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a b s t r a c t

Oxidative DNA damage harbored by both spermatozoa and oocytes at the time of fertilization must be
repaired prior to S-phase of the first mitotic division to reduce the risk of transversion mutations oc-
curring in the zygote and subverting the normal patterns of cell differentiation and development. Of the
characterised oxidative DNA lesions, 8-hydroxy-2′-deoxyguanosine (8OHdG) is particularly mutagenic.
The current study reveals for the first time a marked acceleration of 8OHdG repair in the mouse oocyte/
zygote by the base excision repair (BER) pathway following fertilization. Specifically, fertilization initiates
post-translational modification to BER enzymes such as OGG1 and XRCC1, causing nuclear localisation
and accelerated 8OHdG excision. Additionally, both the nuclear and mitochondrial genomes appear to
benefit from increased protection against further 8OHdG formation by a fertilization-associated increase
in glutathione peroxidase activity. The major limitation of the characterised 8OHdG repair system is the
relatively low level of OGG1 expression in the oocyte, in contrast to the male germ line where it is the
only constituent of the BER pathway. The male and female germ lines therefore collaborate in the repair
of oxidative DNA damage, and oocytes are vulnerable to high levels of 8OHdG being carried into the
zygote by the fertilizing spermatozoon.

& 2015 Elsevier Inc. All rights reserved.
1. Introduction

Repair of oxidative DNA damage within the one-cell zygote,
prior to the initiation of S-phase of mitosis, is a critical step in the
creation of viable embryos and healthy offspring. In the absence of
successful repair of oxidative lesions such as 8-hydroxy-2'-deox-
yguanosine (8OHdG), G-C to T-A transversion mutations (Wood
et al., 1992) can occur during DNA replication that not only alter
the genetic profile of the zygote itself but also every cell generated
by the rapid mitotic divisions that characterize embryogenesis.
Thus, transversion mutations within the zygote have the pro-
pensity to irreversibly alter gene expression profiles and thence
the fidelity of normal embryonic development (Bruner et al., 2000;
Wu et al., 2013; Ohno et al., 2014). Despite the importance of re-
pairing oxidative DNA damage at this early stage of development,
gametes harboring high levels of 8OHdG at the time of fertilization
are known to undergo inadequate DNA repair in the zygote, re-
sulting in detrimental effects on the pre-implantation develop-
ment of the embryo (Takahashi, 2012; Lane et al., 2014) and on
fetal growth and development (Chabory et al., 2009; Lane et al.,
2014), as well as defects in offspring, including cancer and a
significant reduction in lifespan (Ronen and Glickman, 2001;
Vinson and Hales, 2002; Aitken et al., 2009).

Unfortunately, both spermatozoa and oocytes are known to
harbor oxidative DNA lesions that can be contributed to the zygote
following fertilization. The spermatozoon is particularly vulner-
able to oxidative attack as a consequence of its propensity to
produce reactive oxygen species (ROS) during the promotion of
sperm capacitation (Aitken et al., 1995; Rivlin et al., 2004;
O’Flaherty et al., 2006), its lack of antioxidant protection as a result
of the restricted distribution and minimal volume of sperm cyto-
plasm, and a paucity of DNA repair mechanisms within a cell that
possesses very little capacity for transcription or translation [re-
viewed by Aitken and De Iuliis (2010)]. Further to this, the in-
creased utilization of assisted reproductive technologies (ART)
such as ICSI to treat sub-fertile patient populations that are known
to possess significantly elevated levels of 8OHdG in their sper-
matozoa (De Iuliis et al., 2009; Aitken et al., 2010) increases the
likelihood that a spermatozoon harboring mutagenic lesions will
achieve fertilization by bypassing a number of natural selection
strategies that would normally be operating in vivo.

As a consequence of the spermatozoon’s purported deficiency
in DNA repair capacity, the responsibility for resolving the oxida-
tive lesions contributed to the zygote by both male and female
gametes is traditionally thought to lie entirely with the oocyte
(Shimura et al., 2002). Single nucleotide repair of 8OHdG lesions in
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eukaryotic cells is primarily conducted by the base excision repair
(BER) enzymes: oxoguanine glycosylase (OGG1), apurinic/apyr-
imidinic endonuclease (APE1) and X-ray repair cross com-
plementing protein (XRCC1). Although repair of oxidatively da-
maged DNA can also be conducted by the enzymes of the nu-
cleotide excision repair (NER) pathway, this complex, multistep
repair process is generally reserved for lesions that are causing
structural distortion of the DNA (Brierley and Martin, 2013).
Within the BER pathway, recognition of the 8OHdG adduct and
subsequent base excision is performed by the DNA glycosylase
OGG1. The residual abasic site is then hydrolyzed by the en-
donuclease APE1, allowing for replacement of the purine or pyr-
imidine base by polymerase β. Ligation of the strand nick is then
performed by DNA ligase in association with the scaffolding pro-
tein XRCC1 [reviewed by David et al. (2007)]. Indeed, the oocyte is
known to accumulate an abundance of mRNA’s and proteins in-
volved in DNA repair within its vast cytoplasm during oogenesis
(Zheng et al., 2005; Menezo et al., 2007), as the opportunity to
transcribe new DNA repair genes is not available to the embryo
until the 2-cell stage in the mouse (Flach et al., 1982), and the
4-cell stage in humans (Braude et al., 1988).

In reality however, repair of oxidative DNA damage potentially
involves a measure of co-operation between male and female
gametes prior to the initiation of embryo development. The first
enzyme of the BER pathway, OGG1, has been clearly identified in
the chromatin of human spermatozoa (Smith et al., 2013b). This
sperm-derived OGG1 was not only found to be present at both the
mRNA and protein level, but was also capable of cleaving 8OHdG
adducts from sperm nuclear DNA to create the corresponding
abasic sites. Despite the presence of OGG1 in sperm chromatin, the
subsequent enzymes of the BER pathway, APE1 and XRCC1, could
not be identified within human spermatozoa suggesting that this
repair pathway can only be driven to completion by the oocyte,
post-fertilization (Smith et al., 2013b).

