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Abstract

Reactive oxygen and nitrogen species damage cellular macromolecules including DNA. Cells have
a robust base excision repair pathway to deal with this damage in both nuclear and mitochondrial
genomes. However, mitochondria lack nucleotide excision repair. Evidence suggests that chronic
oxidative stress can induce protective pathways lowering genotoxicity. Understanding oxidant
injury to DNA and its repair is critical for our understanding the pathophysiology of a wide range
of human disorders.

Graphical Abstract

Model of how chronic ROS exposure provides a protective mechanism when cells are grown at
intermittent low concentration (50uM) of H,O, and during prolonged periods (seven days). H,O»
molecules diffuse into the cell mediated by the aquaporin cell membrane protein, triggering two
main cell responses: i) activating redox-sensitive mediators (e. g. PI3K/AKT, ERK1, SRC), and ii)
inducing DDR through ATM and ATR sensors (red). Both signaling events promote
transactivation of transcription factors augmenting gene expression of DNA repair enzymes,
mainly of the BER pathway (blue), NER (green) and mismatch repair (black) converging in the
ROS protective phenotype.
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1. Oxidant injury and macromolecule damage

The evolution of photosynthesis some 3.5 billion years ago provided oxygen to planet Earth
and a subsequent explosion of life forms that used oxygen in their metabolism and energy
production. During this process many organisms had to deal with a toxic brew of reactive
oxygen and nitrogen species (RONS) that arose from both exogenous and endogenous
sources. The primary endogenous sources are from mitochondria during oxidative
phosphorylation, specific metabolic pathways often involved in xenobiotic detoxification,
and NADPH oxidases. The later of enzymes was essential for allowing the evolution a
billion years ago of ambeoid-like cells into macrophages in multi-cellular organisms, to help
fight infections. The main exogenous sources that help shape evolution were ionizing and
UV radiation and vast array of natural and man-made chemicals [1]. Some of these
chemicals generate free radicals (molecules with unpaired electrons) during their metabolic
conversion, such as carbon tetracholoride, whereas other chemicals, such as rotenone can
cause free radicals by inhibiting key steps in oxidative phosphorylation, in this case at
Complex I (Figure 1). The seminal discovery of enzymes (superoxide dismutases) that
convert the superoxide radical anion to hydrogen peroxide by McCord and Fridovich in
1969 [2] triggered an enormous interest in how free radicals, and RONS might damage
macromolecules, including protein, lipids and DNA, and how the accumulation of this
damage can underlie the pathophysiology of a large number of human diseases. However
critical thinkers in the free radical community, including Torren Finkel [3] and Barry
Halliwell [4], suggest that RONS are important signaling molecules and that failure of anti-
oxidant therapy may be in part due to our lack of sufficient knowledge of redox biology in
compartments of living cells. This review discusses our current understanding of how
oxidative stress induces DNA damage in both nuclear and mitochondrial compartments, the
subsequent biochemical pathways that help to remove this damage, how chronic oxidative
stress can upregulate DNA repair, and finally how faulty repair can cause pathological
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consequences. We have tried to highlight key studies and current challenges that are active
areas of research; this review is therefore not comprehensive in nature.

