293 Tet-
On® 3G Cell Line (Takara Bio USA, 631185), were cultured in Dulbecco's Modified
Eagle Medium (DMEM) (Gibco, 12100-046) supplemented with 10% Tet System
Approved Fetal Bovine Serum (Takara Bio USA, 631106) in the presence of 5%

COzat 37°C.

2.2 Lentivirus Transduction

HEK293T cells were seeded in 6-well plates one day before lentiviral plasmids
transfection. 1.5 pg lentiviral transfer plasmid (pMA-3287 UNG1-Y147A (Addgene,
46883), pMA3288 UNG1-WT (Addgene, 46885), or pMA2780 UNG1-N204D
(Addgene, 25438)), 1 ug packaging helper plasmid psPAX2 (Addgene, 12260) and
0.6 ng envelop helper plasmid pmD2.G (Addgene, 12259) in 87.6 pL water were
mixed with 12.4 pL 2 M CaClz and 100 pL 2x HBS (pH 7.0, 50 mM HEPES, 280
mM NaCl, and 1.5 mM NaHPO4) and incubated at room temperature for 15 min.
After incubation, the transfection mixture was added to the cells dropwise. Cell
medium was renewed at the 24™ hr after transfection and collected after another 24"
hr. The collected cell medium was centrifuged (500g, 10 min) at 4°C to remove
suspended cells and cell debris. One volume of Lenti-X™ Concentrator (Takara Bio,
631231) was mixed with three volumes of cell medium supernatant and incubated at

4°C overnight. To collect lentivirus, the mixture was centrifuge at 1,500g for 45

12



minutes at 4°C. Lentivirus in the pellet was resuspended in 1/10 of the original
volume of DMEM after removing the supernatant.

Host cells (tet-on HeLa or tet-on HEK293) were mixed with different dilutions
of lentiviral suspensions and seeded into a 6-wells plate. One day after transduction,
lentiviral suspensions were replaced by selection media to eliminate non-transduced
cells. The selection medium was renewed daily until the well of cells without
lentivirus transduction was wiped out. The surviving cells were transferred to T25
flasks for expansion. After the cell number expansion, a portion of the cells was
collected for draft genotyping and transduced gene expression analysis by Western
blot, and the remaining cells were stored in liquid nitrogen.

For transduced gene expression analysis, transduced cells were seeded in 10-cm
cell culture dishes. When the cell confluency reached 60%, culture media were
replaced by DMEM with 0.5 pg/mL Doxycycline (DOX). After 24 hr induction,
cells were collected for Western blot.

After the draft genotyping and transduced gene expression analysis, transduced
cells were trypsinized for single colony selection. First, cells were diluted into
10,000 cells/mL suspension and added into the first columns of a 96-well plate. Cell
suspensions were serially diluted by two-fold from the first columns to the last
columns. After the cell number expansion, wells with single colonies were selected
as the stable colonies of the cell line. At least two stable colons are selected in one

cell line.
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2.3 Genotyping

Total DNAs of transduced cells were extracted by Monarch® Genomic DNA
Purification Kit (New England Biolabs, T3010) following the manufacturer’s
instruction. The transduced sequences in the genomic DNAs were amplified by
Phusion® High-Fidelity DNA Polymerase (New England Biolabs, M0530S) through
the PCR reactions and purified by DNA Clean & Concentrator™-5 (Zymo Research,
D4004) after the PCR reactions. The purified PCR products were sequenced by

Sanger sequencing.

2.4 siRNA Transfection

Two days before small interfering RNA (siRNA) transfection, HeLa or HEK293
cells were seeded in 10-cm cell culture dishes. One hour before transfection, cells
were replenished with fresh DMEM. To knockdown APE1 expression, cells were
transfected with 100 pmol of ON-TARGET plus human APEX1 siRNA
(Dharmacon, J-010237-08-0002) or 100 pmol of ON-TARGET non-targeting siRNA
pool (Dharmacon, D-001810-10-05) as the negative control using Lipofectamine®
RNAIMAX Reagent (Invitrogen, 13778-150). After 72 h upon transfection, cells
were collected and freeze by liquid nitrogen.

For APE1l knockdown and UNGL1 induction co-treatment, cells (tet-on HelLa
with UNG1-Y147A or tet-on HEK293 UNG1-Y147A) in 10-cm dishes were
transfected with human APEX1 or non-targeting siRNA and supplemented with

doxycycline (Final concentration in the media: 0.5 pug/mL) at the 48" hr after

14



transfection. Finally, cells were collected after 24 hr doxycycline induction (72 hr

after transfection).

2.5 mt-Ox Treatment

mt-Ox was a kind gift from Dr. Shana Kelly. The preparation and
characterization of mt-Ox have been documented in Wisnovsky et al., 2016°’. For
Lethal Concentration, 50% (LCso) determination, cells (HeLa or HEK293) were
treated with different mt-Ox dosing DMEM (48, 24, 12, 6, 3 and 1.5 uM) or vehicle
control (0.5% DMSO) in 96-well plates. After 1 hr incubation in the cell incubator,
cells were exposed to visible light for 10 min to induce mt-Ox emitting singlet
oxygen in response to light in the visible range. Cell viabilities were measured by
Cell Counting Kit-8 (CCK-8) (Dojindo Molecular Technologies, CK-04) at the 24"
and 48" hr after light activation.

For cell response monitoring, cells were treated with 3 or 6 uM mt-Ox dosing
media or vehicle control (0.1% DMSO) media in 10-cm dishes and 96-well plates.
At the 81, 24" and 48™ hr after light activations, cells in 10-cm dishes samples were
collected for further experiments and cells in 96-well plates were used for cell

viability measurements.
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2.6 Western Blot

For extracting crude mitochondrial fraction, cell pellets were resuspended in 1
mL Cytosol Extraction Buffer (30 mM HEPES, pH 7.4, 1 mM EDTA, 1 mg/mL
BSA and 320 mM Sucrose) and incubated on ice for 10 min. After incubation, cell
suspensions were homogenized with a Dounce-Grinder and transferred to a
centrifuge tube for low-speed centrifugation (1200g, 5 min). Supernatants were
collected and centrifuged again. The new supernatants were centrifuged at 15,0009
for 10 min. Pellets were resuspended in 1 mL Cytosol Extraction Buffer and
centrifuged at 15,000g for 10 min again. The final pellets were resuspended by 100
uL PBS as the crude mitochondrial fraction. The protein concentrations of the crude
mitochondrial fractions were measured by Pierce™ Rapid Gold BCA Protein Assay
Kit (ThermoFisher Scientific, A53225).