The current study utilizes a mouse model to characterize BER in
the zygote, prior to the initiation of S-phase, with a particular fo-
cus on the potential for collaboration between sperm- and oocyte-
derived BER enzymes. The results reveal a previously un-
appreciated upregulation of 8OHdG repair following fertilization
as result of maternally driven post-translational modification to
selected BER enzymes. Additionally, a fertilization-associated in-
crease in antioxidant activity that decreases vulnerability of the
zygote to oxidant-induced DNA damage was characterized. Cu-
mulatively, these molecular mechanisms are likely to be critically
important for protecting the genetic integrity of the zygote to al-
low for unimpeded transition through embryogenesis. However,
low levels of OGG1 expression detected within the murine oocyte
in this study highlight the vulnerability of the zygote to mitotic
progression in the absence of absolute DNA repair, as well as the
necessity of OGG1 activity in the sperm cell prior to fertilization to
lower the burden of 8OHdG repair on the oocyte.
2. Materials and methods

2.1. Chemicals and materials

All chemicals were purchased from Sigma-Aldrich (St Louis,
MO, USA) unless otherwise stated. Anti-XRCC1 antibody was
purchased from Epitomics (Littleton, CO, USA) (catalog number
3631-1), while antibodies against OGG1, APE1, phosphorylated
XRCC1 (phospho S518, T519 and T523) and PMP70 were purchased
from Abcam (Cambridge, UK) (ab91421, ab194, ab84417 and
ab3421 respectively). Anti-phospho-serine (P5747) and - phospho-
threonine (P6623) antibodies were both from Sigma-Aldrich.
2.2. Oocyte collection

Three to four week old C57BL6/CBA F1 female mice were sub-
jected to a superovulation regime and oocytes were collected and
denuded as described previously (Lord et al., 2013). The use of
animals in this project was approved by the University of New-
castle Animal Care and Ethics Committee, and all animals were
obtained from breeding programs run in the University of New-
castle Central Animal House.

2.3. In vitro fertilization (IVF)

IVF was performed as described previously (Lord et al., 2013)
using spermatozoa from 8 week old Swiss mice, or from the
OGG1-deficient senescence-accelerated mouse prone 8 (SAMP8)
(Choi et al., 1999) or senescence-resistant control strain of mouse,
SAMR1. At 4 h post-insemination successful fertilization was de-
termined via identification of the second polar body and/or for-
mation of pronuclei.

2.4. Reverse transcription PCR (RT-PCR) and quantitative PCR (qPCR)
of OGG1, APE1 and XRCC1

RNA extraction and reverse transcription were conducted as
described previously (Sobinoff et al., 2013). Briefly, 2 mg of total
RNA was extracted from a pooled population of oocytes, DNase
treated to remove genomic DNA, and reverse transcribed with
oligo(dT) primer (Promega, Madison, WI, USA) and M-MLV Re-
verse Transcriptase (Promega). Reverse transcription was verified
by RT-PCR using cDNA amplified with GoTaq Flexi (Promega). All
primers utilized have been provided in a supplementary data
table (Supplementary Table S1). These primers were screened for
specificity via a nucleotide BLAST search (NCBI) prior to use.
Quantitative PCR was conducted using SYBR Green GoTaq qPCR
master mix (Promega) over 40 amplification cycles on a Light-
Cycler 96 SW 1.0 (Roche Diagnostics, Mannheim, Germany).
LightCycler Analysis Software (Roche) was used to quantify SYBR
Green fluorescence after each amplification cycle. The optimal
annealing temperature for OGG1, APE1 and XRCC1 was 57 °C, as
determined via a calibration curve, with all primer efficiencies
lying between 1.8 and 2. Quantification of transcript abundance
within oocytes was calculated relative to two housekeeping con-
trol genes, beta-2 microglobin (B2M) and beta-glucuronidase
(Gusβ), which display similar primer efficiencies at 57 °C. A ne-
gative control in which reverse transcriptase had been omitted
was also performed for each qPCR replicate.

2.5. Immunocytochemistry

Oocytes/zygotes were washed 4� in PBS containing 3 mg/ml
polyvinylpyrrolidone (PVP) prior to fixation in 3.7% paraf-
ormaldehyde for 1 h at room temperature (RT). Following fixation,
oocytes were again washed in PBS/PVP before permeabilization in
0.25% Triton-X for 10 min at RT. Oocytes were then washed in PBS/
PVP and blocked in 3% BSA/PBS for 1 h at 37 °C. Following this
blocking step, oocytes were incubated in the desired primary an-
tibody (all used at a concentration of 1/100 in 1% BSA/PBS) over-
night at 4 °C before washing with 1% BSA/PBS and incubating in
anti-rabbit Alexa Fluor 488 (1/1000) for 1 h at 37 °C. Immuno-
fluorescence was observed using confocal microscopy (Olympus
FV1000 confocal microscope; Notting Hill, VIC, Australia). Quan-
tification of levels of fluorescence within oocytes was achieved
using the public sector program ImageJ (US National Institutes of
Health).

Immunocytochemistry was carried out on spermatozoa as de-
scribed by Smith et al. (2013b), using hydrogen peroxide (H2O2)
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and dithiothreitol to de-condense the highly compacted chroma-
tin, and using primary antibodies within the same conditions de-
scribed for oocytes.

2.6. SDS-PAGE and western blotting

Protein extraction was achieved by adding sodium dodecyl
sulfate (SDS) extraction buffer (2% w/v SDS, 10% w/v sucrose in
0.1875 M Tris, pH 6.8) to cells and incubating at 100 °C for 5 min.
The samples were then centrifuged (500g for 5 min) and the su-
pernatant stored at �20 °C prior to use. Extracted proteins were
loaded onto an SDS polyacrylamide gel (10 mg sperm protein per
lane, or protein lysate from 100 oocytes per lane) and separated
via electrophoresis. 1 mg of recombinant OGG1 (rOGG1), re-
combinant APE1 (rAPE1) (both from New England Biolabs, Ips-
wich, MA, USA), and Jurkat whole cell lysate (Novus Biologicals,
Littleton, CO, USA) was loaded onto the polyacrylamide gels as a
positive control for OGG1, APE1 and XRCC1 antibodies respec-
tively. Following electrophoresis, proteins were transferred to a
nitrocellulose membrane using standard Western transfer tech-
niques. The nitrocellulose membrane was blocked with 5% skim
milk for 1 h and washed 3� in TBS containing 0.1% Tween (TBST).
Blots were then incubated overnight at 4 °C with the appropriate
primary antibody diluted in 1% skim milk in TBST. Primary anti-
bodies were used at the following concentrations; OGG1-1/500,
APE1-1/2000, XRCC1-1/5000. Blots were washed free from pri-
mary antibody in TBST, and incubated in goat anti-rabbit IgG-HRP
(Sigma-Aldrich) secondary antibody (1/1000 in 1% skim milk/
TBST) for 1 h at RT. Membranes were developed using an en-
hanced chemiluminescence kit (GE Healthcare, Castle Hill, Aus-
tralia) according to the manufacturer's instructions.

2.7. Detection of extracellular 8OHdG – ELISA assay

A DNA oxidative damage ELISA kit (Cayman chemical, Ann
Arbor, MI, USA) that is capable of detecting 8OHdG released into
the extracellular space following excision by the cell’s DNA repair
machinery was utilized to assess levels of 8OHdG repair in the
oocyte pre- and post-fertilization. Following the retrieval and de-
nuding of oocytes, half were subjected to IVF, while half of the
oocytes remained unfertilized. Following a 4 h incubation, oocytes
were treated with 1 mM H2O2 for 1 h to induce 8OHdG formation.
Upon removal of oocytes/zygotes from their respective media and
assessment of fertilization rate, the culture media was collected
and stored at �80 °C until required. The ELISA assay was carried
out as per the manufacturer's instructions, and absorbance was
read using a Fluostar Optima spectrophotometer (BMG Lab-
Technologies, Durham, NC, USA). Values of 8OHdG release into the
extracellular space are reported as pg/ml, normalized to the
number of oocytes in each droplet. Fertilization rate was factored
into calculations when formulating a per-oocyte value in ‘ferti-
lized’ treatments, and replicates were only included where ferti-
lization rate was over 80%.