2. Current views of oxidative DNA damage and repair in the mitochondrial
and nuclear genomes

2.1 Repair of oxidative DNA damage by base excision repair (BER)

Over the last decade many excellent reviews on the topic of oxidative damage and repair to
nuclear and mitochondria genomes have been published and the reader is encouraged to
examine these excellent summaries, including: [5-11]. In fact, an entire recent issue of Free
Radical Biology and Medicine (Molume 107, June 2017) has been dedicated to this topic
[12]. One of the most common forms of oxidative DNA damage is 8-oxoguanine, 8-0xoG
(Figure 2). The repair of this lesion is initiated by the same enzyme 8-oxoguanine
glycosylase (OGG1) in the nucleus and mitochondria. OGG1 efficiently recognizes 8-o0xoG
removing the damaged base and through an intrinsic lyase activity cleaves on the 3" side of
remaining sugar to generate a 3" ribose moiety and a5 phosphate. OGG1 shows slow
turnover, due to avid binding to the abasic site product and is released by the action of
apurinic endonuclease, APE1 that cleaves on the 5” side of the sugar moiety to generate a 3
hydroxyl and a one base gap. In the nucleus, and perhaps in the mitochondria (see section
2.1.4) this gap triggers activation of poly-ADP-polymerase (PARP1), which uses NAD to
make chains of poly(ADP-ribose) on itself and other proteins. This parylation serves to help
recruit DNA polymerase B, Pol, the scaffold protein, XRCC1 and DNA ligase 111 [11]. Pol
B serves to fill in the one base gap and DNA ligase | or 111 seals the nick. Many BER
enzymes like OGG1, are either alternatively spliced or have a different start codon to encode
a mitochondrial leader sequence for mitochondrial targeting. Mitochondrial repair of 8-
0Xx0G, as in the nucleus, proceeds by the action of OGG1 and APEL. The resulting gap is
filled in by DNA polymerase vy, Pol -y, but rather than stop at a one base insertion Pol vy likes
to perform strand displacement. This 5" flap needs to be processed by an endonuclease,
which was believed to be DNA2 [13], but is apparently Exonuclease G (EXOG) (see 2.1.1)
[14]. DNA ligase 11, the only known ligase in the mitochondria is then required for sealing
the repair patch [15].

2.1.1 Base excision repair and the role of EXOG in mitochondrial BER [14]—
Sankar Mitra and coworkers discovered a mitochondrial protein, ExoG, with homology to
the mitochondrial protein EndoG which is released during apoptosis. Through a
comprehensive series of sophisticated experiments they found that EXOG, and not DNA2 or
FENZ1, was responsible for the removal of the 5” flap generated during mtDNA repair. They
found that depletion of EXOG caused mtDNA damage, increased ROS, loss of
mitochondrial function and cell death [14].

2.1.2. DNA ligase lll required for normal cell growth—Maria Jason’s laboratory used
an elegant “pre-emptive complementation” approach were able to show that cells did not
require DNA ligase Il in the nucleus to proliferate, while cells lacking DNA ligase I1l in the
mitochondria would not grow [15]. These data suggested that DNA ligase 11 activity in the
mitochondria was critical for normal cell proliferation [15, 16].
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2.1.3. Inhibiting mitochondria DNA ligase Ill—Building on this idea that loss of
mitochondrial DNA ligase Il activity my cause cytostatic or cytotoxic effects, Alan
Tomkinson and coworkers developed a DNA ligase 11 inhibitor, L67 that specifically
inhibited the growth of tumor cells through alterations in mitochondrial DNA transactions
[17].

2.1.4. PARP1 mediator of BER in the nucleus and inhibitor of mitochondrial
repair—Despite evidence for poly(ADP-ribose) glycohydrolase, PARG, in the
mitochondria [18], an enzyme that breaks down poly(ADP-ribose) chains, the presence of
PARP1 in the mitochondria has been controversial. Recently a strong case has been made
that PARP1 has activity in the mitochondria, and unlike its positive role in the nucleus, it
seems its activity in the mitochondria inhibits DNA repair and can exacerbate cell injury
[19-21].

2.2 Are current genomic regions more susceptible to oxidant injury?

2.2.1 Nuclear regions including telomeres—Since DNA is negatively charged it has
been speculated that divalent metal ions like Fe2* might bind to specific DNA sequences
and make DNA more prone to Fenton-chemistry attack of hydroxyl radical (Figure 1). Stuart
Linn and coworkers mapped reactive sites on DNA and surprisingly, found the highest
reactivity to be that with the consensus sequence, TTAGGG, the identical sequence found in
telomeric DNA [22]. This has led to the concept that telomeric DNA, due to its G rich
strand, may be more susceptible to ROS damage that the nuclear DNA overall.

