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Abstract 

Mammalian oocytes and embryos are kno wn to e xhibit a mark edly lo w frequency of de no v o mutations compared to somatic cells. We still lack 
efficient tools to carry out functional studies of the intergenerational mechanism of genome protection, and our view of this phenomenon is 
constantly being modified in light of the new results. Although oocytes were originally considered a cell type lacking DNA repair, new results 
indicate that mammalian oocytes might possess a set of unique properties that make them and their descendants resistant to accumulation 
of DNA damage. Here, w e re vie w v arious f actors that can influence oocyte and embryo genome st abilit y and discuss the functional evidence 
for the uniquely efficient response to DNA damage, particularly in the presence of minor DNA lesions and single-strand breaks. We discuss 
whether high le v els of DNA repair proteins might be the basis f or the observ ed lo w mutation rate. Finally, w e present the idea that the unique 
characteristics of the chromatin landscape, as well as the limited replication, rather than the abundance of repair factors alone, may be responsible 
for the intergenerational protection of the genome. 
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e novo mutations (DNM) are caused by exogenous and en-
ogenous DNA damaging factors that induce various types of
amage, including loss of bases, oxidative damage, and base
lkylation. These give rise to single nucleotide substitutions or
ead to genome instability if not repaired properly. DNA dam-
ge occurs constantly in mammalian cells. Every day in an
verage mammalian somatic cell, 9000–10 000 purines and
00–500 pyrimidines are spontaneously lost, up to 500 cy-
osines are deaminated, 3000–4000 bases are alkylated, and
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up to 1000 guanines are oxidized, resulting in > 13 000 DNA
lesions per diploid cell per day (reviewed by [ 1 , 2 ]). Single-
strand breaks (SSBs), which arise as intermediates during the
repair of these DNA insults and from aborted topoisomerase
activity, represent the most prevalent type of DNA damage
in mammalian cells (reviewed in [ 3 ]). Base loss, deamination,
oxidation, and alkylation occur spontaneously, mainly under
the influence of cellular metabolites and hydrolytic damage.
Exogenous factors, such as ionizing radiation and genotoxic
substances, also contribute to DNA damage. Modified bases,
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as well as abasic sites and SSBs, can result in mispairing during
replication, leading to point mutations, can cause replication
stress or transcription pausing, or can be converted to more
deleterious double-strand breaks (DSBs) when abasic sites [ 4 ]
or SSBs are formed close on complementary DNA strands ([ 5 ],
reviewed in [ 6 ]). Remarkably, in direct comparison, DSBs are
much less common than SSBs. Vilenchik and Knudson [ 7 ] es-
timated that only ∼50 endogenous DSBs are formed per cell
cycle from single-stranded lesions in an average human so-
matic cell. The rise of mutations and the mutation signatures
found in various cells are mainly shaped by DNA insults the
cell suffers, as well as the repair mechanisms acting to sup-
press the potentially deleterious changes in DNA. Consistent
with the idea that, if not corrected, the nonhelix-distorting le-
sions can have a marked impact on cell viability, homozygous
knockout of genes that encode different base excision repair
(BER) factors results in early embryonic lethality [ 8–13 ]. 

It has long been known that the mammalian germline ex-
hibits an extremely low mutation rate compared to somatic
cells. Furthermore, a bias is observed between male and female
gametes, with male gametes showing approximately three-
and four-times higher mutation rates than oocytes in mice
and humans, respectively [ 14 ]. A simple explanation might be
that oocytes go through much fewer replication cycles than
male germ cells, which, unlike oocytes, continuously divide
throughout most of the male’s life. However, this view has
been challenged by recent findings indicating that even before
the onset of puberty, when the number of replication cycles is
approximately the same between sperm precursors and oocyte
precursors, according to some models, oocytes already show
a lower mutation frequency in comparison with male gamete
precursors [ 15 ]. As oocytes can spend decades in ovaries be-
fore being recruited for fertilization, there must exist some
strict quality control operating over such an extended time
span, as maintaining oocyte genome in pristine order is vital
for the fitness of the next generation. However, mutations in
oocytes have recently been shown to accumulate with mater-
nal age in humans [ 15 , 16 ], suggesting that the robustness of
this quality control mechanism decreases with time. In this re-
view, we focus on mammalian oocytes and preimplantation
embryos—their unique biology and ask how their genomes
may be protected from potentially lethal mutations. 

The phenomenon of higher genomic stability 

in oocytes and pre-implantation embryos 

In line with the notion that mutations in germ cells are passed
on to the offspring and, if not corrected, may result in severe
disease or death of the new organism, the frequency of point
mutations in mammalian germ cells is low in direct compari-
son with somatic cells. Most of the available data come from
mice and humans; thus, we mainly refer to these two species
as the representatives of mammals in general. Although these
species show marked reproductive differences, such as being
mono-ovulatory or polyovulatory and having long or short
gestation periods, the overall tendency to suppress the fre-
quency of DNMs in female gametes is similar. 

Recently performed whole genome sequencings of family
trios have shown that the frequency of DNMs in gametes
is substantially lower than in somatic cells for both humans
and mice. For humans, the average frequency of germline mu-
tations was 1.2 × 10 

−8 per base pair per generation versus
2.8 × 10 

−7 in somatic cells [ 17 ], while for mice, these num-
bers were 3.9 × 10 

−9 [ 14 ] versus 4.4 × 10 

−7 [ 17 ]. The above 
mutation frequency for the human germ line is in good agree- 
ment with other related studies [ 18 , 19 ]. Most DNMs are of 
paternal origin [ 14 , 19 , 20 ]. An average human neonate has 
been estimated to have 70 DNMs and a mouse offspring has 
20 DNMs, with the paternal bias in these species being 3.9:1 

and 2.7:1 [ 14 ]. These ratios translate to only ∼20% of newly 
detected mutations in humans and 27% of DNM in mice aris- 
ing from oocyte DNA. These estimates are in agreement with 

the study by Kong et al . [ 20 ], in which the authors have shown 

that only 20.4% of DNMs in humans are derived from ma- 
ternal chromosomes. In general, maternal DNA is well doc- 
umented to accumulate mutations at lower rates than pater- 
nal DNA. In general, male and female gametes demonstrate 
greater genomic stability compared to somatic cells, but the 
genetic material of oocytes contributes even less to DNMs in 

the embryo compared to paternal DNA. 
After fertilization, when the embryo begins mitotic cycles, it 

starts to accumulate DNMs faster than the parental gametes,
but still slower than the somatic cells. In contrast to the rate of 
0.087–0.17 mutations per cell cycle in human male germ cells 
[ 21 ], the first embryonic divisions are known to be relatively 
mutagenic in humans, resulting in ∼2–3 point mutations per 
cell division [ 22 , 23 ], but with embryonic genome activation,
the mutation rate drops to 1.2 mutations per division [ 24 ].
Although 2–3 substitutions per cleavage may seem a high mu- 
tation rate, somatic cells accumulate mutations faster. If one 
uses the reported mutation rate of 2.66 × 10 

−9 per bp per cell 
division for human somatic cells [ 17 ], it can be estimated that 
they accumulate 15–16 mutations per cell cycle, which is ob- 
viously much higher than 2–3 in very early embryos. In mice,
first embryonic divisions are slightly more mutagenic than in 

humans [ 14 ]. However, the reported rate of pre-gastrula mu- 
tation in mice is 1.0 mutation per cell division, which is much 

lower than in somatic cells (13.2 mutations per cell division 

in murine tail fibroblasts) [ 25 ]. 
As the overall mutation frequency results from a balance 

between all the processes causing DNA damage and the repair 
mechanisms working to maintain genome stability, we argue 
that one needs to understand the biology of germ cells and 

embryos to explain why the overall mutation rate is so low.
In this review, we focus mainly on nonhelix-distorting (non- 
bulky) DNA lesions that are by far the most common and 

discuss the role of the BER pathway in the female germline 
and early embryos, since BER is known to repair this type of 
DNA damage. 