Protein samples were mixed with % volume of 5x loading buffer (10% SDS, 250
mM Tris Base, 0.02% Bromophenol Blue, 5% Beta-mercaptoethanol and 30%
Glycerol) and heated at 952C for 5 min. Denatured protein samples were separated in
the SDS-PAGE gels and transferred to nitrocellulose membrane for blotting. Newly
transferred membranes were blocked in the blocking solution (5% BSA, 20 mM Tris,
pH 7.5, 150 mM NaCl and 0.1% Tween 20) for 1 hr. After blocking, membranes
were incubated with primary antibodies in the blocking solution at 49C overnight on
shakers. After primary antibody incubation, membranes were washed by TBST (20
mM Tris, pH 7.5, 150 mM NaCl and 0.1% Tween 20). Next, membranes were

incubated with secondary antibodies with HRP in the blocking solution at room
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temperature for 1 hr. Pierce™ ECL Western Blotting Substrate (ThermoFisher

Scientific, 32106) was used for generating chemiluminescent signals.

2.7 DNAgPCR

For short amplicon DNA gPCR, total DNA samples were analyzed by mixing
with the primer pairs targeting tRNAgiu (mtDNA) or B-globulin (nDNA) and Luna®
Universal gPCR Master Mix (New England Biolabs, M3003S) in the CFX Connect
Real-Time PCR Detection System (Bio-Rad Laboratories). The copy number of
mtDNA is defined as 2°(Ct of tRNAg|, - Ct of B-globulin).

The long-amplicon gqPCR is adapted from Repoles et al., 2021%. Total DNA
samples or DNA standards were mixed with mtDNA primer pairs (3.4 kb) or nDNA
primer pairs (4.5 kb), 200 uM dNTPs, 1x EvaGreen Dye (Biotium, 31000) and 0.63
U PrimeSTAR GXL polymerase (Takara Bio USA, RO50A) in the 1x PrimeSTAR
GXL buffer. Reactions were performed with the following program: 95°C for 3 min;
40 cycles of 95°C for 30 sec and 68°C for 5 min. mtDNA and nDNA amplicons were
defined as the amplification of the long fragment relative to the short fragment,

normalizing values to the average of the control groups.

28 RT-gPCR

RNA samples were extracted by Quick-RNA™ Miniprep Kit (Zymo Research,

R1054) following the manufacturer’s instructions. The reverse transcription was
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conducted by the high-capacity cDNA reverse transcriptase kit (Applied Biosystems,
4368813).
The cDNAs generated by the high-capacity cDNA reverse transcriptase kit were

used for RT-gPCR. The relative quantification method (/\/A\Ct method) was used
for gene expression quantification. To obtain A\Ct, the Ct of the testing gene was

minus the Ct of the house keeping gene glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) in each sample. Then, the /\Ct of the testing gene in each sample was
minus the mean /\Ct in the control group to get /A/A\Ct. The relative expression
level of the testing gene was shown as 2”-/\/\Ct. The primer used in gPCR was

listed in the primer list.

2.9 MitoSOX Staining

Tet-on HelLa cells were cultured on coverslips in 24-well plates 2 days before
mt-Ox treatment. After 48 hr of 6 uM mt-Ox or vehicle control treatments, the
dosing media were replaced by 500 uL opti-MEM with MitoSOX (5 uM) & DAPI (5
ug/mL) and incubated in the cell incubator for 30 min. After incubation, the cells on
coverslips were washed by PBS three times at room temperature. Then, coverslips

were transferred to slides and taken images by Leica DMi8 (Leica).

2.10 Statistical Analysis
The data were presented as mean + standard deviation. Statistical analyses

involved Student's t-test and one-way Analysis of Variance (One-way ANOVA)
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followed by Tukey's honestly significant difference test with Statistical Product and
Service Solutions 27 (IBM). Differences were considered statistically significant at p

<0.05.
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Results
3.1 Mitochondrial Targeting UNGL1 Variants Transduced Cell Lines

To understand the cellular responses to different types of mitochondrial DNA
lesions, human cell lines (HeLa and HEK?293) with inducible mitochondrial targeting
uracil DNA glycosylase variants (UNG1-WT, UNG1-Y147A and UNG1-N204D)
and APEL siRNA transfection were used as the mitochondrial AP lesion cell models
in this study. Mitochondrial targeting UNG1-Y147A, and UNG1-WT transduced
HeLa cell lines were generated in our laboratory previously. In this study,
mitochondrial targeting UNG1-N204D transduced HeLa cell lines and three UNG1
variants transduced HEK cell lines were generated.

UNG1-N204D transduced HelLa cell lines expressed MY C-tagged mitochondrial
targeting UNG1 only after doxycycline induction; the doxycycline-free samples
didn’t express the transduced gene (Figure S1A). On the other hand, non-transduced
HeLa cells didn’t express the transduced gene with the doxycycline treatment
(Figure S1A). UNGL1 variants transduced HEK293 cell lines also expressed MYC-
tagged UNG1 after doxycycline induction (Figure 1B-C and S1B). The results of
genotyping indicated both UNG1-Y147A transduced HeLa and HEK 293 cell lines
carry the Y147A mutant sequences (Figure 1D). The successfully transduced cells
carry the MYC-tagged UNG1 variant sequences in their genomes and express the
mitochondrial targeting UNGL1 proteins that can be recognized by the anti-MYC

antibody.
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mtDNA copy number reduction is the signature effect of mitochondrial targeting
UNG1 variants overexpression**. The copy numbers of mtDNA were significantly
reduced in two UNG1-N204D transduced HelLa cell lines after doxycycline

induction (Figure S2C-D).

3.2 UNGL1 Variant Overexpression and APE1 Knockdown in HeLa Cells

Mitochondrial targeting UNG1 was only expressed in the doxycycline-treated
groups, and the mitochondrial APEL levels were significantly reduced in the APE1-
knockdown groups (Figure 2A). The UNG1 expressions also increased in the
doxycycline-treated groups and APE1 was significantly suppressed in the APE1-
knockdown samples (Figure 2E).

mtDNA copy numbers were reduced in doxycycline/non-targeting-siRNA- and
doxycycline/APE1-siRNA-treated groups but not altered in APE1-knockedown only
group which indicated that the reduction of mtDNA copy was an effect of
overexpression of UNG1-Y147A but not of APE1-knockdown (Figure 2B).