2.8. Detection of intracellular 8OHdG in the oocyte and zygote and
vitality assessment

In order to assess levels of intracellular 8OHdG in oocytes and
zygotes, an OxyDNA test was conducted (Argutus Medical, Dublin,
Ireland). Following the 4 h incubation to allow for fertilization and
the 1 h incubation in 1 mM H2O2, cells were either subjected to
fixation for the OxyDNA test or cultured for an additional 3 h ‘re-
covery’ period in M2 medium before being assessed for vitality
using 50 mg/ml propidium iodide.

Fixation for the OxyDNA test was carried out in 3.7% paraf-
ormaldehyde overnight at 4 °C. The following day, oocytes and
zygotes were permeabilized in 0.25% Triton-X in PBS for 10 min at
RT. Oocytes/zygotes were then incubated for 1 h at 37 °C in Oxy-
DNA reagent (1:100 dilution; as per the manufacturer’s instruc-
tions). Finally, cells were counterstained for 5 min with propidium
iodide before mounting for analysis by fluorescence microscopy.
Pixel intensity values reflecting 8OHdG levels in oocytes and zy-
gotes were generated using ImageJ in order to create a comparison
between treatments.

2.9. Pharmacological inhibitor studies

Inhibitors of both the BER pathway [“BER inhibitor” (Merck,
Darmstadt, Germany)], and NER pathway [X80 (Sigma-Aldrich)]
were utilized at doses which have been previously recognized to
be effective. Oocytes were exposed to either 10 mM of the BER
inhibitor (Madhusudan et al., 2005), 100 mM X80 (Neher et al.,
2010), or the equivalent concentration of DMSO, throughout the
4 h incubation which allowed for fertilization, as well as
throughout the 1 h H2O2 treatment. Following this culture time,
culture media was collected for analysis via the 8OHdG ELISA assay
and zygotes were fixed and subjected to the OxyDNA test, followed
by pixel intensity analysis using ImageJ.

Inhibition of CK2 in order to impair phosphorylation of XRCC1
(Parsons et al., 2010) was also conducted as described above. Oo-
cytes were exposed to 4,5,6,7-Tetrabromo-2-azabenzimidazole
(TBB) throughout the culture period initially in a dose – dependent
manner (0–1000 mM) and finally at an effective but non-lethal
concentration of 100 mM. Following incubation, culture media
were again collected for ELISA analysis and oocytes were subjected
to immunocytochemistry (see above) using the phospho-XRCC1
antibody.

Finally, 20 mg/ml cycloheximide was used as an inhibitor of
translation/protein synthesis (Schneider-Poetsch et al., 2010) in
the manner described above in order to further elucidate the
mechanisms of increased 8OHdG excision post-fertilization.

2.10. Duolink – proximity ligation assay (PLA)

A Duolink in situ fluorescence PLA (Sigma-Aldrich) was used to
identify phosphorylation of the BER enzymes at specific residues
in the absence of commercially available phospho-antibodies.
Oocytes and zygotes were fixed and permeabilized as detailed
above (see Immunocytochemistry) before conducting the Duolink
PLA preparation, detection, and analysis procedures as per the
manufacturer’s instructions. In the circumstance that two anti-
bodies, such as those against OGG1 and phosphoserine, localize to
the same target within the oocyte (o30 nm distance), a punctate
region of red fluorescence is emitted. In order to confirm that
fluorescence detected within these experiments was not a result of
non-specific binding or background signals, a series of technical
and biological controls were carried out. These included the
omission of one antibody, and conducting the assay between our
antibodies of interest and an unrelated antibody with which they
are not expected to interact, in this case, α-tubulin.

2.11. Assessing levels of ROS/antioxidant activity within the MII stage
oocyte and zygote

In order to assess levels of ROS, and to make inference as to the
antioxidant capacities of oocytes and zygotes following H2O2

treatment, a 5'-carboxy-2',7'-difluorodihydrofluorescein diacetate
(DFF DA probe) (Molecular Probes, Eugene, OR, USA) was utilized.
Untreated and 1 mM H2O2 treated MII stage oocytes and zygotes
were incubated in a 10 μM solution of DFF DA in M2 media for
30 min at 37 ˚C. Oocytes were then washed 3� before mounting
for analysis by fluorescence microscopy using a Zeiss Axioplan
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2 fluorescence microscope (Carl Zeiss MicroImaging Inc., Sydney,
Australia). Quantification of average fluorescence levels between
treatments was conducted using ImageJ pixel intensity analysis.

An antibody against the peroxisomal membrane marker PMP70
was used to identify any alterations to peroxisomal abundance –

and thus catalase activity – within the oocyte pre- and post-fer-
tilization (see Immunocytochemistry). Additionally, a glutathione
peroxidase (GPx) assay kit (Cayman chemical) was used to assess
GPx activity in populations of MII oocytes and zygotes (50 oocytes
in each population). Lysates were prepared as per the manu-
facturer’s instructions and absorbance was read using a Fluostar
Optima spectrophotometer.

2.12. Statistical analyses

All experiments were conducted at least 3� on independent
samples and results were analysed by ANOVA using JMP version
9.0.0. A post hoc comparison of group means was conducted using
Fig. 1. OGG1 is under-represented in MII-stage mouse oocytes. (A) Quantitative PCR ana
(relative to B2M and Gusβ), whilst XRCC1 transcripts were present at significantly high
identified bands corresponding to APE1 and XRCC1 at 35 kDa and 85 kDa respectively
centration of protein (100 oocytes per lane, equivalent to �1 mg protein). Positive cont
Western blotting data, immunocytochemistry identified fluorescence associated with A
however upon pixel intensity analysis was still found to be significantly greater than the
histograms. Independent replicates were conducted with a minimum of 40 oocytes per
a Fisher's Protected Least Significant Difference test. Analysis of
paired samples was conducted using a paired Student's t-test. A
value of Po0.05 was considered to be statistically significant.
3. Results