The origin of the mammalian germline 

In mammals, primordial germ cells (PGCs), the founding cells 
of the germline, are established during early embryonic de- 
velopment. At its first stage, the PGC population comprises 
∼40–45 cells in the mouse [ 26 ]. As development begins, the 
PGCs divide extensively to reach a population of thousands 
of cells. Concomitantly, PGCs migrate through the hindgut 
to colonize the genital ridge. During this migratory stage,
the PGCs erase the previous somatic epigenetic programme 
and genome-wide epigenetic remodelling occurs. This includes 
extensive DNA demethylation, erasure of genetic imprint- 
ing, and changes in histone post-translational modifications 
([ 27–29 ] and reviewed in [ 30 ]). After reaching the foetal go- 
nads, the population of the PGC ceases to divide. This takes 
place around E13.5 in the mouse or the tenth week in hu- 
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ans ([ 31 , 32 ], reviewed in [ 33 , 34 ]). From this point on, a
ex-specific programme is initiated in germ cell precursors.

ale pro-spermatogonia (gonocytes) remain mitotically ar-
ested until puberty ( [35 , 36 ], reviewed in [ 37 ]), while female
ogonia enter the meiotic prophase to stay at this stage until
uberty ([ 38 , 39 ], reviewed in [ 40 , 41 ]) (Fig. 1 ). 

pig enetic inf ormation er asure dur ing ear ly 

 ermline dev elopment 

arious lines of evidence indicate the involvement of DNA re-
air mechanisms in protecting the genome of prospective germ
ells throughout the phases of epigenetic reprogramming. In
he mouse, the first big wave of reprogramming can be ob-
erved in PGCs at ∼E11.5 in the mouse or around the second
onth in humans (reviewed in [ 33 , 34 ]). At this stage, global
NA methylation levels drop sharply [ 28 ]. DNA methylation

an be removed by active, enzymatic demethylation or simply
y diluting the 5mC (5-methylcytosine) mark by replication,
s this process is semiconservative. The latter process is termed
assive demethylation (reviewed in [ 42 , 43 ]). 
Although the exact mechanism of this first wave of

emethylation is still being discussed, it has been proposed
o be an active process and to depend on the activity of
he enzymes TET1 (Ten-Eleven-Translocation 1) and TET2
 29 , 44 ]. The sparsity of PGCs makes detailed analysis of
he extent and mechanism of active demethylation processes
ifficult. The TET family of enzymes converts 5mC to 5-
ydroxymethylcytosine (5hmC) and then 5-formylcytosine
5fC) and 5-carboxylcytosine (5caC) by oxidation [ 45 , 46 ].
he fate and, more importantly, the physiological role of
hmC is still debated, since it is not a substrate for thymine
NA glycosylase (TDG), although the other oxidation prod-
cts, i.e. 5fC and 5caC, are [ 47 , 48 ]. In vitro , TET1 and TDG
ave been shown to interact physically, which the authors
peculate may couple oxidation and excision activity [ 49 ].
pon recognition of the 5fC / 5caC:G mismatch, TDG cleaves

he DNA containing the nonpairing oxidized 5mC products
o create an abasic site, which can be repaired by the BER or
ER (nucleotide excision repair) pathways (reviewed in [ 50 ]).

creening for TET-interacting partners by immunoselection in
mbryonic stem cells (ESCs) in vivo identified TDG as the
ain glycosylase involved in the removal of 5mC and BER

s the main repair pathway. The key BER proteins PARP1,
RCC1, and LIG3, were found to be prominent in the im-
unoselected fraction of TET1, TET2, and TET3, and the

hree TET enzymes were shown to interact directly with TDG
y the fluorescent-three-hybrid (F3H) assay [ 51 ], indicating
hat BER is the main machinery involved in active demethy-
ation. This coupling of TET enzymes with repair machinery
as shown to be important in preventing the emergence of
SBs in in vitro studies [ 49 ]. In vivo , simultaneously with

lobal demethylation, a notable upregulation of DNA repair
enes was observed in PGCs. Although slight upregulation of
enes from the NER pathway was also detected in isolated
GCs, this pathway was considered not significantly active
ue to a limited interaction of the proteins with DNA [ 52 ].
n the contrary, the transcripts of the BER pathway were
arkedly upregulated and an elevated interaction of BER pro-

eins with DNA was found suggesting that BER is the main
epair pathway in PGCs [ 52 ]. As epigenetic remodelling is be-
ieved to occur in the G2 cell cycle stage in PGCs, the authors
ostulated that replication is unlikely to contribute to the ele-
vated DNA-BER proteins interaction [ 27 ]. The role of BER in
the reprogramming of PGC is further supported by the lack of
demethylation of the imprinted gene H19 when the PARP in-
hibitor 3-AB was administered to pregnant females at the time
of PGC reprogramming [ 53 ]. Here, although 3-AB did not
completely block demethylation, its effect was greater com-
pared to aphidicolin, a DNA polymerase / replication inhibitor.
Ciccarone et al . reported a similar result for gene-specific and
global DNA methylation in cultured PGCs using the same
inhibitor [ 54 ]. Therefore, at least some of the sequences in-
deed are predominantly reprogrammed by active replication-
independent demethylation with the involvement of the BER
pathway. 

Following the erasure of the somatic epigenetic program,
the PGCs exit a bipotential state and commit to the male or
female developmental programme. In the mouse, this occurs at
E12.5–13.5. Prospective male germ cells arrest in the G0 / G1
stage of the cell cycle, while future oocytes switch to meiosis
and arrest in the prophase of meiosis I. From this point on,
no cell population divides until puberty. Up to the point of
sex determination, we may presume that there are two major
sources of mutations and that these are common to both types
of germ cell precursors, based on replication or DNA damage,
possibly linked to epigenetic remodelling. It has been shown
that, until sex determination, male and female PGCs exhibit
the same sensitivity and response to DNA damage [ 55 ]. In line
with these data, the mathematical model proposed by Rahbari
et al . [ 21 ] for human gamete precursors predicts that DNM
rate around birth should also not be sex-biased. Before the for-
mation of PGCs, the mutation rate is the same for males and
females (0.2–0.6 mutations / cell cycle), and during the differ-
entiation of PGCs to oogonia or spermatogonia, it increases
equally in both sexes (0.5–0.7 mutations per cell division), giv-
ing a range of 12–20 DNMs in female and 14–23 DNMs in
male germline at birth [ 21 ]. Consistent with this model, the
initial frequency of DNMs in gamete precursors in mice has
been reported to be approximately the same for both sexes
[ 14 ]. However, after sex determination, male and female germ
cell lineages diverge. 

The biological processes that shape the 

landscape of female germ cell mutations 

At first glance, one prominent factor that might make female
germ cells resistant to the accumulation of mutations is the
limited number of replications these cells undergo. In con-
trast to males, where spermatogonia activate around the time
of puberty and continuously replicate and divide throughout
most of their lives to produce mature gametes, mammalian
females are born with a finite number of germ cells, which
do not replenish, and their number only decreases with age.
This also sets mammalian females apart from those in other
phyla, such as some amphibians, which likely possess oogo-
nial stem cells (for review see [ 56 ]). Because replication is one
of the major sources of mutations, one would naturally ex-
pect male mutation bias, and this is indeed the case. But even
at puberty, when there is no bias in the number of cell cycles
[ 57 ], male germ cells have significantly higher rates of DNMs
than female germ cells. Forster et al . have described this phe-
nomenon, showing that strong male bias for DNM is already
present in germ cells of teenage parents: 87% of DNMs in
short tandem repeats (STRs) came from paternal DNA ver-
sus only 13% from maternal DNA [ 58 ]. This indicates that
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Figure 1. A simplified representation of human gametogenesis and the accumulation of mutations during the formation and maturation of gametes. 
During the first cell cycles, the newly formed embryo accumulates 2–3 DNMs per cleavage, but after activation of the zygote genome, this number 
rapidly drops to 1.2, and then to ∼0.2–0.6 mutations per division [ 21 ]. As PGCs are formed, their mutation le v el remains low (0.5–0.7 DNM / cleavage) 
and is belie v ed to be the same for males and females [ 21 ]. After entering mitotic / meiotic arrest, pro-spermatogonia and primary oocytes remain 
dormant until puberty, and around birth mutation le v els are considered comparable in the male and female germline. At puberty, a strong paternal bias is 
already present in the burden of DNMs. 