To measure the levels of DNA lesions, a qPCR-based method was applied. The
mtDNA PCR amplification of APE1-knockedown only group was significantly
higher than that in the control, doxycycline/non-targeting-siRNA- and
doxycycline/APE1 siRNA-treated groups (Figure 2C). However, the amplification of
the non-targeting- siRNA-treated group was slightly induced compared to the control
(Figure 2C). siRNA transfection increased the long amplicon PCR amplification of

MtDNA, but UNG1 variant overexpression could inhibit the increases in the
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cotreatments. On the other hand, the long amplicon PCR amplifications of nDNA
were not altered in any treatment (Figure S3A). None of the treatments caused
nDNA lesions in HelLa cells.

The expressions of DNA repair genes, OGG1, MUTYH and LIG3, were not
altered in any treatment (Figure 2E). Mitochondrial nucleoid gene expressions were
not changed in any treatment compared to the control, but the expression of TFAM
was  significantly  different  between  non-targeting-siRNA-treated  and
doxycycline/APE1-siRNA-treated groups (Figure 2E). Mitochondrial dynamics and
mitophagy related genes were not altered in any treatment (Figure 2G and S3B).
Neither UNG1-Y147A nor APE1-knockdown significantly affected the gene
expressions of mitochondrial nucleoid and mitochondrial dynamics.

The transcripts of mtDNA encoded genes, ND1 and ND4, were significantly
reduced in the doxycycline/non-targeting siRNA-treated cells compared to the
control cells (Figure 2D). On the other hand, the transcripts in the doxycycline/APE1
siRNA-treated cells were not significantly different from those of the control cells
and the transcripts in the APEL-knockdown only cells were slightly increased
compared to other groups (Figure 2D). The reduction of mtDNA encoded transcripts
in the doxycycline/non-targeting-siRNA-treated cells might be due to the decrease in
the mtDNA copy number. The no change of mtDNA encoded transcripts in the
doxycycline/APE1-siRNA-treated cells might be due to the counter effect of APE1-

knockdown because the transcription of APE1 knockdown only cells were slightly
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increased (Figure 2D). The increase of mtDNA transcription efficiency rescued the

transcript reduction in the co-treated cells.

3.3 UNGL1 Variant Overexpression and APE1 Knockdown in HEK?293 Cells

Like the results in the HeLa cells, MY C-tagged mitochondrial targeting UNG1
only expressed in the doxycycline-treated groups and APE1 levels were significantly
decreased in the APEL siRNA treatments (Figure 3A). The mRNA levels of APE1
and UNG1 also had the same trends in the APE1-knockdown and doxycycline
induced cells, respectively (Figure 3E).

mtDNA copy numbers were also reduced in doxycycline-treated groups (Figure
3B). The mtDNA PCR amplification of APE1 and non-targeting siRNA transfection
only groups were significantly increased which indicated the reduction of the PCR-
blocking lesions on the mtDNA (Figure 3C). The PCR amplifications of nDNA did
not change in any treatment (Figure S4A). The overall trends of mtNDA copy
number and PCR amplifications in HEK293 cells were like the trends in the HelLa
cells.

Different from the results of HeLa cells, the expression of TFAM was not altered
and OGG1 expression increased in the APEL1siRNA transfection only group
compared to the expression in the control group (Figure 3E-F). Mitochondria
fission/fusion related genes (DRP1 and MFN1) and mitophagy related gene (ATG7)
were significantly induced in the doxycycline/APE1-siRNA-treated group (Figure

3G and S4B).
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The transcript levels of mtDNA encoded genes were slightly reduced in the
doxycycline/non-targeting-siRNA-treated group compared to the levels in the control
group (Figure 3D). nd4 transcript were significantly increased in the APE1-

knockdown only HEK293 cells (Figure 3D).

3.4 Hela Cells With mt-Ox Treatment

The mitochondrial targeting chemical, mt-Ox, was used to treat human cell lines
to generate mtDNA oxidative damage. mt-Ox has an absorbance peak at 500 nm and
the absorbance has a good correlation with the concentration of mt-Ox (Figure S5).

The 24 and 48 hr LCsgp of mt-Ox to HelLa cells were 9.9 and 7.5 pM,
respectively (Figure 4A). The NOAECs of cell viability reduction at both 24 and 48
hr were 3 UM, and therefore 3 UM was used as one of the doses in cellular response
monitoring experiments.

The cell viabilities of HeLa cells did not change after 8 and 24 hr 3 uM mt-Ox
treatment but decreased after 48 hr treatment (Figure 5A). On the other hand, the
viabilities of 6 uM mt-Ox-treated HeLa cells for 8, 24 and 48 hr were significantly
lower than the viabilities of corresponding vehicle controls (Figure 6A). The signal
of mitochondrial superoxide indicator, MitoSOX, was presented in 6 UM mt-Ox-
treated HelLa cells but not in the vehicle control cells (Figure S6). Unlike in the
UNG1 variant overexpressed cells, the mtDNA copy numbers didn’t change in mt-
Ox-treated HelLa cells (Figure 5B and 6B). The PCR amplification of the 3.4 kb

MtDNA fragment was inhibited by using the total DNA samples from the HelLa cells
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with 24 hr 6 uM mt-Ox treatment (Figure 6C), but the amplification of the nDNA
fragment was not blocked by using the same DNA samples (Figure S7B). The results
indicated that mt-Ox generated PCR-blocking lesions on mtDNA specifically.

The DNA repair related gene, MUTYH, was significantly induced in HeLa cells
at the 8™ hr of 6 pM mt-Ox treatment (Figure 6E). Besides MUTYH, the expressions
of APE1, UNG1, LIG3 but OGGL1 increased after 24 hr of 6 pM mt-Ox treatment
(Figure 6E). Whereas only UNG1 was induced in the 3 uM mt-Ox-treated HelLa cells
at the 24" hr (Figure 5E). DNA repair activity seemed higher in the 6 pM mt-Ox-
treated HelLa cells. For mitochondrial nucleoid genes, POLG was induced but
MGME1 was suppressed in HeLa cells by 8 hr of 6 uM mt-Ox treatment (Figure 6F).
The expression of TFAM increased at the 24™ hr in the 6 pM mt-Ox-treated HeLa
cells (Figure 6F). TWNK was increased after 24 hr of 3 uM mt-Ox treatment (Figure
5F). Mitochondria fission genes, DRP1 and FIS1 were significantly induced in the 6
UM mt-Ox-treated HelLa cells (Figure 6G). On the other hand, the expressions of
mitochondria fusion gene, OPA1, also increased in the 6 uM mt-Ox-treated HelLa
cells at both 8" and 24" hr (Figure 6G). However, MFN2 transcription only
increased at the 24™ hr and mfn1 transcription decreased at the 8™ hr (Figure 6G).
The transcripts of mtDNA encoded genes, ND1 and ND4, were significantly induced
in the 6 uM mt-Ox-treated HelL a cells (Figure 6D). The increase of mtDNA encoded
transcripts is a marker of cell stress or cell quality and the ratio of mtDNA encoded
transcripts in the RNA samples is used as the threshold for single cell RNA-seq to

eliminate low quality cells®. Therefore, the increase of mtDNA encoded transcripts
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in the 6 uM mt-Ox-treated HelLa cells corresponded to the low cell viability that cells
were highly stressed. In summary, DNA repair and mitochondrial dynamics-related
genes were significantly induced in the 6 pM mt-Ox-treated HeLa cells that had
higher mortalities (Figure 6). On the other hand, the cell responses of 3 UM mt-Ox

treatment were mild and had low mortalities and gene alterations (Figure 5).