2.2.2 Mitochondrial DNA is more susceptible to oxidant injury—In the late 1990’s
we developed a quantitative PCR assay for the detection of DNA damage in specific
sequences and we found that mtDNA is much more prone to oxidant injury from hydrogen
peroxide than nuclear DNA [23, 24]. This oxidant injury leads to rapid mtDNA loss and
subsequent decline in mitochondrial function [25]. Surprisingly, equal amounts of alkylation
damage to mitochondrial DNA did not trigger the same cellular events. Part of the
explanation could be the large amounts of Fe in the mitochondrial either involved in iron-
sulfur (FeS) cluster synthesis or as FeS centers in key mitochondrial electron transport
proteins are prone to attack by hydrogen peroxide.

3. Is DNA repair inducible after oxidative stress?

3.1 Current evidence

After the discovery of an inducible DNA repair adaptive response in £.coli [26], seven years
later an analogous system was discovered in eukaryotes [27], followed by genetic and
enzymatic support. Currently, in mammalian cells it is well documented that /n vitro acute
exposures to reactive oxygen species (ROS), activates metabolic antioxidant defenses and a
sophisticated network of DNA damage-response (DDR) systems, among them, DNA repair
mechanisms for genomic oxidative lesions, and cell-cycle checkpoint pathways [28, 29].
However, fewer studies have examined whether genomic damage responds in a redox
homeostasis-related process and adaptation can occur during conditions of chronic low-dose
exposures.
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Recently we addressed this issue by reporting that chronic exposures to low concentrations
of oxidative stimuli (50 uM hydrogen peroxide), over seven days, induces an adaptive
response in C2C12 cells, with low genotoxicity [30]. These chronically exposed cells were
found to become resistant to subsequent challenges of 10X-20X acute doses of hydrogen
peroxide. More importantly, this adaptation was marked by the concurrent upregulation of
mRNA levels for ATR, APE1, OGG1, PARP3, XRCC1, ERCCI1, MLH1, MSH6 AND
RADI18 genes associated with a G, check point (important for cell survival) and DNA
damage response pathways (see graphical abstract). Among the induced proteins, several
are involved in base excision repair (BER) pathway (APE1, OGG1, PARP3 and XRCC1),
which play a key role in the repair of oxidative DNA damages (Figure 2). MLH1 and MSH6
are also two key proteins in the mismatch repair (MMR) pathway, also implicated in the
response to oxidative DNA damage, particularly of 8-oxoG residues [31].

Oxidative events at the promoter levels can generate transcriptional upregulation of DNA
repair genes [32], resulting in an adaptive response only visible through a narrow window of
oxidant dose, because DNA damage itself can interfere with transcription [29, 33]. This
induction of repair systems after oxidative stress is reminescent of induction of base excision
repair after alkylation damage [34]. Despite compensatory pathways, genome instability
induced by chronic levels of ROS like those found in inflammation-related disorders, may be
involved in spontaneous mutagenesis and the etiology of a wide variety of human diseases,
including: aging, asthma, atherosclerosis, cancer, diabetes and neurodegeneration, Figure 3
[8, 35, 36].

It is clear that some types of cells can adapt to moderate oxidative stress with protective
mechanisms. As has been pointed out by several research teams, a low level of hydrogen
peroxide acts as a signaling molecule, sometimes emanating from the mitochondria, and
might help to explain the anti-oxidant paradox were both high levels of ROS or anti-oxidant
scavengers become detrimental to human health [3, 37]. However, what specific cell types,
how much stress and whether these stress responses are altered with age, are important
questions that remain to be answered. Obtaining this knowledge will certainly have
important implications in medicine. For example, perhaps small bouts of oxidant stress from
routine moderate exercise helps muscles acquire the capacity to withstand subsequent higher
doses of ROS, such as those that occur during strenuous exercise. A similar idea is pre-
conditioning heart muscle to ischemia-reperfusion injury to prevent large myocardial
infarctions. Clearly we do not have a sufficient battery of tests for assessing the status of
redox balance in people and whether chronic oxidant stress or antioxidants may be
beneficial. Mitochondrial DNA damage may be one such biomarker of oxidant injury [38,
39].