Low de no v o mutation rates in oocytes and embryos 5 

r  

m  

a  

i  

g  

n  

a  

e
S  

2  

i  

t  

m  

s  

e  

r  

f  

b  

c  

c  

t  

p  

[  

p  

n
2

 

s  

t  

A  

r  

s  

1  

/  

a  

c  

i  

d  

[  

s  

t  

o  

i  

o  

w  

h  

g  

s  

a  

p
 

n  

t  

r  

w  

p  

t  

t  

g  

n  

t  

w  

t  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

eplication alone has little impact on the overall frequency of
utations in the mammalian germline, and other factors, such

s DNA damage response, may play a more prominent role
n establishing a mutation landscape [ 59 ]. Even for the male
ermline, where more data are available, the difference in the
umber of DNMs in STRs reported in this study for ageing
nd young fathers cannot be directly explained by the differ-
nce in replication rounds, as in 50-year-old males, 3.4 × 10 

−3 

TR mutations were detected per locus per generation versus
.5 × 10 

−3 in 20-year old fathers, giving only 1.3-times the
ncrease in the DNM rate with age. Forster et al . suggested
hat ageing males exhibit a “favourable selection” for sper-
atogonia, having undergone fewer rounds of cell division for

perm production, resulting in DNM rates more similar than
xpected in the genomes of young and ageing males [ 58 ]. The
eason for the 6.7-fold higher DNM rates in DNA of teenage
athers compared to teenage mothers remains unexplained,
ut these data question the prominent role of the number of
ell divisions in sex mutation bias (reviewed in [ 60 ]). In this
ontext, it is interesting to note that while the calculated mu-
ation rates indicate that female germ cells acquire only 0.74
oint mutations per year [ 13 ] (which is much lower than 2.87
 21 ] or 2.38 DNMs per year [ 61 ] reported for male germ cells),
ostmitotic neurons and muscle cells, which are, like oocytes,
ondividing cells, were reported to accumulate as many as 13–
0 substitutions yearly [ 62 , 63 ]. 
It is estimated that the mammalian genome suffers a steady

tate of 50–200 thousand depurination and depyrimidina-
ion events per day that need to be constantly repaired [ 64 ].
lthough some estimates are lower, these numbers are still

emarkable [ 65 , 66 ]. At the same time, germline mutation
pectra are dominated by the SBS1 (single-base substitution
) and SBS5 (single-base substitution 5) signatures ( https:
/cancer .sanger .ac.uk/signatures/sbs/), which are common to
ll cells and are likely caused by endogenous cellular pro-
esses [ 16 ]. SBS1 is a clock-like (age-dependent) mutation aris-
ng from deamination of 5mC to T, while SBS5 may reflect a
ifference in the level of endogenous DNA damaging events
 16 ], although its aetiology remains poorly understood. The
igns of these two signatures are not found very frequently in
he oocyte genome, resulting in low overall mutation rates in
ocytes in comparison with somatic or sperm cells [ 16 ]. This
ndicates a very efficient and accurate repair of these types
f DNA insults in the female germline, which could other-
ise be fixed by replication. At the same time, oocytes may
ave evolved efficient strategies to limit the occurrence of the
eneration of specific types of nonhelix-distorting DNA in-
ults. What then happens between the divergence of the male
nd female germline and puberty when mature gametes are
roduced? 
Following the global demethylation wave and sex determi-

ation in the PGCs, a sex-specific programme is initiated in
he gamete precursors. A notable sex-specific difference is the
eestablishment of DNA methylation in prospective gametes:
hile in male gonocytes, genomic methylation is reestablished
renatally, in females, this occurs postnatally [ 67 ]. This could
ranslate into the number of spontaneously deaminated 5mCs
hat need to be repaired by the respective germ cells at any
iven time, as the presence of 5mC may be detrimental to ge-
omic stability. It has been reported that C-to-T transitions are
he most frequent changes observed in mammalian genomes,
ith the frequency rising when C is methylated. It has been es-

imated that with methylation, the C-to-T transition rate in-
creases at least two-fold [ 68 ]. In mammals, cytosine methy-
lation occurs primarily in the context of a CpG dinucleotide
and it is believed that this led to its general underrepresenta-
tion of methylated cytosines in the mammalian genome and
the emergence of CpG islands [ 69 ]. Given the limited number
of replication cycles in the female germline, where replication-
dependent C-to-T transitions might occur [ 70 ], the mecha-
nism behind the high mutability of 5mC may be attributed
to spontaneous deamination (reviewed in [ 71 ]). Spontaneous
5mC deamination leads to T:G mismatches that were shown
to be repaired much less efficiently than U:G mismatches aris-
ing from the deamination of unmethylated cytosines, leading
to an overall 5 mC higher mutability [ 72 ]. 

Assuming a constant rate of spontaneous deamination and
given the overall longevity of mammalian oocytes, female
germ cells should be well equipped to handle this base change
by having high levels of TDG / UDG (uracil–DNA glycosylase)
and general levels of the BER machinery. However, oocytes
might also have evolved another strategy to minimize the
impact of having highly mutagenic mCpG in their genomes
over extended periods. Classic experiments show that gametes
of both sexes have undermethylated DNA compared to so-
matic cells, with the oocyte showing the lowest levels of global
methylation of the three basic cell types [ 73 , 74 ]. Furthermore,
not only is DNA in oocytes undermethylated, but most likely
the final methylation pattern in oocytes is not established until
they are close to potential fertilization ([ 75–77 ], reviewed in
[ 78 ]). Thus, gradual remethylation occurs only in a subset of
cells and not before the onset of puberty. 

Under the influence of hormones, only a certain number of
follicles, i.e. oocytes with accessory somatic cells, are recruited
each oestrus cycle. When this occurs, oocytes enter a growth
phase, producing a range of different transcripts and synthe-
sising many different materials. During this period, oocytes
increase dramatically in size. For example, in humans, the size
changes from ∼25–30 μm in diameter (primary oocyte) to
107–124 μm (ovulated oocytes) [ 79 ], making them one of the
largest cells of the mammalian body [ 80 ]. When they reach
their final size, for example, 65–70 μm in mice or 100–120
μm in humans, their transcriptional activity ceases, and DNA
inside their nucleus condenses. Concomitantly, de novo DNA
methylases accumulate as oocytes grow, and as a result, global
DNA methylation peaks when oocytes reach their final size
[ 75 , 77 ]. 

In agreement with the limited contribution of 5mC deam-
ination, the C-to-T transition is not the most frequent mu-
tation type in oocytes. On the contrary, mammalian oocytes
have high C > G transversion rates [ 19 , 81 , 82 ]. One possi-
bility of a high C > G number of transversions is the repair
of DSBs generated by crossing over . However , this seems to be
less common in oocytes than previously thought [ 82 ]. Another
possibility is the involvement of the transcription-coupled
mechanism [ 83 ]. 

Limiting oxidative stress in oocytes 

Oxidative damage, together with DNA replication, is gener-
ally considered a major source of DNMs. In somatic cells, this
type of damage is induced by ROS (reactive oxygen species)
and results in oxidation of nitrogen bases, with the primary
generation of 8-oxoguanine (8-hydroxyguanine, 8-oxoG) (re-
viewed in [ 1 , 84 ]). This base modification is typically repaired
by the BER (reviewed in [ 85 , 86 ]), or less frequently by the

https://cancer.sanger.ac.uk/signatures/sbs/
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NER pathway [ 87 , 88 ]. If not removed, 8-oxoG is known to
cause G / C-to-T / A transversions [ 89 , 90 ]. Interestingly, assess-
ing the ability of germ cells to repair damage derived from
base oxidation is not straightforward. For example, it has been
shown that while the NER activity on isolated DNA was high,
it was low and insufficient to repair damage in intact sperm
cells [ 91 ]. Therefore, one cannot extrapolate directly from the
activity of DNA repair pathways on isolated substrates to
DNA repair activity in vivo and directly in nuclei. Unlike male
germ cells, we even have no information on the activity of the
BER and NER pathways in intact mammalian oocytes in situ
and their ability to act on oxidative damage in DNA. If the
overall capacity to repair oxidative damage by oocytes is in-
sufficient, possibly the main strategy to protect their genome
is to maintain low levels of ROS production. 