3.5 HEK Cells With mt-Ox Treatment

The 24 and 48 hr LCso of mt-Ox to HEK293 cells were 18.4 and 18.9 uM,
respectively (Figure 4B). The NOAECs of cell viability were 12 and 24 uM at 24
and 48 hr, respectively (Figure 4B). The results showed that HEK293 cells had
higher resistance to mt-Ox compared to HelLa cells.

The HEK293 cell viabilities were not altered by 6 uM mt-Ox but slightly
reduced after 24 hr of 3 uM mt-Ox treatment (Figure 7A and 8A). The mtDNA copy
numbers in HEK293 cells were not altered by mt-Ox (Figure 7B and 8B). Lesions on
mtDNA were increased in the HEK293 cells after 48 hr of 6 mt-Ox treatment (Figure
8C), but lesions on nDNA were not induced in the mt-Ox-treated HEK cells (Figure
S8A-B).

All tested BER related genes were not altered by 3 or 6 uM mt-Ox (Figure 7E
and 8E). MGMEL expression significantly increased in the 6 pM mt-Ox-treated
HEK293 cells at 8" hr but not at 24" and 48" hr (Figure 8F). Mitochondrial
fission/fusion and mitophagy gene expressions did not change in the 3 and 6 uM mt-

Ox-treated HEK?293 cells (Figure 7G, 8G and S8C-D). Mitochondrial DNA encoded
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genes showed no change in the mt-Ox-treated HEK293 cells (Figure 7D and 8D).
Compared to the HeLa cells, HEK293 cells had weaker gene expression responses to

mt-Ox.
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Discussion
4.1 Overexpression of UNG1 Variant Caused mtDNA Degradation

AP lesion is one of the most abundant DNA lesions in the nucleus®®. However,
the abundance and cellular responses of AP lesions on mtDNA are poorly understood.
To address the cellular responses to mitochondrial AP lesions, mitochondrial
targeting UNG1 variants overexpression and APE1 siRNA transfection were applied
to generate mitochondrial AP lesions in cells. mtDNA copy number reduction was
observed in the cells expressing mitochondrial targeting UNGL1 variant which has
been reported in both animal and cell models previously?® 2 4 54 mtDNA
degradation is a mitochondria specific DNA damage removing process due to the
characteristics of multiple copies. mtDNA degradation eliminates highly damaged
mtDNA or some detrimental types of mtDNA damage, such as DNA strand breaks?
18,43 UNG1-Y147A can excise both thymine and uracil on mtDNA creating large
amounts of AP sites that might be over the repair capacity*. TFAM also converts
mitochondrial AP sites into strand breaks which are ready to be removed by mtDNA
degradation®®. Therefore, mtDNA degradation plays an important role in response to
UNG1 variant induced mitochondrial AP sites.

The mtDNA encoded transcripts were decreased in the mitochondrial targeting
UNG1 variant overexpressing cells. The decreases of mtDNA expression are also
detected in other mouse and cell models. The mRNA levels of NADH
dehydrogenase 6 (Nd6) and cytochrome c oxidase | (Cox1l) were significantly

reduced in the mitochondrial targeting UNGL1 variant expressing hippocampus
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neurons and cardiomyocytes in mouse®> 2. The protein levels of COX1 were also
gradually depleted after the mitochondrial targeting UNG1 variants induction in
HelLa and 3T3 cells?®#, The reduction of mtDNA transcription might be due to the
depletion of mtDNA. If the transcription efficiency was not affected, the reduction of
transcription templates (mtDNA) would cause a decrease in the transcripts. The
reduction of transcription is an event following the mtDNA degradation.

In this study, the expressions of mitochondria dynamics-related genes were not
significantly altered by the induction of the mitochondrial targeting UNG1 variant.
However, both mitochondria fission and fusion gene expressions are significantly
induced in the mitochondrial targeting UNGI1 variant expressing mouse
cardiomyocytes?®. Furthermore, the APE1 signal in the immunostaining of
mitochondrial targeting UNG1 variant expressing hippocampus is increased?.
Whereas the gene expression of APE1 was not altered in the doxycycline -treated

cells in this study. The response difference might be due to the time of induction and

different cellular responses in different cell types. The induction time in this study
was only 24 hours but the induction times in the mouse studies are 8 weeks or 2
months®® 23, The upregulation of mitochondria dynamics-related genes and APE1
might be the chronic responses to the overexpression of mitochondrial targeting
UNG1 variant that are not able to be observed in this study.

The overexpression of mitochondrial targeting UNG1 variants also alter
mitochondria physiology, such as reducing the oxygen consumption rate (OCR) and

mitochondrial membrane potential depolarization** >4, Previous mouse studies also
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report that the long-term expression of UNG1 variant causes oxidative stress, induces
antioxidative enzymes, such as superoxide dismutase 2 (SOD2), glutathione
peroxidase 4 (GPX4) and catalase (CAT), and increases the 8-0xoG signal in the
immunostaining images?> 3. In contrast, the ROS production is reduced in the HeLa
cells after 9-day mitochondrial targeting UNG1 variant induction*®. ROS is the
byproduct of electron transport chain 2, so the reduction of ROS production is due to
the ETC activity decease’®. For the acute responses in the cell cultures, the
overexpression of the UNGL1 variant generates excessive AP sites inducing mtDNA
degradation. The expression of mtDNA encoded ETC subunits is reduced due to the
depletion of mtDNA copy. Low expressions of ETC proteins cause ETC activities to
be reduced, producing less ROS. On the other hand, in the chronic mouse models,
the protein levels of mitochondrial-encoded ETC complexes are also reduced but the
level of nuclear-encoded ETC complex Il was not affected??. The imbalance of ETC
complexes might increase the ROS accumulation and inefficient oxidative
phosphorylation because the ETC are arranged in a strict order determined by the
redox potential of the individual components®’. The increasing ROS reacts with
DNA generating 8-o0xoG that activates BER repair in the UNGL1 variant expressing
cells?2. The acute and chronic cellular responses to the accumulation of

mitochondrial AP lesions might be different due to the sequences of key events.
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4.2 mt-Ox Induced Base Excision Repair in HeLa Cells