4. Are DNA repair proteins susceptible to oxidative injury: Iron-sulfur (Fe-S)

centers in key nuclear DNA metabolizing enzymes

One intriguing finding is that many nuclear proteins that function during DNA transactions
such as transcription, replication and DNA repair have Fe-S clusters Figure 4, [40]. It is
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important to note that Fe-S cluster assembly occurs in mitochondria and a key enzyme in
nucleotide excision repair, XPD, a damage sensing helicase that requires a Fe-S center for
function [41]. NER is known to remove some forms of oxidative lesions such as cyclopurine
adducts in the nucleus, and one report suggests a role of XPD in reducing ROS stress in
mitochondria, although this latter observation requires confirmation [41]. Thus in cells with
mitochondrial dysfunction there may be a loss of mitochondria to form Fe-S clusters that
could result in increased nuclear damage and lack of repair. Such a case may occur in the
human disease Friedreich ataxia patients where both an increase in mitochondrial and
nuclear damage was found. This DNA damage in peripheral white blood cells was
associated with a pattern of gene expression consistent with DNA damage [38].

5. Mitochondrial-nuclear cross talk

It is clear that mitochondrially-generated ROS can induce protective as well as deleterious
effects. As mentioned previously, mitochondrially-generated ROS may be important for
triggering key nuclear events [3, 37, 42, 43]. Oxidant stress can induce a robust Nrf2
response which is protective to cells [44]. While too much ROS can cause cellular
senescence [45, 46].

5.1. hTERT in the mitochondria

Another interesting feature of cross-talk between the mitochondria and the nucleus is the
observation that the protein subunit of telomerase, hTERT, has a mitochondrial leader
sequence and can be both deleterious and helpful during oxidant injury [47-50]

5.2. Does mitochondrial dysfunction cause nuclear problems?

While many reviews suggest that mitochondrially-generated ROS is sufficient to cause
nuclear problems, direct evidence for such a mechanism is not clear and there are data both
for and against.

5.2.1. Cases against—€arly studies failed to show any nuclear damage following
mitochondrial dysfunction induced by treatment with electron transport inhibitors that are
known to increase mitochondrially-derived ROS [51, 52].

5.2.2. Cases for—However nuclear genome instability has been noted in human patients
with pulmonary arterial hypertension that is associated with an increase in mitochondrial
ROS production [53]. Also quite recently it has been shown that mitochondria with defects
in a specialized repair system to remove topoisomerase-DNA protein cross-links lead to an
increase in ROS generated by the mitochondria and subsequent nuclear damage [54].

6. Scientific Outlook

We live in an exciting time where new chemical biology advances are allowing manipulation
of RNOS species in specific compartments of cells in culture and living tissue [42, 55, 56].
Low to moderate levels of oxidative stress are involved in a great diversity of physiological
process. In evolutionary terms, it is reasonable to think that adaptive mechanisms have
evolved to maintain oxidative homeostasis. However, it is captivating to note that the abrupt
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extension of average human life span in the past two centuries, overlaps with the steep rise
in ROS-related diseases such as neurodegeneration, diabetes, cancer and age-related
pathologies (Figure 3). Several questions arise: 1) Could this be due in part to pro-
inflammatory immune responses that allow us to fight infections in our youth, which
however, cause age-related deterioration of the base-line adaptive mechanisms later in life?
2) Can we replicate an adaptive responses in an aging model linked with these pathologies?
3) Can we use chemotherapeutics and/or nutraceuticals, stress reduction and exercise to help
modulate the adaptive response to oxidative stress? One interesting starting point to these
questions is to better understand what influences the highly conserved (BER) pathway,
which plays a central role in the repair of oxidative DNA damages. Among the different
enzymes involved in BER, one of the most interesting and critical ones is the multifunctional
APE1/Ref-1 that clearly responds to oxidant stress as described above. The protein has been
the target of biochemical manipulation with small molecules such as, E3330, to regulate its
reversible nuclear redox activity [57]. While this compound has been targeted for
chemotherapy of cancers, it may be extended to other age-related pathologies involving
REDOX biology [58, 59].
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Highlights
. Oxidative stress causes a wide spectrum of DNA lesions
. These lesions are repaired in both nuclear and mitochondrial genomes
. Chronic oxidative stress protects from genotoxic damage
. Many humans diseases are associated with oxidant injury
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B. Four electron reduction of oxygen to form water:
€ =%, e —~ € —~ € ™~
0, —» +*0,~ — H,0, — *OH — H,0