The main intracellular sources of ROS are mitochondria
and NADPH oxidases (reviewed in [ 92 ]). While we do not
have information on the role and function of NADPH ox-
idases in oocytes, it has recently been reported that human
oocytes maintain ROS-free mitochondria. This could be a
consequence of suppressing mitochondrial complex I which
becomes fully assembled and active only in the later stages
of mammalian oogenesis [ 93 ]. Although it may be a general
phenomenon, it is technically difficult to demonstrate this di-
rectly in human samples due to the limited number of avail-
able oocytes. Most of the experiments were performed on
frog oocytes, which are in many respects different from their
mammalian counterparts (as reviewed in [ 56 , 94 , 95 ]). In gen-
eral, interpretation of data obtained from isolated mammalian
oocytes is complicated by the fact that intact follicles reside in
an environment with a much lower oxygen concentration than
in air (2%–8% versus 20%). High oxygen tension was shown
to decrease oocyte survival [ 96 ] and may increase mitochon-
drial ROS production and oxidative damage [ 96 , 97 ]. There-
fore, the combination of these factors makes it difficult to di-
rectly extrapolate data obtained with isolated human oocytes
to oocytes residing in an intact organism. 

A detailed analysis of metabolic changes in developing
oocytes was reported by Zhang and colleagues [ 98 ]. These
data demonstrate that as oocytes grow, a stable increase in
glycolysis occurs, along with a downregulation of oxidative
phosphorylation (OXPHOS). Although glycolysis is known to
be far less efficient than OXPHOS with respect to ATP gener-
ation, it produces markedly less ROS (reviewed in [ 99–103 ]).
Therefore, it seems plausible that limiting OXPHOS and pro-
duction of ROS by oocytes may be an effective strategy to
limit oxidative damage. A similar metabolic adaptation has
recently been described in other nondividing cells, neurons,
which have also been reported to preferentially use glycoly-
sis [ 104 ], especially in their somata ([ 105 ], reviewed in [ 106 ]).
However, neurons still accumulate mutations at rates compa-
rable to actively dividing cells [ 62 ] while exhibiting moderate
levels of oxygen concentration and consumption when com-
pared to other organs (reviewed in [ 107 , 108 ]). Therefore, to
what extent this potentially protective mechanism affects the
mutation rate remains to be determined. 

Despite the proposed mechanisms that limit ROS produc-
tion, genetic studies that used the simultaneous knockout of
three 8-oxoG glycosylases, Mth1 , Ogg1, and Mutyh [ 89 ],
demonstrated that oxidative damage does occur in oocytes
and ovaries. When 8-oxoG removal was prevented in knock-
out mice, germline mutations accumulated in their progeny.
Therefore, limiting OXPHOS cannot be the only mechanism
that prevents DNA oxidative damage and the accumulation 

of mutations in oocytes. 

The role of oocyte transcription in shaping the 

landscape of oocyte mutations 

Although it may seem that oocytes can effectively limit cellular 
processes leading to DNA damage, their growth before ovu- 
lation requires transcription, and the production of proteins.
Transcription can induce mutations in somatic cells (reviewed 

by [ 109 , 110 ]). One of the mechanisms behind DNA dam- 
age induction involves conflicts between transcription ma- 
chinery and replication forks. Despite some temporal sepa- 
ration between transcription of many genes and replication 

in mammalian cells, codirectional or convergent conflicts be- 
tween transcription and replication can occur. Such conflicts 
lead to the formation of R loops and DNA breaks, and to 

the subsequent activation of a checkpoint and DNA repair 
processes. Another mechanism arises from a recently discov- 
ered (and described above) phenomenon of controlled re- 
moval of 5mC by BER in a process of activation of genes in- 
volved in deciding the fate of neuronal and other cell types 
[ 111 ]. The conversion of 5mC to BER substrates, their re- 
moval and replacement with cytosine can lead to SSBs and,
subsequently, to mutations. Other mechanisms responsible for 
inducing transcription-related mutations include abortive ac- 
tion of topoisomerases and the formation and resolution of R 

loops during RNA polymerase progression. Finally, the mere 
fact of exposing single-stranded DNA during transcription 

can result in mutations, since single-stranded DNA (ssDNA) is 
more susceptible to damage and chemical modifications than 

double-stranded DNA (dsDNA). For example, deamination in 

ssDNA is faster than in dsDNA and results in the conversion 

of cytosine to uracil, while depurination in ssDNA is 4-times 
faster than in dsDNA ([ 112 ]; reviewed in [ 113 ]). Indeed, mu- 
tation rates were found to differ between the complementary 
strands [ 114 ]. An excess of G-to-T over A-to-C on the non- 
template strand in human genes was demonstrated and later 
shown to be correlated with transcription levels [ 115 ]. 

As expected, a significant positive correlation was detected 

between the human germline mutation rate and the expres- 
sion levels of individual genes [ 116 ]. Recently, statistical anal- 
ysis of sequencing data sets was used to identify transcription- 
associated mutagenesis as one of several processes that ex- 
plain the variation in mutation properties between loci [ 82 ].
The main cause may be the localized susceptibility of DNA to 

damage. These whole-genome data suggest that transcription- 
induced mutation rates are characterized by local spikes. Only 
10% of the oocyte genome contains 67% of clustered DNMs 
of maternal origin. A 50%–200% increase in the rate of C > G 

mutations was observed on the nontranscribed strand com- 
pared to the gene flanks. According to the analysis of sequenc- 
ing data, a share of transcription-related DNMs in the overall 
mutation rate is ∼10% [ 82 ]. 

In oocytes, active transcription is important not only for 
maintaining essential cellular functions but also for accumu- 
lating messenger RNA and proteins, hence the increase in 

oocyte size once they are recruited. However, transcription is 
shut down when the oocytes reach their full size [ 103 ]. Per- 
haps this quiescent phase could give the oocytes extra time 
to repair the DNA, if necessary. Robust transcription resumes 
only after fertilization in a process called major embryonic 
genome activation. Depending on the species, this occurs any- 
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here from two-cell to eight- to sixteen-cell stages (reviewed
n [ 117 ]). 

rocesses that shape the mutation landscape 

n early embry og enesis 

s mentioned above, after fertilization, the embryo does not
roduce its own transcripts and therefore is completely de-
endent on the materials stored in the oocyte for essential
ellular functions such as maintaining genome stability [ 117–
20 ]. Based on the spectra of early mosaic mutations, active
emethylation and replication appear to play a significant role
n shaping the overall mutational landscape [ 70 , 82 , 121 ]. 