Accumulation of lipophilic and charged chemicals in the mitochondria and the
high amounts of ROS generated by ETC lead mtDNA contains high oxidative
lesions®®. Therefore, understanding the adverse effects and protective pathways of
mtDNA oxidative damage are crucial. To investigate the cellular responses to
mtDNA oxidative damage, mitochondrial targeting DNA oxidizing agent, mt-Ox,
was used to oxidize DNA in mitochondria specifically®’. The 48 hr LCso of mt-Ox to
HelLa cells and HEK293 cells were 7.5 and 18.9 uM, respectively. HEK293 also had
higher NOAECs of cell viability reduction than HelLa cells had. HEK293 cells had
higher resistance to mt-Ox compared to HelLa cells.

The PCR-blocking lesions were not induced on mtDNA after 8 hr of 6 uM mt-
Ox treatments, but after 24 hr in HeLa cells and 48 hr in HEK293 cells. In the
previous study, the PCR-blocking lesions are increased on mtDNA but not on nDNA
in the cells after 2 hr of 4 uM mt-Ox treatment®’. The faster lesions formation in the
previous work might be due to the additional treatment of DNA samples. 8-0xoG can
pair with adenine and cytosine, so it can be bypass during DNA synthesis. It is not a
strong PCR-blocking lesion®L. In the previous study, DNA samples are treated with
fapy glycosylase (FPG) that creates single strand breaks at the sites of 8-0xoG to
convert 8-oxoG into PCR-blocking lesions®. Therefore, both 8-oxoG and other
PCR-blocking lesions, such as SSB and DSB, can be detected in the previous study.

In contrast, only endogenous PCR-blocking lesions were detected in this study.
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DNA repair genes, APE1, UNG1, MUTYH and LIG3, were significantly induced
in the 6 uM mt-Ox-treated HeLa cells at the 24 hr. MUTYH was also upregulated in
the 8™ hr after light activation. In the previous study, authors combine DNA repair
SiRNA knockdown array and mt-Ox treatment to screen the important genes for
mtDNA repair. The knockdown of APE1, MUTYH, and LIG3 significantly increase
the mt-Ox toxicity in MRC-5 cells. In contrast, the OGG1 and UNG1 knockdown do
not induce the mt-Ox toxicity in the screening®’. Both studies agree that APE1,
MUTYH and LIG3 participate in the response to mt-Ox induced toxicity. Therefore,
DNA repair might play an important role in removing mtDNA oxidative damage.

Except treating mitochondrial targeting DNA oxidizing agent, depletions of
DNA oxidative damage removing glycosylases, such as OGG1 and MUTYH, are
applied to increase mtDNA oxidative damage. For example, Oggl-knockout mice
are analyzed for mtDNA alteration. Interestingly, mtDNA content is increased in the
Oggl-knockout mice compared to the content in the wild type mice. FPG sensitive
sites on mtDNA also elevate in the Oggl-knockout mice and the D-loop region is
most severely affected by the absence of OGG18. To prevent the increase of NDNA
oxidative damage, Kauppila et al. only exclude OGG1 from mitochondria by
removing the mitochondrial targeting sequence of Oggl in the mice'®. The mtDNA
copy number was slightly increased in the liver of Oggl MTS deleted mice, but the
mtDNA mutation rate is not increased'®. In the same study, heart Sod2-knockout
mice had no decrease in mtDNA copy number with high oxidative stress. The

mutation rate is not induced in Sod- knockout or Sod2-knockout x Oggl MTS
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deleted mice either'®. These results indicate that the depletion of OGG1 can induce
mtDNA oxidative damage and increase the mtDNA copy number in mice. The
reason for mtDNA copy number increase might be due to the increase of mtDNA
synthesis in the OGG1 depleted mice®.

Previous studies show that the accumulation of mtDNA lesions and mtDNA
copy number reduction can simultaneously exist in the cells under oxidative stress.
In addition, mtDNA repair and mtDNA degradation are competitive pathways to
eliminate mtDNA damage. For example, both H2O. and xanthine oxidase increase
the mtDNA strand breaks and reduce mtDNA copy numbers in HCT116 cells*®. The
additional treatment of BER inhibitor methoxyamine further decreases the mtDNA
contents which indicates the enhancement of mtDNA degradation*®. In this study,
mtDNA lesions but mtDNA copy number reduction were detected in the mt-Ox-
treated cells. The possible reason that mtDNA degradation was absent in mt-Ox-
treated HeL a cells might be due to the levels of mtDNA damage. The intact mtDNA
levels are less than 20% compared to the control in the xanthine-oxidase-treated
cells*®, but the mtDNA relative amplicons of mt-Ox-treated cells were above 30%
(Figure 6C). DNA repair related genes were also upregulated to repair the mtDNA
(Figure 6E). DNA repair might be sufficient to eliminate the mtDNA damage in the
mt-Ox-treated cells, but not enough to repair the damage in the xanthine-oxidase-
treated cells. To validate this hypothesis, the cotreatment of BER inhibitors and mt-

Ox or increasing mt-Ox concentration are considered.
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4.3 Cellular Responses in Two mtDNA Lesion Models Are Different

In the mtDNA AP lesion cell models, mtDNA copy numbers were significantly
reduced but PCR-blocking lesions did not increase on mtDNA. The transcripts of mt-
DNA encoded genes were also reduced due to the decreases of transcription
templates. However, DNA repair, mitochondrial nucleoid and mitochondria
dynamics-related genes were not significantly altered in the AP lesion models. On
the other hand, in the mtDNA oxidative damage cell models, mtDNA copy numbers
didn’t change but the PCR-blocking lesions on mtDNA increased. The expressions
of mtDNA encoded genes, DNA repair and mitochondria dynamics-related genes
were increased in the mt-Ox-treated HelLa cells. The cellular responses in the two
mtDNA damage cell models were different which indicated cells might have
different damage responses to variable types of mtDNA damage or the degree of
damage. Previous studies already show that the mtDNA degradation activity is
positively correlated to the mtDNA oxidative damage level, and mtDNA alkylating
damage is unlikely to induce mtDNA degradation*®. While mtDNA DSBs are prone
to induce mtDNA degradation rather than DNA repairt?. The contributions of
mtDNA damage elimination pathways are dependent on both types and the extent of
damage.