Figure 1. Common reactive oxygen species generated in the mitochondria
A. Superoxide radical anions are primarily made at Complexes | and 111 are converted to

hydrogen peroxide, H,O,, by manganese superoxide dismutase, MnSOD (SOD?2), and
broken down to water by either glutathione peroxidase, GPx, or peroxiredoxin (Prx).
Mitochondria make iron sulfur centers and in the presence of reduced iron, Fe2*: Fenton
chemistry can generate the highly reactive hydroxyl radical that can attack all mitochondrial
macromolecules including DNA causing loss of electron transport proteins encoded by the
mtDNA and subsequent increases in superoxide production. At Complexes I, 11, and 1V,
electron movement is coupled to proton movement into the inner membrane space which is
harvested by Complex V the ATP synthase. B. Oxygen is consumed at Complex 1V in a four
electron reduction to form water. Adapted from [60].

Curr Opin Toxicol. Author manuscript; available in PMC 2019 February 01.



Van Houten et al.

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

A.
o) H
H = O
N NH ‘S(k
—_— N
o= Il J_ oy |
NTSNT T NH, AN
b HNH
8-oxoguanine Sp
"0 b HaN
O\/NH| NH =<N Z N
o |
HN N/)\NHz W(l: \N)\H

thymine glycol

NH,

NZ OH

O)\N l
It

5-hydroxycytosine

8-oxoadenine

e}
OH

o
1

5-hydroxyuracil

Page 13

0GG1

|1 IiI/I'TIV‘I L1

APE1 ) \1\‘ y oee,
1 /
4y

APE1

()
HNENEndEREEE

* b

PolB

PARP1

LiGimn

iv

PARP1

LiGgimn

A
IIIIIII@LIIGII""II

Curr Opin Toxicol. Author manuscript; available in PMC 2019 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Van Houten et al. Page 14

A MtDNA Base Excision Repair B Mtl

damaged base 3 . —

Glycosylase

e
abasic site § l
; dRP
5 p

3
Poly w
SN-BER 5 Poly 9RP LP-BER

s :
single nucleotide \st;and displacement
gap filling /

dRP

5" Poly\

3"

¥t Poly 4RP
3" ‘ ‘ * Flap recognition
*EXOG .

Poly dRP
ars | m\‘f/@

5

w o,

3"

N dRP removal 5' Flap processi:g/(
g

3 dRP
Ligllt i Ligation 3 \

g Ligll
Figure 2D 3

dRP

Figure 2. Common forms of oxidative DNA damage and its repair
A. Common oxidized purines, B. Common oxidized pyrimidines, C. Base excision repair

pathway in the nucleus: i. 8-oxoguaine is 8oxoguanine glycosylase, OGG1, which removes
the damaged base and produces a 3" nick, ii. This intermediate is recognized by apurinic
endonuclease, APE1 that facilitate OGG1 turnover, and nicks the 5” of the sugar moiety to
generate a one base gap, iii. DNA polymerase B, XRCC1 and PARP1 are recruited to the gap
and pol B fills in gap (iv) which is ligated close (v) D. Base excision repair in mitochondria.
DNA polymerase y provides gap filling and strand displacement synthesis that is trimmed
by Exonuclease G (ExoG) and ligated by DNA ligase I11. Adapted from [13, 61]
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Figure 3.
Several human diseases associated with chronic oxidative stress and subsequent genomic

instability in nucleus or mitochondria.
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Mitochondria are required for the synthesis of iron sulfur clusters (FeS), many important
nuclear enzymes that work on DNA require FeS centers for normal function. Adapted from

[40]
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