NA methylation and repair after fertilization 

uring sperm genome remodelling, another phase of active
NA demethylation takes place. This time, the main enzyme

esponsible for 5mC oxidation is TET3 [ 122 , 123 ]. Based
n in vitro studies reconstituting the TET-TDG-BER DNA
emethylation pathway, TET3 could also interact with TDG
o facilitate active demethylation and prevent the appearance
f DSBs [ 49 ]. However, the details of active demethylation
n mammalian zygotes are still elusive, and the generation of
NA breaks and involvement of DNA repair remain some-
hat controversial due to the proposed global extent of active
emethylation. 
Mammalian zygotes are generally presumed to follow

he path of TET3-dependent 5mC oxidation, followed by
lycosylase-dependent base removal and BER-based repair.
owever, the results indicate that the mammalian zygotes
ight not be using exactly the same set of enzymes. In 2014,
uo et al . reported that active demethylation in zygotes is
DG-independent [ 124 ]. The authors used a mouse with a
NAP (tissue nonspecific alkaline phosphatase)-Cre driver to
emove TDG from PGCs. Based on lacZ expression, Cre re-
ombinase becomes active around E9.5–10.5, which overlaps
ith the first global demethylation wave in PGC, effectively

emoving TDG from all subsequent stages [ 125 ]. Given the
ssentiality of TDG and its embryonic lethality at E12.5 [ 126 ,
27 ], it is quite surprising that no fertility issues were re-
orted in the conditional knockout [ 124 ]. Unlike Tdg knock-
ut fibroblasts, which exhibited defects associated with DNA
ethylation [ 127 ], no effect on the active demethylation was

ound by Guo and colleagues [ 124 ]. This indicates that alter-
ative mechanisms may be operating in the germline to protect
he genome from mutations at the level of DNA glycosylases.
ollowing initial demethylation in the zygotic stage, the lev-
ls of methylation further decline, reaching the lowest levels
n the morula stage (reviewed in [ 128–130 ]). Demethylation
t the cleavage embryo stages is mainly driven by replication-
oupled passive demethylation and simultaneous exclusion of
nmt1, the maintenance DNA methyl transferase, from nuclei

n embryos [ 131–133 ]. Next, as the first two linages, the tro-
hectoderm and the inner cell mass, differentiate, methylation
evels again begin to rise [ 128–130 ]. 

Although the initial steps of active demethylation are not
ntirely clear, the involvement of the BER pathway in subse-
uent DNA repair has not been disputed. The key BER pro-
ein, PARP1, has been localized in both parental pronuclei
ven when DNA replication was blocked [ 134 ], suggesting its
ole in DNA repair. This was accompanied by the presence of
H2A.X in the male pronucleus, indicating the generation of
DSBs. The involvement of BER in active demethylation was
shown more directly in conditional knockout of Xrcc1 , an-
other key BER protein [ 135 ]. The use of a Zp3 -Cre driver
mouse ensures the deletion of Xrcc1 during the oocyte growth
period, that is, from the primary follicle onward [ 136 ]. In the
absence of maternal XRCC1, the signal of γH2A.X becomes
more pronounced, indicating that more DSBs are generated
when BER is compromised. As the γH2A.X is only a proxy
for DSBs, it is unclear whether DNA is fully repaired when
zygotes enter the first mitosis, as suggested in [ 135 ], but the
generation of DSBs in response to active demethylation indi-
cates that BER activity is generally insufficient. However, this
insufficiency is relative, since the mutation rate in embryos is
still much lower than the mutation rate of somatic cells. 

In contrast to the widely accepted notion that active
demethylation is restricted to the first embryonic G1 phase,
it could, at least to some extent, actually overlap with replica-
tion. This could have implications for the fidelity of this pro-
cess [ 137 ]. Some data indicate that the initial demethylation
of the paternal genome is not subjected to extensive TET3-
dependent oxidation. Instead, after initial demethylation, the
paternal genome might undergo a phase of remethylation that
coincides with the beginning of replication, and this newly
installed 5mC could be subjected to oxidation followed by
removal and DNA repair [ 138 ]. The combination of active
demethylation and DNA repair with replication might have
implications for the overall occurrence of mutations. 

In agreement with this assumption, early mosaic TpG mu-
tations constitute a marked fraction of all DNMs [ 82 ]. Fur-
thermore, the presence of noticeable levels of 5mC, 5hmC,
5fC, and 5caC at the time of embryonic genome replication
can also impact the replication process [ 137–139 ]. Therefore,
the potential overlap of several processes could put additional
pressure on the repair machinery in the early embryo. As repli-
cation can convert unrepaired DNA lesions into mutations
([ 140 ], reviewed in [ 141 ]), this overlap might contribute to the
elevated mutagenicity of the first embryonic cycle compared
to gametes. 

Oxidative damage following fertilization 

In addition to CpG to TpG transitions, the early mosaic muta-
tion spectra also include relatively frequent C-to-A mutations
[ 19 , 142 ]. C-to-A mutations can arise in response to oxidative
damage (reviewed in [ 143 , 144 ]). There are two possible ex-
planations for the increase in the frequency of this type of mu-
tation after fertilization. Either the oxidative damage increases
markedly with fertilization, or the oxidized bases accumulate
in the genomes of parental gametes. The activity of the BER
pathway in response to oxidative damage around the time of
fertilization was investigated by Lord and Aitken [ 145 ]. In this
study, both oocytes and zygotes were able to excise and re-
lease 8-oxoG, induced by exposure to hydrogen peroxide, into
the extracellular medium. However, the ability of metaphase
II oocytes to remove 8-oxoG was much lower compared to zy-
gotes. These results suggest a substantial upregulation of BER
activity after fertilization. However, the level of intracellular
8-oxoG was assessed using the OxyDNA test, an assay whose
specificity with respect to spermatozoa has been questioned
[ 146 ]. Nevertheless, these results support the idea that oocytes
accumulate oxidized bases and that their removal is triggered
mainly by fertilization. Then the overall capacity of the zy-
gote to repair this type of damage could be exceeded, more
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so if the sperm also introduced more oxidized bases in their
genome [ 147 ]. This could result in the appearance of C-to-A
mutations. 

Oxidative damage can also be triggered directly in the em-
bryo. The generation of reactive oxygen species and the con-
sumption of oxygen have been shown to increase markedly
with fertilization in bovine embryos [ 148 ]. Although this
study is widely cited, we were unable to find other references
describing a similar phenomenon in other species. There-
fore, while the genetic signature of early embryonic mutations
supports the idea that oxidative damage increases after fer-
tilization other methods did not confirm this phenomenon.
Whether this is related to embryo quality, as suggested by
some, remains a matter of debate [ 149 , 150 ]. 

Replication features in early embryos 

Since transcription is virtually absent during the first few em-
bryonic cycles, active demethylation at the zygotic stage and
replication appear to be the two dominant forces shaping the
early embryonic mutation landscape [ 70 , 121 ]. In general,
replication in eukaryotic cells is precise but not perfect. Al-
though it is a relatively accurate process, replication is consid-
ered one of the main sources of DNMs (reviewed in [ 151 ]).
Erroneously inserted nucleotides that escape proofreading by
polymerases are substrates for mismatch repair (MMR) that
increase replication fidelity by several orders of magnitude (re-
viewed in [ 152 ]). Replication-induced errors that are not fixed
before the next round of replication transit to DNMs, mainly
base substitutions and small indels [ 153 ]. Interestingly, mam-
malian embryos are known to exhibit frequent signs of repli-
cation stress, which might contribute to the elevated frequency
of DNMs. The possible reasons behind this phenomenon have
recently been reviewed by Wang et al . [ 154 ]. 

Although not much is known about the actual impact of
genome-wide remodelling of parental genomes on mutation
frequency in embryos, the presence of oxidized forms of 5mC
can potentially affect replication fidelity. On the one hand,
5caC:G has been experimentally shown to stimulate MMR to
increase replication fidelity in vivo [ 155 ] and also in vitro 5caC
was shown to be nonmutagenic [ 156 ]. On the other hand, the
mutagenicity of 5fC has been experimentally demonstrated.
It has been reported that 5fC tends to mispair with A instead
of G [ 156 , 157 ], or interfere with replication [ 139 , 158 ]. If
the modified bases impact the mutation rate, the frequency
of DNMs should be distributed asymmetrically between the
parental genomes. 

Although it remains to be determined whether parental
genomes exhibit differential mutation rates, mutation spectra,
as described by Seplyarskiy [ 82 ], show a prominent C > A
component that coincides with replication timing. A similar
finding was described by Palmerola et al ., who showed that
late-replicating regions of the genome are prone to break-
age [ 159 ]. It is generally accepted that very early mouse em-
bryos are characterized by an incredibly slow progression of
the replication forks [ 159–161 ]. By fibre analysis, it was esti-
mated to be 0.25 kb min 

−1 [ 162 ] or 0.33 kb min 

−1 for two-
cell embryos [ 160 ]. This is in stark contrast to somatic cells,
where the replication fork speed was estimated to be around 2
kb min 

−1 [ 163 , 164 ]. This and the unusually short G1 and G2
phases in early embryonic cycles [ 159 , 165 ], might be making
the potential repair of replication errors challenging. Unlike
somatic cells and subsequent embryonic cycles, according to
some estimates, mouse zygotes spend only 3–4 h in the G1 

phase, followed by DNA replication, which often extends to 

the G2 phase. Human zygotes follow a similar pattern [ 159 ].
In the second cell cycle, the G1 phase again lasts only ∼3 h in 

the mouse [ 165 ]. Regardless of the short gap phases, which in 

somatic cells, such as ESCs, do not allow efficient repair and 

result in substantial replication stress [ 166 ], the overall fidelity 
of replication cycles appears to be higher than that of somatic 
cells. 