3.1. OGG1 is under-represented in the murine oocyte, potentially
affecting functionality of the BER pathway

In order to investigate the functionality of the BER enzymes in
the mammalian oocyte and zygote, qualitative and quantitative
analyses were conducted on the key enzymes within this path-
way: OGG1, APE1 and XRCC1. As reported by microarray analyses
conducted on MII stage oocytes from the rhesus monkey (Zheng
et al., 2005), our study has demonstrated an under-representation
at the transcript level of the first enzyme in the BER pathway
(OGG1) within C57BL6/CBA mouse oocytes. Quantitative PCR
lysis revealed a low abundance of OGG1 and APE1 mRNA within the murine oocyte
er levels. (B) Immunoblotting analysis of the protein composition of these oocytes
; whilst a 37 kDa band corresponding to OGG1 could not be detected at this con-
rols; rOGG1, rAPE1 and Jurkat cell lysate respectively (�1 mg). (C, D) In support of
PE1 and XRCC1 throughout the ooplasm. Fluorescence relating to OGG1 was low,
‘secondary only’ control (“C”). Scale bar¼50 mm. Mean7SEM values are plotted in
replicate. *Po0.05, **Po0.01, ***Po0.001.
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analysis revealed low levels of both OGG1 and APE1 mRNA within
MII stage oocytes, relative to the selected housekeeping genes
B2M and Gus β, while XRCC1 was expressed at significantly higher
levels (Po0.05) (Fig. 1A). Importantly, analysis at the protein level
revealed a similar trend in terms of OGG1 expression. Western
blotting techniques demonstrated the presence of both APE1 and
XRCC1 within oocyte lysates (100 oocytes per lane, approximately
1 mg protein) at 35 kDa and 85 kDa respectively; whilst no distinct
band associated with OGG1 expression could be detected at
37 kDa at this protein concentration (Fig. 1B). Expression of each
BER enzyme in oocyte lysates was compared to a positive control
(1 mg): recombinant OGG1 (rOGG1), recombinant APE1 (rAPE1) or
jurkat cell lysate for the XRCC1 antibody. In a similar fashion to our
Western blotting analyses, immunocytochemistry revealed high
levels of fluorescence associated with APE1 and XRCC1 dispersed
throughout the ooplasm, while the fluorescence associated with
OGG1 was low (Fig. 1C). Despite this, pixel intensity analysis re-
vealed that levels of fluorescence associated with the OGG1 anti-
body were significantly elevated above that of the secondary only
control (Po0.001) (Fig. 1D), suggesting that this enzyme is still
present within the oocyte, albeit at low levels. It should be noted
that in addition to OGG1 being under-represented in comparison
to APE1 and XRCC1 within the mammalian oocyte itself, a com-
parison of oocyte protein lysates to equivalent concentrations of
Fig. 2. Repair of oxidative DNA damage is accelerated within the oocyte post-fertilization
significantly higher levels of 8OHdG excision and release into the extracellular space t
increase in levels of intracellular 8OHdG (indicated by FITC staining in representative ima
oocytes exhibited little change in levels of oxidative DNA damage. Upon analysis of pixe
intracellular 8OHdG above fertilized oocytes following H2O2 treatment. (D) Representa
following H2O2 treatment. (E) Fluorescence associated with 8OHdG was also found to co-
probe. Scale bar¼50 mm. Mean7SEM values are plotted in histograms. Independent r
***Po0.001.
protein from other tissue types (spleen and whole ovary protein
lysates) revealed that OGG1 concentrations are up to 50% lower in
oocyte lysates than that of the alternative tissue types observed
(Supplementary Fig. 1).

Following this investigation of the BER enzymes, an analysis of
the oocyte’s capacity for 8OHdG repair was conducted. Despite the
under-representation of OGG1 within MII stage oocytes, ELISA
analysis did detect the release of 8OHdG into the extracellular
space (oocyte culture media), suggesting that some capacity for
OGG1-mediated 8OHdG excision does exist (Fig. 2A). Interestingly
however, one-cell stage zygotes exhibited a superior capacity for
8OHdG excision compared with unfertilized MII stage oocytes;
excising and releasing significantly higher levels of 8OHdG into the
extracellular space (Po0.001) following a 5 h incubation period
that allowed for in vitro fertilization and included terminal ex-
posure to 1 mM H2O2 for 1 h. (Fig. 2A). This highly significant in-
crease in 8OHdG release was not an artifact created by the pre-
sence of spermatozoa within the ‘fertilized’ oocyte culture med-
ium, as levels of 8OHdG release into the extracellular space within
the ‘sperm only’ control were significantly lower than the increase
observed between the MII and zygotic stages (Fig. 2A). To com-
plement these ELISA data describing 8OHdG levels in the extra-
cellular space, analysis of intracellular 8OHdG levels using an
oxidative DNA damage assay revealed distinct variations between
. (A) Following insemination and a 1 h exposure to H2O2, fertilized oocytes exhibited
han unfertilized oocytes. (B, C) Additionally, MII oocytes experienced a prominent
ges, red counterstain-propidium iodide) following H2O2 treatment, whilst fertilized
l intensity values, MII oocytes were found to contain significantly elevated levels of
tive image of 8OHdG fluorescence co-localizing with the metaphase plate (DAPI)
localize with the mitochondrial DNA, as depicted by the Mitotracker red fluorescent
eplicates were conducted with a minimum of 40 oocytes per replicate. *Po0.05,
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pre- and post- fertilization oocytes. The OxyDNA assay revealed
significantly lower levels of 8OHdG within H2O2 treated zygotes
compared with MII stage oocytes (Po0.05) (Fig. 2B and C), with
8OHdG being identified within both the nuclear DNA (metaphase
plate) (Fig. 2D) and the mitochondrial DNA (Fig. 2E); as demon-
strated by co-localisation between the 8OHdG probe and the nu-
clear stain DAPI for the former, and Mitotracker red for the latter.

These data suggested that while repair of oxidative DNA da-
mage is minimal in the MII oocyte due to low levels of OGG1,
fertilization is associated with an accelerated rate of 8OHdG ex-
cision and extracellular release, suggesting upregulation of the
BER pathway. Additionally, these data could also reflect a change
in antioxidant activity within the oocyte post-fertilization.

3.2. Fertilization-associated increases in 8OHdG excision are orche-
strated by the BER pathway, however unlikely to be reliant on sperm-
derived OGG1

The investigation next focused on the characterization of me-
chanisms orchestrating the acceleration of 8OHdG repair in the
zygote prior to the initiation of S-phase. Firstly, the observed
Fig. 3. The BER enzymes are responsible for the accelerated excision of 8OHdG post-fer
available compound ‘BER inhibitor’ dampened the accelerated 8OHdG excision associate
BER inhibitor in conjunction with H2O2 resulted in a significant increase in levels of intra
did not affect the fertilization-associated up-regulation of 8OHdG excision, nor levels of i
control. Mean7SEM values are plotted in histograms. Independent replicates were con
elevation in 8OHdG excision was confirmed to be a result of BER
enzyme activity. Impairment of the BER pathway was achieved via
utilization of a commercially available pharmacological inhibitor
(‘BER inhibitor’). Exposure to the BER inhibitor (10 μM) throughout
the 5 h incubation period prevented the fertilization-associated
elevation in 8OHdG excision (Po0.05) (Fig. 3A). Additionally, the
OxyDNA assay also revealed an elevation in levels of intracellular
8OHdG when oocytes were treated with the BER inhibitor in
conjunction with H2O2 (Po0.01) (Fig. 3B). Contrastingly, oocytes
which were exposed to an inhibitor of the NER pathway, X80
(Neher et al., 2010), continued to exhibit an acceleration of 8OHdG
excision post-fertilization (Fig. 3C) and experienced no change
from control oocytes in intracellular 8OHdG levels in response to
H2O2 treatment (Fig. 3D). It should be noted that both the in-
hibitors utilized were observed to have no demonstrable effect on
fertilization rate or viability of oocytes.