DNA oxidative damage, such as 8-0xoG, can be repaired by BER and AP site is
an intermediate in the BER process'®. BER related genes were also induced in the 6
uM mt-Ox-treated HelLa cells. As the intermediates, mitochondrial AP sites might

also increase in the mt-Ox-treated HelLa cells, but mtDNA copy number did not
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decrease like in the mitochondrial targeting UNG1 variant expressing HelLa cells.
The reason might be due to the increase of mtDNA synthesis because the gene
expression of mtDNA polymerase POLG and mtDNA nucleoid protein TFAM were
induced. Furthermore, the upregulation of DNA repair which competes with mtDNA
degradation also prevents the mtDNA degrdation®. In contrast, the expressions of
downstream BER genes, APE1 and LIG3, were not induced in the AP lesion models.
Mitochondrial BER might be only activated by the substrates of DNA glycosylases
which start the BER processes. Therefore, both oxidative and alkylating lesions can
be well repaired within the repair capacity*®. As an intermediate of BER, AP site is
not able to activate BER in mitochondria. Without sufficient DNA repair, mtDNA
degradation is dominated to eliminate DNA lesions in mitochondria.

The changes of mtDNA encoded gene expressions were opposite in two mtDNA
damage cell models. The expressions were suppressed in the AP lesion models, but
the expressions were increased in the oxidative damage models. The opposite
response is due to the causes being different. The reduction in AP lesion models is
due to the depletion of mtNDA copies, whereas the induction in the oxidative
damage models is due to the cell death that is absent in the mt-Ox-treated cells with
low mortalities. The induction of mitochondria fission and fusion in the 6 pM mt-
Ox-treated HeLa cells might be due to the same reason. Previous study shows that
mitochondrial toxin acrolein also induces the expression of mitochondria fission

proteins with the activation of apoptosis and elevation of mitochondrial ROS®3. The
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induction of mitochondria fission and fusion might be an indirect response to the

MtDNA oxidative damage in the 6 uM mt-Ox-treated HeLa cells.

4.4  Future Directions

In this study, significantly different cellular responses in the different mtDNA
damage cell models were revealed, but the reasons underlying the response
differences are unclear. The differences are due to the levels of damage, the types of
damage or other reasons are still questionable. To validate whether cells have
different responses to different levels of mtDNA damage, a reliable mtDNA damage
quantification method is essential. Although the gPCR-based method was already
applied in this study, it still has some limitations. For example, some types of lesions,
such as AP sites and 8-0x0G, are not PCR-blocking lesions that can’t be detected by
gPCR3L. Additional enzyme treatments, such as FPG or APE1, converting bypassed
lesions into SSBs which can block PCR reactions might be helpful to overcome this
limitation®!. The qPCR-based method is a relative quantification method, so it is hard
to compare the results between different batches of experiment. Hence, an absolute
quantification is required for comparing the results from different experiments or
lesions. Mass spectrometry is an alternative method for quantifying mtDNA lesions.
Many reliable methods to measure different types of DNA lesions in biological
samples by mass spectrometry have been developed®. However, there are some
problems that mass-spectrum-based methods should overcome. For example, the

purity of mtDNA samples must be high because the mass spectrum cannot

36



differentiate mtDNA and nDNA. The contamination of nDNA is a big problem.
Therefore, a good sample preparation process is essential for the mass spectrum.
Whereas total DNA can be used in qPCR-based methods by using mtDNA specific
primers. In conclusion, a reliable method to quantify the absolute number of mtDNA
lesions is necessary for comparing different mtDNA damage models.

Although mt-Ox is a well-designed chemical for targeting mitochondria, it might
cause other oxidative damage, such as lipid peroxidation and protein oxidation®*. The
cellular responses might be due to the off-target effects. Therefore, the cell death,
mitochondrial dynamics alteration and the increase of mtDNA encoded transcripts
might be due to the oxidative damage of other biomolecules in the cells (Figure 6). It
is difficult to generate mtDNA oxidative damage without causing other side effects.
Chemicals might react with other biomolecules. Knockout and knockdown of DNA
repair genes might have compensated or off-target effects in cells. A novel and
precise tool to generate MtDNA oxidative damage in cells is expected.

The damage recognition and damage responses initiation processes are unclear
but important for the damage response regulations. Therefore, the mechanisms of
damage recognition and damage response initiation are also worth investigating. The
linkages and the sequences of mtDNA damage are also required to depict the
MtDNA damage induced adverse outcome pathways. As previously mentioned, the
sequences of mtDNA AP lesions induced acute effects are relatively clear. However,
the sequences and mechanisms of chronic effects are unclear. Hence, mapping the

adverse effects is also important. Besides AP sites and oxidative damage, other types
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of DNA damage, such as alkylation, mismatch, and DNA strand breaks, were also
presented on mtDNA?®, Investigating the cellular responses of other types of mtDNA
damage at different levels is also important. Different cell types, such as primary cell
cultures or induced pluripotent stem cells, should be tested to confirm the cellular
responses observed in the mtDNA damage human cell line models are universal in
human cells. The further validations in animal models can provide more information
about the adverse effects in the higher levels. Overall, mtDNA is a vulnerable and
significant target for environmental stress, so understanding mtNDA induced cellular
responses and adverse effects is important for protecting human and environmental

health.

38



Conclusion

This study shows that human cell lines had different responses to mtDNA AP
sites and oxidative damage. Overexpression of mitochondrial targeting UNG1
variants generated mtDNA specific AP lesions and decreased the mtDNA copy
number in both HeLa and HEK293 cells. The transcripts of mtDNA encoded genes
were decreased due to the reduction of transcription templates. Whereas DNA repair
and mitochondria dynamics-related genes were not significantly altered. mtDNA
degradation was the main response in the mtDNA AP lesion cell models. On the
other hand, mt-Ox caused PCR-blocking lesions on mtDNA exclusively without
inducing mtDNA degradation. DNA repair and mitochondria dynamics-related genes
were upregulated in mt-Ox-treated HeLa cells. DNA repair was more significant in
the mtDNA oxidative damage models. Overall, this study provides insights into
different cellular responses to two types of mtDNA lesions and guides future

research in investigating factors involved in processing these lesions.
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Table 1. Primer list.