Mechanisms of protection of genome integrity 

in oocytes 

Based on the considerations described above, it is evident that 
mutation-causing processes are operational in oocytes and 

early embryos, leading to specific mutation spectra in female 
gametes and early embryogenesis [ 14 , 16 , 82 ]. As the state of 
the oocyte at the time of fertilization is decisive for the de- 
velopment of an embryo, there are several potential mecha- 
nisms that could protect the oocyte genome over an extended 

period: 

1. Oocytes with high levels of DNA damage are eliminated 

from the pool. 
2. There is a high abundance of repair proteins in oocytes 

resulting in very efficient DNA repair. 
3. The unique chromatin structure in oocytes promotes ef- 

ficient DNA repair. 

Are oocytes with damaged DNA eliminated? 

In addition to the potential mechanisms for limiting DNA 

damage described above, oocytes might employ yet another 
way to minimize the level of mutations. For a long time, it 
has been believed that oocytes are extremely sensitive to DNA 

damage and do not repair their DNA. Instead, they enter the 
cell death programme and are eliminated from the ‘reproduc- 
tive’ pool. 

In fact, numerous studies observed the elimination of 
oocytes in response to cytotoxic insults by radiation ther- 
apy and chemotherapy [ 167–169 ]. Since the development of 
zygotes depends on the quality of germ cells, it is not sur- 
prising that oocytes have a complex quality control system 

that triggers the elimination of oocytes with unrepaired dam- 
age in genetic material. However, the response of oocytes to 

DNA damage changes drastically during their development.
Oocytes in postnatal primordial follicles are very sensitive 
to DNA damage and undergo apoptosis when encountering 
∼10 DSBs induced by ionising radiation [ 170 ], but oocytes 
in larger preantral follicles can survive this level of damage.
These data are in good agreement with the study [ 169 ], which 

also noted higher sensitivity and more rapid elimination of 
murine primordial follicles following the whole body expo- 
sure to gamma radiation compared to follicles in more ad- 
vanced stages of development. 

Although the elimination of cells with damaged DNA ap- 
pears to be a reasonable explanation for the low mutation 

frequency observed in mature oocytes, it should be noted that 
DNA break generation is a natural process during meiotic re- 
combination. Therefore, during some part of their life cycle,
oocytes must be able to repair DNA. During recombination,
around E13–14 in mice or 10–11 weeks of gestation in hu- 
mans, the oocytes actively induce breaks in their DNA. It has 
been shown that oocytes that do not complete the recombina- 
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ion successfully are eliminated around birth [ 171–173 ]. This
ecombination-related DNA repair is reflected in the oocyte
utation signatures, but mutations originating from unfaith-

ul recombination repair have been reported to account only
or a minority of overall mutations, ∼2% of all C-to-G mu-
ation spikes [ 82 ]. This could be interpreted as either a rigor-
us elimination of oocytes or as a very faithful recombination-
oupled DNA repair. Interestingly, in addition to DNA break-
oupled oocyte elimination, DNA break-independent oocyte
limination has also been described [ 174 ], speaking for the
rst possibility. However, this elimination does not strictly rule
ut the possibility of effective DNA repair. 
Although recombination is linked to the emergence of

SBs, which can result in cell death, little is known about the
mpact of nonbulky DNA lesions and SSBs on oocyte elimi-
ation. Due to the extreme longevity of mammalian oocytes,
specially in species such as humans, the protection of oocytes
gainst nonbulky DNA lesions is most important as these ap-
ear spontaneously in the DNA and in conjunction with the
ocyte natural metabolic activity. Parallel to the DSB response,
ARP1 inhibitors, at least in mice, have been shown to induce
he depletion of primordial follicle oocytes, but not oocytes
n further stages of development [ 175 ]. As SSBs and other
ER substrates are less toxic than interstrand crosslinks and

nterfere with replication and transcription ([ 176 ], reviewed
n [ 177 ]), it is unclear by what mechanism the oocytes are
liminated. An explanation might be that, if formed in the
icinity of each other and left unrepaired, SSBs might trans-
orm into DSBs (reviewed in [ 178 , 179 ]). Consistent with this
otion, an increased number of oocytes positive for the DSB
arker γH2A.X has been reported in the primordial follicles
f mice administered Olaparib [ 175 ]. However, since PARP1
s involved not only in DNA repair but in a multitude of other
ellular processes, elimination of the primordial follicle after
laparib administration may not be directly related to inhibi-

ion of BER in oocytes. 
Although it is also unknown whether all BER substrates

re repaired with the same efficiency or have the same impact
n oocyte elimination, there is interesting evidence showing
hat at least certain types of nonbulky lesions are tolerated
y oocytes. Using Mth1 / Ogg1 / Mutyh triple knockout mice,
hno et al . [ 89 ] showed that strong accumulation of 8-oxoG

n the reproductive tissues of mice did not cause fertility prob-
ems in experimental animals of both sexes. A detailed analysis
f the DNM spectra showed that 99% of the mutations were
-to-T mutations; the conversion of ssDNA insults to DSBs

eemed infrequent. Therefore, higher levels of 8-oxoG were
ot sufficient to cause oocyte elimination and female infertil-
ty when a typical sister-brother mating scheme was used. 

In agreement with this study, Ladstätter and Tachibana-
onwalski, who used conditional Zp3-Cre-driven Xrcc1
nockout mice, also did not report any breeding problems
 135 ]. This may be surprising, considering that XRCC1 is an
ssential BER protein, and its homozygous genetic deletion
eads to early embryonic lethality at E6.5 [ 180 ]. A possible
xplanation is that the Zp3 -Cre driver mouse activates Cre
ecombinase expression in primary follicles onwards [ 136 ],
ffectively bypassing the primordial follicle stage, when BER
ould be critical. A mild, but not essential effect was observed
nly after fertilization. 
In summary, the results of studies where extensive DNA

amage was induced by exogenous drugs and agents may not
eflect the capacity of oocytes to repair nonbulky DNA dam-
age well. Oocytes may be reasonably competent in dealing
with mild, physiologically occurring DNA damage, as indi-
cated by family trio analyses. However, the details of when
and how DNA insults are generated and repaired remain un-
clear. Therefore, the oocyte-specific mutation signature does
not rule out the possibility that oocytes are more sensitive to
DNA damage, especially in earlier stages of oogenesis, but the
elimination of oocytes is unlikely to be the primary mecha-
nism behind the low frequency of oocyte mutations. 

Are DNA insults less frequent or is repair more 

efficient in oocytes than in somatic cells? 

Although several DNA protection mechanisms discussed at
the beginning of this review are likely to operate in oocytes,
these have not yet been experimentally shown to cause a de-
crease in the number of DNA insults existing at any given time.
At the same time, oocytes might be very proficient at DNA re-
pair once they pass the critical developmental period. 

An attempt to investigate the actual activity of BER for a
wider variety of substrates in oocytes was made by Hua et al .
[ 181 ], who transfected 8-oxoG, uracil, and tetrahydrofuran-
containing oligonucleotides into whole mouse ovaries, fol-
lowed by the detection of the repaired product in oocytes. The
authors reported lesions that undergo efficient repair in the
ovaries of young mice but not in the older ones and demon-
strated the presence of short and long patch BER in mouse
oocytes, since uracil is efficiently removed via short patch BER
[ 182 ], while tetrahydrofuran is efficiently removed from DNA
via the long patch BER subpathway [ 183 ]. However, since
oocytes reside embedded in ovarian tissue and are typically
surrounded by several layers of granulosa cells, the efficiency
of the transfection method, which the authors do not describe
in detail, remains unknown. Furthermore, no protocol is given
for the isolation of oocytes. This casts doubts on the reported
results, as it is not clear whether whole ovaries or oocytes were
analysed for BER activity. 