Given the apparent acceleration of BER observed in the early
zygote, we next endeavored to determine whether this upregula-
tion was a consequence of the OGG1 contributed to the zygote by
the fertilizing spermatozoon. Firstly, immunocytochemistry/im-
munoblotting techniques were utilized to verify that, as in human
tilization. (A) Pharmacological inhibition of the BER pathway using a commercially
d with fertilization, as determined by the ELISA assay. (B) Similarly, exposure to the
cellular 8OHdG in zygotes. (C) In contrast, inhibition of the NER pathway using X80
ntracellular 8OHdG (D). Intracellular 8OHdG values are normalized to the untreated
ducted with a minimum of 60 oocytes per replicate. *Po0.05, **P o0.01.



Fig. 4. OGG1 is present in mouse spermatozoa however is unlikely to be responsible for the acceleration of 8OHdG excision associated with fertilization.
(A) Immunocytochemistry revealed OGG1 within the nucleus of the mouse spermatozoon, as previously reported in human sperm. APE1 could only be identified in the
midpeice (mitochondria) of the sperm cell, whilst XRCC1 was identified within the midpiece, with some punctate staining within the nucleus. (B) Western blot analyses
using sperm protein lysates (swiss, SAMR1 and SAMP8 mice) revealed that whilst OGG1 and XRCC1 are present, the pathway is truncated due to the absence of the
endonuclease enzyme APE1. (C) Pronuclear stage zygotes produced via fertilization of wild type oocytes with sperm from either SAMR1 (control) mice, or OGG1-deficient
SAMP8 mice, did not exhibit any changes in 8OHdG excision, suggesting that sperm-derived OGG1 is unlikely to orchestrate the burst of 8OHdG repair observed post-
fertilization. (D) Similarly, zygotes derived from SAMP8 sperm did not exhibit elevated levels of intracellular 8OHdG above SAMR1-derived zygotes following H2O2 treatment.
(E) Additionally, wild type oocytes fertilized with OGG1-deficient SAMP8 sperm did not display any impairment in developmental progression to the 2-cell stage. Scale
bar¼20 mM. Mean7SEM values are plotted in histograms. Independent replicates were conducted with a minimum of 50 oocytes per replicate.
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spermatozoa, murine spermatozoa possessed a truncated BER
pathway characterized by the presence of the OGG1 enzyme but
lacking APE1 and XRCC1. As predicted, immunocytochemistry
identified the presence of OGG1 within both the nucleus (sperm
head) and midpiece (mitochondria), whilst APE1 was identified
only within the mitochondria, and XRCC1 primarily within the
mitochondria with some punctate staining within sperm nuclei
(Fig. 4A). Similarly, both OGG1 and XRCC1 were identified by
Western blotting analysis in sperm protein lysates; however APE1
could not be detected (Fig. 4B) as a consequence of very low levels
of expression, solely in association with the mitochondria.

In order to determine whether the OGG1 present in sperm
chromatin is responsible for the increased 8OHdG excision ob-
served, we utilized spermatozoa from the SAMP8 mouse which
possesses severely defective OGG1 [10–40% of the activity ex-
hibited by the senescence-resistant (SAMR1) control mouse] as a
consequence of an arginine to tryptophan mutation at codon 304
(Choi et al., 1999). Importantly, this impairment in OGG1 enzyme
activity has been confirmed to exist in the spermatozoa of SAMP8
mice (Smith et al., 2013a). Despite this, fertilization of wild type
oocytes with these OGG1-deficient SAMP8 spermatozoa did not
influence the accelerated 8OHdG excision associated with fertili-
zation, as detected by the ELISA assay (Fig. 4C). Similarly, levels of
intracellular 8OHdG were not observed to be significantly elevated
in zygotes derived from SAMP8 sperm (Fig. 4D), and develop-
mental progression to 2-cell stage was not hindered (Fig. 4E). Al-
though it is possible that very low levels of functional OGG1
contributed to the oocyte by the fertilizing spermatozoon (such as
those contributed by SAMP8 sperm) are sufficient to drive the
observed rise in 8OHdG repair, with wild type sperm providing an
‘excess’ of protein that is not necessarily required, it is more
plausible that maternally-derived factors are orchestrating this
acceleration of BER in response to fertilization-associated cues.



Fig. 5. Accelerated 8OHdG repair post-fertilization is not attributed to up-regulated expression of the BER enzymes. (A) Quantitative PCR analysis revealed no significant
elevation in OGG1, APE1 or XRCC1 transcript levels (relative to B2M and Gusβ) following fertilization. (B) Similarly, no visible changes in fluorescence could be detected via
immunocytochemistry when comparing OGG1, APE1 and XRCC1 in MII stage oocytes and zygotes. (C) Exposure to the translation/protein synthesis inhibitor cycloheximide
(CH) throughout fertilization did not inhibit the fertilization-associated elevation in 8OHdG excision, thereby; increased expression of the BER enzymes could not be
responsible for the acceleration of 8OHdG excision observed following fertilization. Mean7SEM values are plotted in histograms. Independent replicates were conducted
with a minimum of 60 oocytes per replicate. Blue staining¼DAPI. Scale bar¼50 mm.
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3.3. Post-translational modifications instigate increased BER activity
post-fertilization

Following the discovery that a significant contribution of
sperm-derived OGG1 to 8OHdG excision post-fertilization is un-
likely, further investigation was carried out to characterize the
events driving accelerated 8OHdG repair in the zygote. Although
increased transcription of OGG1, APE1 or XRCC1 genes post-ferti-
lization would explain the observed elevation in 8OHdG repair, no
changes in levels of mRNA or protein relating to any of the BER
enzymes could be detected between the MII and zygotic stages
(Fig. 5A and B). Further confirmation that the post-fertilization
increase in 8OHdG excision was not a consequence of changes in
the expression of DNA repair proteins was achieved via exposure
to the translation/protein synthesis inhibitor cycloheximide
(20 mg/ml) throughout the 5 h incubation. Inhibition of translation
throughout this period had no demonstrable effect on levels of
8OHdG excision by the zygote, as detected by the ELISA assay
(Fig. 5C).