Tables

Name Purpose Sequence Reference
M| cenovoing |F | ATGCTGTTTAATCTGAGGAT s stud
ung1 YPINg T TCACAGCTCCTTCCAGTCAA y
8.9 Kb QPCR | F | TCTAAGCCTCCTTATTCGAGCCGA 3
MDNA | standard | R | TTTCATCATGCGGAGATGTTGGATGG
135kb | QgPCR | F | GCACTGGCTTAGGAGTTGGACT )
NnDNA standard R | CGAGTAAGAGACCATTGTGGCAG
3.4 kb F | TAAAGCCCATGTCGAAGCCC _
mtDNA | PNAGPCR o A TCATGCGGAGATGTTGGATGG | | s study
4.5 kb F | AGGTGGTGGCATGGTTTGAT _
nDNA | PNAGPCR o e A GTAAGAGACCATTGTGGCAG This study

F | CCCCACAAACCCCATTACTAAACCCA | _
tRNAst | DNA QPCR o A T CATGCGGAGATGTTGGATGG | | s Study

F | AGGGTCTTGGGTACAGGAGTT _
BGLO | DNAGPCR Mo - G AGTAAGAGACCATTGTGGCAG This study

F | GAGAGAGACCCTCACTGCTG i
GAPDH | RTPCR Mo CCCTCTTCAAGGGGTCTA

F | CAAAGCAGTTTGCCTGTGGA -
DRPL | RTPCR o CTTGGAGGACTATGGCAGC

F | CCAAATCCTGAAGGAGACGC -
FISL 1 RTAPCR o S TG AAGGCCACAGAGGATA

F | ACGTCTTTTGTCCAGCCTCT -
OPAL | RTAPCR o T TAAAGCGCCCGTAACAT

F | CCTGGCATCCAGGAGTTAGA i
MFNL | RTPCR o T GGTTCCAGCAATGCGATTT

F | TGCAGGTGTAAGGGACGATT i
MFNZ | RTAPCR o G AGGCTCTGCAAATGGGATG

F | CTGTCAGGAGATCCAGGCAATT .
PINKL | RTAPCR o C ATGGTGGCTTCATACACAGC

F | CTGCCAGCTCGCTTAACATTG -
ATGT | RTOPCR o T GTTGAGGAGTACAGGGTTTT

F | GTTTCTTA ATA AT
wer | RTgPoR | GTTTCTTACGGCATAGGCG o

CACAAACGAGTCAAATTCAGCC
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Name Purpose Sequence Reference
0661 | RTGPCR || GGATCAGOCOAGOTCCAMAS |
UNGL | RTGPCR | G AnCACTARAGCAGAGCCE :
o | repon [T ATACCSORTGOMECHSET |
P
woves | vropcn | £ {ASASCSCTATICTo G e |
cw000 | wropon [ SASCACACOTICTACCTOR |
| Rrn | £ SSETSCMEATCRACTO GG
POLG | RT®PCR | 0CTATCOACAGACTACRCT ”
e | repon | SCSeTeCeecTeReTITe
01| RTopcn | £ ASSCCTSTATITATICTACCEAS |y
04| T opon | - TAMGCOCRTGICOMOCES |
ND5 RT qPCR ; AACTGTTCATCGGCTGAGAGG This study

GTCAGGGGTGGAGACCTAATTG
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Table 2. Antibodies used in the thesis.

Antibody Company Catalog No. Host Ab Type
TOM20 Cell Signaling 42406 Rabbit mADb
APE1 Santa Cruz sc-55498 Mouse mADb
c-Myc Tag Genscript A00704 Mouse mADb
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Figure 1. Mitochondrial targeting UNG1 variants transduced cell lines.

(A) The structure of mitochondria targeting uracil DNA glycosylase 1 variants. Western
blot of MYC and TOM20 in the mitochondrial fraction after 24 hr with and without
doxycycline induction from (A) mt-MYC-UNG1-WT transduced HEK 293 tet-on cells
and (B) mt-MYC-UNGL1-Y147A transduced HEK 293 tet-on cells. (C) The sequences of
transduced mt-MYC-UNGL1 gene in mt-MYC-UNG1-WT HEK 293 tet-on cells, mt-
MYC-UNG1-Y147A transduced HEK 293 tet-on cells and mt-MYC-UNG1-Y147A
transduced tet-on HeLa cells. Myc-tag (MYC).
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Figure 2. UNG1-Y147A overexpression and APE1 knockdown in HelLa cells.

(A) Western blot of MYC, APE1 and TOM20 in the mitochondrial fractions, (B) mtDNA
copy number, (C) mtDNA relative amplicons, gene expressions of (D) mtDNA encoded
genes, (E) DNA repair, (F) mitochondrial nucleoid, and (G) mitochondrial fission/fusion
of tet-on HeLa UNG1-Y147A cells after 72 hr non-target or apel siRNA with and
without 24 hr doxycycline treatment (Mean + SD, n = 4). Different letters indicate
significant difference (p < 0.05) between different groups by one-way ANOVA followed
by Tukey's HSD test.
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Figure 3. UNG1-Y147A overexpression and APE1 knockdown in HEK293 cells.

(A) Western blot of MYC, APE1 and TOM20 in the mitochondrial fractions, (B) mtDNA
copy number, (C) mtDNA relative amplicons, gene expressions of (D) mtDNA encoded
genes, (E) DNA repair, (F) mitochondrial nucleoid, and (G) mitochondrial fission/fusion
of HEK293 tet-on UNG1-Y147A cells after 72 hr non-target or apel siRNA with and
without 24 hr doxycycline treatment (Mean + SD, n = 4). Different letters indicate
significant difference (p < 0.05) between different groups by one-way ANOVA followed
by Tukey's HSD test.
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Figure 4. LCso of mt-Ox.

The CCK-8 activity of (A) tet-on HeLa cells and (B) HEK293 tet-on cells after 24 hr and
48 hr of mt-Ox treatment or vehicle control (0.5% DMSO) (Mean = SD, n = 5). Asterisk
indicates significant difference vs 24 hr VC and hashtag indicates significant difference
vs 48 hr VC by One-way ANOVA followed by Tuckey's HSD test.
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Figure 5. HeLa cells with 3 uM mt-Ox treatment.