More direct evidence for the existence of a general DNA
SSB repair in oocytes comes from the use of the CRISPR / Cas9
system. Single-strand DNA breaks can be induced by the nick
version of Cas9 [ 36–38 ]. Base editors make nicks while intro-
ducing point mutations at a given position in the genome, and
their successful application is based on the activity of the BER
pathway. Regarding oocytes, Su and colleagues [ 184 ] obtained
embryos with target point mutation from porcine oocytes, in-
jected with a base editor in the germinal vesicle stage and de-
tected the expected C-to-T transition in the metaphase II stage,
proving the ability of fully grown oocytes to repair nicks. Al-
though this demonstrates that oocytes have a capacity to de-
tect and repair DNA nicks, there are some limitations, and the
frequency of base editing does not allow one to infer the effi-
ciency of DNA repair. Genome editing is a highly targeted pro-
cess that introduces only a single DNA break or a few breaks
simultaneously. This is nowhere near the numerous DNA in-
sults to which a typical cell is exposed every day. Further-
more, in most cases, the nicks and DNA breaks introduced by
most CRISPR / Cas9 systems are recurrent, that is, they occur
repeatedly at the targeted location until the components are
depleted. 

Considering that oocytes can spend decades in the ovary be-
fore being recruited for maturation and fertilization and need
to provide enough materials to support the newly formed em-
bryo, one may ask whether oocytes accumulate BER factors
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Figure 2. Changes in le v els of BER factors during follicle growth, showing a gradual decline and a minimum in the antral follicle stage just before 
o vulation, e x cept f or PCNA (proliferating cell nuclear antigen). T he graph is based on mass spectrometry data published b y Zhang and colleagues [ 98 ] 
and was created in RStudio. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

during their growth and have an excess of these enzymes when
they reach full size. If so, do higher levels of BER factors war-
rant more efficient protection of the oocyte genomes? 

The view that higher levels of repair factors warrant bet-
ter genome protection is supported by experiments comparing
ESCs and differentiated somatic cells. Mouse ESCs have been
shown to have lower DNM frequencies compared to somatic
cells [ 185 ] and higher levels of BER factors LIG3, PARP1, and
XRCC1 [ 186 ]. This correlation does not prove a causal link
since there may be additional explanations for the low levels
of DNM in ESCs, such as the good accessibility of chromatin
to the DNA repair machinery. Nevertheless, a higher abun-
dance of repair factors has also been suggested as the primary
mechanism of genome protection in the male germline [ 187 ].
Here, the repair capacity was evaluated in an in vitro system
using a nuclear extract and an oligo reporter. This effectively
eliminates the impact of the chromatin configuration. In these
experiments, male germ cell extracts markedly outperformed
somatic cell extracts of Sertoli cells and thymocytes [ 187–
189 ]. Therefore, if oocytes indeed accumulate large amounts
of repair factors, this can be beneficial for overall repair ca-
pacity and, hence, for genome protection against DNMs. A
similar line of reasoning was applied in experiments with hu-
man ESCs that were tested for their ability to repair oxidative
lesions [ 190 ]. This report suggests a link between the upreg-
ulated BER pathway in ESCs compared to differentiated cells
and faster repair of oxidative damage, however, in these ex-
periments extensive damage far exceeding endogenous levels
was induced. 
In contrast to expectation, proteomic data obtained from 

oocytes of different developmental stages and sizes show that,
at least for the BER pathway, oocytes gradually reduce protein 

levels, reaching a minimum as the oocytes reach their full size 
[ 98 ] (Fig. 2 ). 

Although this may seem counterintuitive, the amount of 
BER proteins remaining in fully grown oocytes can still be 
sufficient for efficient repair, especially if paralleled by the re- 
duced generation of BER substrates. On the contrary, given 

the phase of active demethylation that follows fertilization,
the tendency to reduce the number of repair factors is some- 
what surprising. Furthermore, BER protein levels decline even 

further or remain constant after fertilization, as indicated by 
the embryonic proteome [ 191 ]. Therefore, even with embry- 
onic genome activation, BER protein levels do not appear to 

increase substantially. At the same time, the overall number 
of nuclei doubles with every division, effectively reducing the 
BER / DNA ratio even further. The levels finally begin to in- 
crease when the embryo reaches the blastocyst stage [ 191 ]. At 
this stage, the embryos already have close to 120–140 cells 
[ 192 , 193 ] (Fig. 3 ). 

Does chromatin structure play a role in protection 

against damage? 

Since repair factors require direct access to DNA, the lower- 
and higher-order structures of chromatin influence the re- 
pair of various types of DNA damage, including UV- and 

drug-induced bulky lesions, and DSBs. Although SSBs and 
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Figure 3. Summary of changes in the concentration of BER proteins in preimplantation embryos of humans ( A ) and mice ( B ), and the corresponding 
timelines of early embryo cleavages and main biological processes after fertilization. ZGA, zygotic genome activation, refers to the major wave of newly 
initiated embryonic transcription. ( C ) Represents the log2 fold change (log 2 FC) in BER factors concentration during folliculogenesis and preimplantation 
de v elopment in mice ( C ). T he e xpression of most of the BER proteins decreases by the time the ovulation occurs (data from [ 98 ]). After activation of the 
zygotic genome, the levels of BER proteins do not increase drastically, but gradually reach maximum in the morula or blastocyst stage (data from [ 191 ]). 
The graphs were generated using RStudio. 
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other types of damage that are repaired by BER are nonhelix-
distorting DNA must still be accessible for BER to take place.
Indeed, linker DNA and exposed nucleosomal DNA have been
shown to be repaired more efficiently than shielded regions
[ 182 ]. Experiments in in vitro model systems demonstrated
that the efficiency of most key BER steps is reduced or in-
hibited in the presence of nucleosomes, while the repair ef-
ficiency is higher when a lesion is located on exposed DNA
fragments on the surface of the nucleosome core ([ 194–197 ]
and reviewed in [ 198 ]). 

It is important to note that experiments conducted in ex-
tracellular model systems to understand the role of the chro-
matin structure in BER cannot be extrapolated directly to
the situation in vivo. Yazdi et al . directly demonstrated that
increased nucleosome occupancy in specific genomic regions
is associated with an increase in the rate of germline muta-
tions [ 199 ]. They constructed a map of nucleosome occupancy
in human ESCs by MNase-seq, and, by comparing existing
datasets of SNVs (single nucleotide variants) from family trios
[ 20 ] with the nucleosome positioning data, found a strong cor-
relation between SNV rates and the number of nucleosomes.
They speculated that the observed higher frequency of SNV is
caused by a decrease in the accessibility of DNA repair factors
to the site of DNA damage. Inversely, reduced nucleosome oc-
cupancy could facilitate DDR as observed in several in vitro
assays. If this is also true in vivo , oocytes and especially early
embryos might repair DNA damage more efficiently than so-
matic cells. 