In light of these data, we next examined the possibility that
post-translational modifications, known to strengthen the asso-
ciation between key BER enzymes and accelerate rates of 8OHdG
excision (Hu et al., 2005; Almeida and Sobol, 2007), may be con-
trolling this post-fertilization event. This analysis revealed distinct
global changes in protein phosphorylation between the MII stage
oocyte and the zygote as depicted in Fig. 6. An abundance of
phosphorylated cytoplasmic proteins could be identified
throughout the ooplasm of both the MII oocyte and zygote by both
anti-phospho-serine (Fig. 6A) and anti-phospho-threonine
(Fig. 6B) antibodies, with threonine phosphorylation levels being
significantly elevated in the zygote (Po0.001) (Fig. 6C). Sig-
nificantly, these cytoplasmic signals were augmented by a pro-
minent nuclear phosphoprotein signal associated with male and
female pronuclei within the zygote (Fig. 6).

This fertilization-triggered association of phosphorylated pro-
teins with the pronuclei was found to extend specifically to en-
zymes involved in the BER pathway. A Duolink in situ fluorescence
proximity ligation assay (PLA) depicted localization of OGG1
phosphorylated at serine and threonine residues to the nuclei of
the zygote; while no distinct association with the metaphase plate
could be identified in MII oocytes (Fig. 7A and B). Control images
have been included that depict low levels of punctate red fluor-
escence where one antibody has been omitted, and where an
antibody not predicted to interact with the antibodies-of-interest
(in this case α-tubulin) has been utilized (Fig. 7C). Pixel intensity
analysis confirmed that Duolink fluorescence associated with
OGG/phospho-serine and OGG1/phospho-threonine was promi-
nently and significantly above that of control oocytes (antibody
omitted and OGG1/Tubulin) (Po0.001) (Fig. 7C). In adopting an
antibody targeting phospho-XRCC1 (S518, T519, T523) we also
identified a uniform cytoplasmic distribution of fluorescence prior
to fertilization that became localized to the pronuclei (Fig. 7D)
following fertilization. In contrast, no phopho-XRCC1 was found in
the vicinity of the metaphase plate in unfertilized MII oocytes
(Fig. 7D).

In order to determine the mechanism responsible for relocating
these BER enzymes to the pronuclei of freshly fertilized oocytes,
the latter were exposed to TBB, an inhibitor known to impair
casein kinase 2 (CK2)-directed phosphorylation of XRCC1 (Kubota
et al., 2009). Zygotes exposed to TBB experienced a dose-depen-
dent loss of vitality (Fig. 7E); presumably an indication of the vital
role that CK2 plays at this stage of development. A dose of 100 mM
TBB was finally selected for experiments on CK2 inhibition, as no
significant effects on either vitality or fertilization rate were de-
tected at this concentration (Fig. 7E). As hypothesized, zygotes
exposed to 100 mM TBB throughout the 5 h incubation period ex-
perienced diminished nuclear localization of phospho-XRCC1
(Fig. 7D). Importantly, this decline in phosphorylation of pronu-
clei-associated XRCC1 was accompanied by a significant reduction
in levels 8OHdG excision by the zygote (Po0.05) (Fig. 7F). These
results suggested that the elevated levels of 8OHdG excision de-
tected post-fertilization are primarily a result of post-translational
modifications to the BER enzymes associated with the nucleus.
However, these results do not account for the significantly lower
levels of mitochondrial 8OHdG observed in the zygote (when
compared to the MII stage oocyte) following H2O2 treatment
(Fig. 2B, C and E). Thus, we investigated the possibility that an
increase in antioxidant protection may accompany fertilization in
addition to the pronuclear localization of enzymes involved in the
BER pathway.



Fig. 6. Fertilization is associated with a shift in the post-translational modification
profile of the oocyte. (A) Immunocytochemistry using a phospho-serine antibody
revealed a change in expression from the MII stage to the zygote. MII stage oocytes
exhibited phospho-serine fluorescence throughout the ooplasm and localized to
the plasma membrane, while fluorescence within the zygote was prominently as-
sociated with the pronuclei. (B) Similarly, fluorescence associated with the phos-
pho-threonine antibody showed distinct localisation to the pronuclei following
fertilization, whilst fluorescence was uniform throughout the cytoplasm in un-
fertilized MII stage oocytes. (C) Pixel intensity analysis revealed a significant in-
crease in levels of global phospho-threonine expression in zygotes, however no
significant difference between levels of phospho-serine expression was detected.
Mean7SEM values are plotted in histograms. Independent replicates were con-
ducted with a minimum of 60 oocytes per replicate. Scale bar¼50 mm. ***Po0.001.
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3.4. Post-fertilization changes improve antioxidant capacity to pro-
tect the zygote from oxidative damage

In order to assess cellular antioxidant capacity, MII stage and
fertilized oocytes were exposed to 1 mM H2O2 for 1 h before a
further 30 min incubation with DFF DA; a live-cell assay that emits
fluorescence upon interaction with intracellular oxidants. Inter-
estingly, fertilized oocytes exhibited significantly lower levels of
DFF DA fluorescence than MII stage oocytes (Po0.01), suggesting
a more rapid breakdown of H2O2 (Fig. 8A). An increased capacity
for neutralization of harmful oxidants post-fertilization would
provide explanation as to the previously described decrease in
susceptibility of zygotes to H2O2-induced mitochondrial oxidative
DNA damage (Fig. 2B, C and E) as well as the reduced likelihood for
vitality loss after a 3 h recovery period following H2O2 treatment
(Po0.001) (Fig. 8B). An analysis of peroxisome abundance using
an antibody against peroxisomal membrane protein (PMP70) did
not reveal any significant changes within the oocyte following
fertilization, suggesting that these catalase-rich organelles were
not responsible for the increased H2O2 scavenging potential of the
fertilized oocyte (Fig. 8C). Contrastingly, antioxidant activity of the
enzyme glutathione peroxidase (GPx) was found to be significantly
upregulated post-fertilization, with populations of zygotes ex-
hibiting an average rate of activity of 14.7 (73.9) nmol/min/ml
compared to only 7.4 (72.6) nmol/min/ml in equivalent popula-
tions of MII oocytes (Po0.01) (Fig. 8D).