The CCK-8 activity, (B) mtDNA copy number, (C) mtDNA relative amplicons, gene
expressions of (D) mtDNA encoded genes, (E) DNA repair, (F) mitochondrial nucleoid,
and (G) mitochondrial fission/fusion of tet-on HelLa cells after 8, 24 and 48 hr of mt-Ox
(3 uM) treatment or vehicle control (0.1% DMSO) (Mean = SD, n = 3). Asterisk
indicates significant difference vs vehicle control at p < 0.05 by Student's T-test.
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Figure 6. HeLa cells with 6 uM mt-Ox treatment.

(A) The CCK-8 activity, (B) mtDNA copy number, (C) mtDNA relative amplicons, gene
expressions of (D) mtDNA encoded genes, (E) DNA repair, (F) mitochondrial nucleoid,
and (G) mitochondrial fission/fusion of tet-on HelLa cells after 8, 24 and 48 hr of mt-Ox
(3 uM) treatment or vehicle control (0.1% DMSO) (Mean = SD, n = 4). Asterisk
indicates significant difference vs vehicle control at p < 0.05 by Student's T-test.
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Figure 7. HEK293 cells with 3 pM mt-Ox treatment.

(A) The CCK-8 activity, (B) mtDNA copy number, (C) mtDNA relative amplicons, gene
expressions of (D) mtDNA encoded genes, (E) DNA repair, (F) mitochondrial nucleoid,
and (G) mitochondrial fission/fusion of HEK293 tet-on cells after 8, 24 and 48 hr of mt-
Ox (3 uM) treatment or vehicle control (0.1% DMSO) (Mean £ SD, n = 3). Asterisk
indicates significant difference vs vehicle control at p < 0.05 by Student's T-test.
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Figure 8. HEK?293 cells with 6 pM mt-Ox treatment.

(A) The CCK-8 activity, (B) mtDNA copy number, (C) mtDNA relative amplicons, gene
expressions of (D) mtDNA encoded genes, (E) DNA repair, (F) mitochondrial nucleoid,
and (G) mitochondrial fission/fusion of HEK293 tet-on cells after 8, 24 and 48 hr of mt-
Ox (6 uM) treatment or vehicle control (0.1% DMSO) (Mean £ SD, n = 3). Asterisk
indicates significant difference vs vehicle control at p < 0.05 by Student's T-test.
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Figure S1. Validation of UNG1-N204D transduced cell lines.

Western blot of MYC and TOM20 in the mitochondrial fraction after 24 hr with and
without doxycycline induction from (A) mt-MYC-UNG1-N204D transduced tet-on HelLa
cells and (B) mt-MYC-UNGI1-N204D transduced HEK 293 tet-on cells. (C) The
sequences of transduced mt-MYC-UNGI1 gene in mt-MYC-UNGI-WT tet-on HelLa, mt-
MY C-UNGI-N204D tet-on HeLa and mt-MYC-UNG1-N204D HEK 293 tet-on cells.
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Figure S2. mtDNA copy number of UNG1-N204D transduced cell lines.

Western blot of MYC and TOM20 in the mitochondrial fraction after 12 or 24 hr with
and without doxycycline induction from mt-MYC-UNG1-N204D transduced tet-on HeLa
cell line (A) colony 1 and (B) colony 2. The mtDNA copy number in the mt-MYC-
UNG1-N204D transduced tet-on HeLa cell line (C) colony 1 and (D) colony 2 after 12 or
24 hr with and without doxycycline induction (Mean + SD, n = 3). Asterisk indicates
significant difference (p < 0.05) between the cells with and without doxycycline
induction by Student’s t-test.

65



1.5 3
H NS [ Control s [] Control
H [ NTING 3 [ NT/NC
2
H P
L NT/DOX E NT/DOX
= o -
g 4 @ APE1/INC g APE1/NC
§ APE1/DOX g APE1/DOX
% 05 3
g 2
] E
: 2
0.0

Figure S3. UNG1-Y147A overexpression and APE1 knockdown in HeLa cells.

(A) nDNA relative amplicons and (B) mitophagy related gene expressions of tet-on HeLa
UNGI1-Y147A cells after 72 hr non-target or apel siRNA with and without 24 hr
doxycycline treatment (Mean = SD, n = 4). Different letters indicate significant
difference (p < 0.05) between different groups by one-way ANOVA followed by Tukey's
HSD test.
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Figure S4. UNG1-Y147A overexpression and APE1 knockdown in HEK293 cells.

(A) nDNA relative amplicons and (B) mitophagy related gene expressions of HEK293
tet-on UNG1-Y147A cells after 72 hr non-target or apel siRNA with and without 24 hr
doxycycline treatment (Mean + SD, n = 4). Different letters indicate significant
difference (p < 0.05) between different groups by one-way ANOVA followed by Tukey's
HSD test.
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Figure SS. The light absorbance of mt-Ox.
(A) The absorbance of mt-Ox (5 pg/mL) at different wavelength. (B) The 500 nm

absorbance of 0-10 pg/mL mt-Ox.
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0.1% DMSO

6 LM mt-OX

Figure S6. MitoSOX staining of mt-Ox-treated HeLa cells.

(A) DAPI, (B) MitoSOX and (C) the merge of DAPI and MitoSOX signals in tet-on
HeLa cells after 48 hr of vehicle control (0.1% DMSO) treatment. (D) DAPI, (E)
MitoSOX and (F) the merge of DAPI and MitoSOX signals in tet-on HeLa cells after 48
hr of mt-Ox (6 uM) treatment.
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Figure S7. HeLa cells with mt-Ox treatment.

(A) The nDNA relative amplicons and (C) mitophagy related gene expressions of tet-on
HeLa cells after 8, 24 and 48 hr of mt-Ox (3 uM) treatment or vehicle control (0.1%
DMSO) (Mean + SD, n = 3). (B) nDNA relative amplicons and (D) mitophagy related
gene expressions of tet-on HeLa cells after 8 and 24 hr of mt-Ox (6 uM) treatment or
vehicle control (0.1% DMSO) (Mean = SD, n = 4). Asterisk indicates significant
difference vs vehicle control at p < 0.05 by Student's T-test.
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Figure S8. HEK293 cells with mt-Ox treatment.

(A) The nDNA relative amplicons and (C) mitophagy related gene expressions of
HEK293 tet-on cells after 8, 24 and 48 hr of mt-Ox (3 uM) treatment or vehicle control
(0.1% DMSO) (Mean + SD, n = 3). (B) The nDNA relative amplicons and (D) mitophagy
related gene expressions of HEK293 tet-on cells after 8, 24 and 48 hr of mt-Ox (6 uM)
treatment or vehicle control (0.1% DMSO) (Mean = SD, n = 3). Asterisk indicates
significant difference vs vehicle control at p < 0.05 by Student's T-test.
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