When considering the influence of chromatin structure on
the repair of the BER substrates, oocytes, and early embryos
may constitute a special case. In the early stages of germi-
nal vesicle development, chromatin appears uniformly dis-
tributed throughout the nucleus of the oocyte; however, it
undergoes dramatic structural changes during development
and maturation [ 200 , 201 ]. These processes can even be ob-
served on a microscopy level when oocytes move from non-
surrounded nucleolus to surrounded nucleolus structure. Re-
cent whole genome studies of oocytes derived from isolated
follicles cultured in vitro showed that global accessibility of
chromatin increases significantly after initiation of oocyte
growth [ 202 ]. Microscopy observations show that during
oocyte maturation, heterochromatin blocks appear more con-
spicuous and their subnuclear distribution changes. Interest-
ingly, a potentially related phenomenon of separation of re-
pressed and active chromatin, and movement towards the nu-
clear periphery has been described in Drosophila and human
cells [ 203 ] and in fertilized in vitro bovine embryos [ 204 ].
Generally, the chromatin of early human and mouse em-
bryos exhibits high accessibility [ 205 , 206 ], which decreases
as the embryo develops, and cells differentiate [ 207 ]. An-
other notable feature of chromatin in preimplantation em-
bryos is high histone mobility. It is the highest in zygotes
and decreases as the embryo progresses to the blastocyst
[ 208 ]. The complexity of changes in oocyte DNA methyla-
tion, histone methylation, and histone acetylation is gradu-
ally discovered by combining various techniques using whole
genome sequencing [ 202 ]. The available information strongly
suggests that the unique chromatin structure of mammalian
oocytes and early embryos may be a factor in controlling
the stability of their genomes. However, little is still known
about the possible links between global and local oocyte chro-
matin accessibility, susceptibility of the whole genome and
specific genomic loci to nonhelix-distorting damage, and ef-
fectiveness of their repair. These phenomena are still largely 
unexplored. 

Perspective 

The remarkably low rate of mutations in oocytes and early 
embryos is a puzzling phenomenon. Although genetic studies 
have provided great information on the rate of emergence of 
DNM in the mammalian germline, they have substantial lim- 
itations. The most common method for detecting DNMs is 
the sequencing of biological parents and their progeny, known 

as the parent–child trio analysis. This analysis can provide a 
unique insight into the impact of parental age at conception 

on mutations that occur in oocytes and spermatozoa. How- 
ever, an important aspect of the origins of maternal and pater- 
nal mutations, related to replication and accumulated DNA 

damage, cannot be obtained from trio studies. It is well estab- 
lished that the number of maternal mutations increases with 

age, suggesting that they are not directly linked to replication 

[ 16 , 19 ]. Some maternal mutations arise in clusters and may be 
due to a by-product of DSBs or a result of DNA lesions [ 82 ].
Paternal mutations also increase with age and were originally 
predominantly linked to replication and sequence copying er- 
rors; however, it is not possible to exclude the option that their 
origin is again linked to the accumulated DNA damage. These 
two mechanisms cannot be distinguished. 

Another aspect of these analyses is that only the ‘reproduc- 
tively competent’ germ cells give rise to the next generation.
Therefore, the analysis of family trios will effectively miss the 
gametes that fail to participate successfully in fertilization or 
give rise to a viable embryo. This might represent a significant 
proportion of germ cells. Especially in humans, it has been es- 
timated that about 30%–50% of all naturally conceived em- 
bryos fail to develop to term [ 209 ]. Therefore, genetic analy- 
ses provide us with mainly an indirect view, yet they do not 
answer why oocytes show a decreased rate of mutations. Se- 
quencing individual oocytes and early embryos would be more 
informative to understand mutation rates, causes, and timing 
of DNM emergence, as it would involve not only the oocytes 
that participated in the next generation. However, especially 
in humans, this approach would again allow only a fraction 

of an individual’s oocytes to be analysed. This would not rep- 
resent the full diversity of mutation patterns in the whole pool 
of oocytes. Still, this information would be extremely valuable 
for a greater understanding of the variability and frequency of 
DNM in oocytes. 

Although substantial progress in understanding the re- 
sponse of mammalian oocytes to DSBs has been achieved re- 
cently, the reaction of these cells to base modifications and 

SSBs, and thus the main sources of DNMs, remains to be ex- 
plored. Oocytes, as well as pre-implantation embryos, have 
several unique features related to replication, chromatin ac- 
cessibility , histone mobility , cell death, and are to a reasonable 
level equipped with all the proteins necessary for the reversion 

of SSB and various BER substrates, but the question remains 
as to which of these factors has the most substantial contribu- 
tion to their ability to resist DNM. To answer this, new bio- 
logical tools are needed to analyse germ cells. Progress in this 
area has been hampered by the lack of reliable tools by which 

BER substrates can be detected and quantified. Unlike DSBs,
SSBs in DNA do not have a definite marker for accurate de- 
tection and quantification. In addition, oocytes and embryos 
have certain characteristics that limit the applicability of avail- 
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ble methods for quantifying nonbulky DNA lesions and SSBs
n particular. These cells cannot be reliably transfected, are not
vailable in large quantities, and require skill to handle. 

Regardless of these challenges, two groups of methods,
ased on DNA sequencing and microscopy, may assist in ex-
anding our knowledge about DNMs and their potential links
ith DNA SSBs. The DNA breakage detection methods based
n sequencing constitute a unique window of opportunity
or the precise detection of SSB. So far, most of the effort
as been invested in the development of methods aimed at
he analysis of DSBs [ 210 ], but several sequence-based tech-
iques have been developed [ 211 ] and validated for SSB map-
ing (reviewed by [ 212 ]). Currently, two of them, SSiNGLe
 211 ] and GLOE-Seq [ 213 ], have been applied to human and
east cells and revealed an unequal distribution of SSBs across
he genomes of these organisms. Although these methods pro-
ided valuable information on the distribution and dynamics
f SSBs in eukaryotic cells, they were validated exclusively on
omatic cells and required millions of nuclei per experiment,
aking them not suitable for SSB detection in mammalian
ocytes and early embryos. 
Among the microscopy-based methods that can be used to

uantify SSBs in female gametes and early embryos are the
ick translation assay, comet assay, and sSTRIDE, but all of
hem, except for the last, lack specificity and / or sensitivity.
ick translation may label DSBs along with SSBs [ 214 ] and

llows only semiquantitative damage determination [ 215 ]. As
or the comet assay, it can detect DSBs (neutral comet as-
ay), DSBs, SSBs and alkali-labile sites (alkaline comet assay),
ut not SSBs only, and the results obtained from the comet
est are problematic for absolute quantification (reviewed by
 216 ]). The most promising tool for precise calculation of SSBs
n female gametes and early embryos is a microscopy-based
ethod called sSTRIDE [ 217 ]. It detects SSBs are detected di-

ectly, i.e. by a chemical reaction with a broken DNA end, with
ery high sensitivity and specificity. Therefore, the determina-
ion of the number of SSBs is not dependent on the presence
nd efficiency of the cellular reaction to DNA damage, as is the
ase where the recruitment of repair factors is detected by im-
unofluorescence. Furthermore, sSTRIDE is expected to re-

eal whether SSBs are preferentially localized in euchromatin
r heterochromatin in subsequent stages of oocyte maturation
hat are associated with dramatic changes in chromatin con-
ensation and distribution within the nucleus of the oocyte.
his approach should also allow detection of the number of
SBs in pronuclei in zygotes and verify if the number of DNA
esions is indeed lower in the maternal pronucleus than in
he paternal pronucleus. Although sSTRIDE is associated with
echnical obstacles—it is laborious, consists of a large number
f steps, and poses handling difficulties when individual, frag-
le oocytes are carried through many steps of incubation and
ashing—recent preliminary experiments have demonstrated

hat it is technically possible to adapt sSTRIDE to label SSBs
n fixed mouse oocytes (Dobrucki and Fulka, unpublished). It
s reasonable to expect that the combination of sSTRIDE with
 reliable reporter system for BER activity can shed some light
n the elusive phenomenon of the low mutation rate of female
erm cells and genome protection that span generations. 

DSBs in human cells occur in hotspots [ 218 , 219 ], and one
an imagine a whole new area of research that will emerge if
NA sequencing methods and / or sensitive microscopy-based
ethods demonstrate that SSBs in oocytes also occur with a
articularly higher probability in specific genomic hotspots.
As mentioned above, methods based on somatic cell DNA se-
quencing revealed a unique distribution of genomic regions
prone to SSBs, but it is unknown whether somatic cells and
oocytes share these SSB hotspots. To our knowledge, there is
no such genomic method capable of measuring the number
of SSBs and establishing their genomic positions in individ-
ual cells, but rapid progress in development of sequence-based
methods of DNA break detection raises hopes that such stud-
ies will become possible in the near future. 
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