The increase in GPx activity associated with fertilization also
prevented the accumulation of cytoplasmic ROS that normally
occurs in vitro with increasing periods of time from ovulation (8 h)
(Po0.01) (Fig. 8E) and acts as a trigger for oocyte degeneration
and apoptosis (Lord et al., 2013, 2015).
4. Discussion

Repair of oxidative DNA lesions such as the highly mutagenic
8OHdG adduct prior to initiating S-phase of the first mitotic di-
vision in the zygote is crucial for the preservation of embryonic
integrity and the production of healthy offspring. Unfortunately,
8OHdG can be abundant within spermatozoa, particularly within
sub-fertile populations, elevating the likelihood that damaged
DNA will be contributed to the zygote at fertilization (Aitken et al.,
2010). Further to this, the zygote has been demonstrated to pos-
sess a restricted capacity for 8OHdG repair, allowing progression
through S-phase in the presence of unrepaired oxidative DNA
damage (Ronen and Glickman, 2001; Vinson and Hales, 2002;
Aitken et al., 2009; Chabory et al., 2009; Takahashi, 2012; Lane
et al., 2014). The current manuscript has characterized BER in the
mouse pre- S-phase zygote, revealing a low abundance of the first
enzyme in the BER pathway, OGG1, thereby explaining the limited
capacity for 8OHdG repair at this early developmental stage. De-
spite the under-representation of OGG1, we have demonstrated
BER activity within the oocyte/zygote, the efficiency of which has
been found to increase in response to fertilization. Specifically,
post-translational modifications of the BER enzymes post-fertili-
zation appear to increase association between these enzymes and
the male and female pronuclei, promoting 8OHdG excision from
oxidized nuclear DNA. This elevation in 8OHdG repair, although
limited, along with a previously undescribed increase in oxidant
scavenging activity in fertilized oocytes, are likely to be important
not only for minimising levels of mutagenesis in the resulting
embryo, but also for redirecting female germ cells away from in-
evitable senescence and apoptotic death to a developmental
pathway associated with cell survival and a commitment to
embryogenesis.

The observation that OGG1 is poorly represented at both the
transcript and protein level in C57/BL6�CBA oocytes and zygotes
was surprising, as the BER pathway is known to be the primary
orchestrator of 8OHdG repair in eukaryotic cells [reviewed by
David et al. (2007)]. Additionally, these DNA repair proteins are
required within the oocyte throughout oogenesis to control levels
of DNA damage, as embryonic gene expression is not initiated until
the 2–4 cell stage of embryo development (Flach et al., 1982).
Repair of oxidative lesions such as 8OHdG is particularly important



Fig. 7. Post-translational modification of the BER enzymes may co-ordinate increased 8OHdG excision from the nucleus post-fertilization. (A) A proximity ligation assay
(PLA) inferred that phosphorylation of OGG1 at serine residues occurs within the genetic material following fertilization, as demonstrated by co-localization between the red
punctate fluorescent signal and the DAPI-stained pronuclei of the zygote. Contrastingly, no distinct association could be detected between phosphorylated OGG1 and the
metaphase plate in unfertilized oocytes. (B) Similarly, fertilization stimulated phosphorylation of OGG1 at threonine residues within the pronuclei, while no association
between phosphorylated OGG1 and the genetic material was detected in MII stage oocytes. (C) Control images (overlay) depict a lack of red punctate fluorescence emanated
by the Duolink assay when one antibody was omitted, or when an unrelated antibody was utilized (α-tubulin) in conjunction with our antibody of interest (OGG1). Pixel
intensity analysis confirmed significantly elevated levels of fluorescence in OGG1/phospho-serine and OGG1/phospho-threonine replicates above that of the controls.
(D) Phosphorylated XRCC1 (S518, T519 and T523) also exhibited cytoplasmic distribution within MII oocytes, while fertilized oocytes showed prominent localisation of
P-XRCC1 to the pronuclei. (E) In order to establish the effects of impaired phosphorylation and nuclear localization of XRCC1, a CK2 inhibitor (TBB) was utilized. A dose-
dependent study revealed that concentrations of TBB below 200 mM were non-lethal to oocytes/zygotes over a 5 h incubation, and at a concentration of 100 mM did not
impair fertilization rate. (F) Exposure to 100 mM TBB throughout fertilization did however result in reduced nuclear localisation of P-XRCC1 in zygotes (D), in conjunction
with a significant decline in levels of 8OHdG excision. Mean7SEM values are plotted in histograms. Independent replicates were conducted with a minimum of 60 oocytes
per replicate. Scale bar¼50 mm. *Po0.05, ***Po0.001.
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Fig. 8. Fertilization stimulates GPx activity within the oocyte. (A) Populations of MII stage oocytes and zygotes were subjected to a 1 h H2O2 challenge, followed by a 30 min
recovery in the presence of the fluorescent probe DFF DA. Fertilized oocytes exhibited significantly lower levels of fluorescence when compared to MII stage oocytes,
suggesting a more rapid breakdown of H2O2. (B) Zygotes were also found to be less susceptible to oxidative stress-induced vitality loss; exhibiting significantly elevated
levels of viability above populations of MII stage oocytes following 1 mM H2O2 treatment and 3 h recovery time. (C) The improved capacity for H2O2 breakdown in zygotes
was not associated with increased abundance of catalase-rich peroxisomes, as no change in peroxisome levels were detected following fertilization using an anti- PMP70
antibody. (D) Contrastingly, activity of the antioxidant enzyme GPx was doubled in populations of zygotes when compared to equivalent populations of MII stage oocytes, as
determined by a GPx ELISA assay. (E) The characterised up-regulation of GPx activity was also found to prevent the accumulation of ROS within the ooplasm known to be
associated with extended periods of in vitro culture (8 h). Mean7SEM values are plotted in histograms. Independent replicates were conducted with a minimum of 50
oocytes per replicate. **Po0.01, ***Po0.001. Scale bar¼50 mm.
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at the early stages of zygote development prior to the initiation of
mitosis in order to prevent irreversible changes in genetic integrity
including transversion mutations (Wood et al., 1992; Bruner et al.,
2000; Ohno et al., 2014). As such, the limited availability of this
crucial enzyme, OGG1, is likely a contributor to the vulnerability of
early mammalian embryos to oxidative DNA damage (Meseguer
et al., 2007). Indeed, recent studies have suggested that oxidative
DNA damage contributed to the zygote by the fertilizing sperma-
tozoon can directly affect embryo development and quality
(Chabory et al., 2009), as well as increase the vulnerability of off-
spring to pathologies such as metabolic syndrome and obesity
(Meseguer et al., 2007; Lane et al., 2014); presumably a con-
sequence of these paternal 8OHdG lesions evading repair by the
zygote. It is important to note that although enzymes within al-
ternative DNA repair pathways, such as those of the global geno-
mic NER pathway, are known to be present within the mammalian
oocyte (Zheng et al., 2005; Menezo et al., 2007) and are also
capable of 8OHdG excision, these enzymes perform long patch
repair [up to 13 nucleotides (Melis et al., 2013)] that is normally
reserved for 8OHdG lesions that are causative of structural dis-
tortions [reviewed by Brierley and Martin (2013)]; thus, these
mechanisms are unlikely to significantly contribute to minimising
oxidative DNA damage in the zygote. Furthermore, no changes in
levels of 8OHdG excision could be identified in this study within
the zygote upon inhibition of global genomic and transcription
coupled NER using the xeroderma pigmentosum group A (XPA)
inhibitor X80 (Neher et al., 2010).

Although there do appear to be limitations to the capacity of
the BER enzymes to excise 8OHdG in the oocyte, the current study
has characterised a series of mechanisms that are likely to be
important for minimising oxidative DNA damage following the
union of gametes, thus decreasing the potential for mutagenesis in
the embryo. Significantly, within a short window following ferti-
lization (o5 h), the rate of 8OHdG excision by the BER enzymes
was found to be dramatically accelerated. This elevation in BER
activity was not related to changes in expression of any of these
enzymes, in keeping with the fact that embryonic gene expression
is not initiated until the 2–4 cell stage (Flach et al., 1982).
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Furthermore, although OGG1 was identified within mouse sper-
matozoa in this study, as has previously been described in human
spermatozoa (Smith et al., 2013b), use of the OGG1-deficient
SAMP8 mouse (Smith et al., 2013a) suggested that the sperm-de-
rived enzyme was not significantly contributing to the elevated
rate of 8OHdG excision following fertilization. Despite this, the
high level of OGG1 expression within spermatozoa is clearly im-
portant for maintaining low levels of 8OHdG within the paternal
chromatin prior to fertilization. As demonstrated by our expres-
sion studies, the oocyte/zygote has an abundance of APE1 and
XRCC1 that would – following the union of gametes – allow for
swift hydrolysis of abasic sites created by OGG1 in the sperm
chromatin, followed by insertion of a new base by DNA poly-
merase [reviewed by David et al. (2007)].

The mechanism we propose for increasing BER activity fol-
lowing fertilization is via post-translational modification of the
BER enzymes. Certainly, the post-translational modification of
proteins has been previously shown to be stimulated or ac-
celerated by post-fertilization changes within the murine oocyte
allowing for the ‘reprogramming’ of this cell away from senes-
cence and apoptosis, and towards embryogenesis in the absence of
active gene expression and de novo protein translation (Howlett
and Bolton, 1985). An abundance of post-translational modifica-
tions to the BER enzymes have been characterized previously;
some of which increase BER activity, while others exert an in-
hibitory effect [reviewed by Almeida and Sobol (2007)]. For the
purpose of this study, we have focused on phosphorylation of
OGG1 and XRCC1. Phosphorylation of OGG1 by cyclin-dependent
kinase 4 (Cdk4) at serine/threonine residues is known to accel-
erate 8OHdG excision twofold (Hu et al., 2005), whilst phosphor-
ylation of XRCC1 at Ser518,Thre519, Thre523 by CK2 is known to
instigate nuclear localisation (Parsons et al., 2010), as well as ac-
celerated 8OHdG excision by way of increased interaction with
OGG1 and APE1 (Vidal et al., 2001; Marsin et al., 2003; Parsons
et al., 2010; Ström et al., 2011). Although no global increases in
levels of OGG1 or XRCC1 phosphorylation were identified between
the MII and zygotic stages, a distinct nuclear localisation of the
signal could be detected following fertilization. This suggests that
while BER within the chromatin of the MII stage oocyte is limited,
fertilization-associated factors orchestrate phosphorylation of the
BER enzymes associated with the nuclei, allowing for accelerated
8OHdG excision and repair prior to the initiation of S-phase and
subsequent embryogenesis. By impairing phosphorylation and
thus nuclear localisation of XRCC1 using the CK2 inhibitor TBB
(Kubota et al., 2009), a significant decline in levels of 8OHdG ex-
cision in the zygote was observed (Fig. 7).

In addition to the fertilization-associated elevation in BER ac-
tivity within the chromatin, this study has also identified an as-
sociated increase in antioxidant protection within the zygote. In
contrast to unfertilized MII stage oocytes, zygotes demonstrated a
superior capacity for H2O2 breakdown; suggesting an increase in
catalase or GPx bioavailability (Pigeolet et al., 1990). Although no
change in abundance of catalase-rich peroxisomes could be de-
tected, an elevation in GPx activity was apparent following ferti-
lization. This elevation in GPx activity was particularly beneficial
for protecting the mitochondria from H2O2–induced oxidative
DNA damage; a biological trait that is acutely important when
considering that these mitochondria are to be distributed to every
cell within the embryo, and consequently the offspring, and will
be primarily responsible for energy production via oxidative
phosphorylation (Dumollard et al., 2007), at least until mi-
tochondrial replication following the blastocyst stage of develop-
ment (St. John et al., 2010). Further to this, the post-fertilization
increase in GPx activity would provide protection to the nuclear
DNA to prevent the acquisition of any further oxidative lesions
prior to the initiation of embryogenesis.
The fertilization-associated mechanisms described in this
manuscript are also likely to be a component of the ‘molecular
switch’ that rescues the MII stage oocyte from otherwise inevitable
entry into a post-ovulatory ageing/apoptotic cascade, redirecting
this cell into a developmental pathway. In the absence of fertili-
zation, the oocyte experiences an accumulation of ROS with in-
creasing amounts of time post-ovulation (Lord et al., 2013, 2015).
This oxidative stress and associated damage is known to be a di-
rect trigger for degeneration and the initiation of age-associated
apoptosis in the mammalian oocyte (Kujoth et al., 2006; Lord et al.,
2013, 2015). Importantly, the current study has demonstrated that
fertilized oocytes are resistant to this time-dependent accumula-
tion of ROS, presumably as a consequence of upregulated GPx
activity. By preventing the accumulation of ROS and associated
oxidative damage, these fertilization-associated events effectively
redirect the oocyte away from the default apoptotic pathway that
inevitably occurs in the absence of fertilization, and allow for
unimpeded embryo development.

In conclusion, the results depicted in this study suggest that a
series of strategies are in place to minimise levels oxidative DNA
damage in the mammalian zygote and thus the mutational load
ultimately carried by the embryo. Firstly, expression of OGG1 in
the spermatozoon will serve to minimise levels of 8OHdG con-
tributed to the OGG1-deficient oocyte, instead presenting abasic
sites that can readily be rectified by the abundance of APE1 and
XRCC1 in the ooplasm. Additionally, in response to fertilization,
the maternal BER machinery accelerates 8OHdG excision in the
pronuclei as a consequence of post-translational modifications,
while an increase in antioxidant activity protects the entire em-
bryo from the acquisition of any further oxidative damage. Despite
this, we propose that when OGG1 within the sperm cell is over-
whelmed, for example, in the spermatozoa of sub-fertile men
exhibiting high levels of 8OHdG (De Iuliis et al., 2009), then the
oocyte has a limited capacity to excise these potentially mutagenic
adducts following fertilization. When the burden of oxidative da-
mage is too high in the OGG1-deficient oocyte, consequences can
include arrest or disruption of the normal developmental process
(Ronen and Glickman, 2001; Vinson and Hales, 2002; Aitken et al.,
2009; Chabory et al., 2009; Takahashi, 2012; Lane et al., 2014). In a
clinical context, this study further highlights the concerns asso-
ciated with using ART techniques such as ICSI on unscreened sub-
fertile patients that potentially harbor high levels of oxidative DNA
damage within their spermatozoa.
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