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Abstract. 	 In somatic cells, DNA repair is attenuated during mitosis to prevent the formation of anaphase bridges 
and facilitate the proper segregation of sister chromatids. Irradiation-induced γH2AX foci persist for hours in 
M phase somatic cells. However, we observed that anaphase bridges formed in a significant fraction of mouse 
zygotes irradiated during mitosis. Additionally, γH2AX signals in M phase zygotes peaked 30 min after irradiation 
and subsequently reduced with a half-life within 1–2 h. These results suggest that the DNA repair system may 
operate efficiently in M phase zygotes following irradiation, leading to the frequent formation of anaphase bridges. 
The absence of H2AX promoted the successful segregation of sister chromatids and enhanced the development of 
embryos to the blastocyst stage. The DNA repair system may be differentially regulated during the M phase of the 
first cell cycle to ensure the immediate elimination of damaged zygotes, thereby efficiently preventing transmission 
of mutations to subsequent generations.
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Among the various DNA lesions induced by genotoxic agents, 
double-strand breaks (DSBs) are arguably the most lethal type 

of DNA damage. Unrepaired or improperly processed DSBs can lead 
to the loss of genetic information or chromosomal translocations, 
resulting in the accumulation of mutations or even cell death. DSBs 
are primarily repaired by non-homologous end joining (NHEJ) 
before DNA synthesis, whereas homologous recombination (HR) 
becomes progressively dominant as DNA is replicated and sister 
chromatids become available from S phase [1]. However, during 
the M phase, key proteins involved in NHEJ and HR, such as ring 
finger protein 8 (RNF8), p53-binding protein 1 (53BP1), and X-ray 
repair cross-complementing protein 4 (XRCC4), are not recruited to 
DSBs, resulting in the suppression of NHEJ- and HR-dependent DNA 
repair [2–5]. Enforced recruitment of these proteins and subsequent 
activation of both pathways at M phase DSBs can lead to increased 
anaphase bridge formation and failed chromatid separation [3, 5].

DSBs activate the ataxia telangiectasia mutated (ATM) kinase and 
the DNA-dependent protein kinase catalytic subunit (DNA-PKcs), 
which phosphorylate multiple proteins involved in DNA repair, 
including the H2A histone family member Η2ΑΧ [6–8]. The resultant 
gamma H2AX (γH2AX) amplifies ATM signals and creates docking 
sites for downstream DNA repair proteins [9]. In H2AX−/− somatic 
cells, irradiation-induced focal formation of these downstream proteins 
and DNA repair are impaired [10, 11]. In interphase somatic cells, 
γH2AX signals intensify upon the induction of DSBs and diminish 
as these breaks are repaired. Accordingly, quantification of γH2AX 
foci or intensity is commonly used for assessing the numbers of 

DSBs [12, 13]. However, in M phase somatic cells, γH2AX foci 
form and persist in response to DNA damage induction due to the 
silenced NHEJ- and HR-dependent DNA repair [3].

In interphase zygotes exposed to irradiation, both ATM and 
DNA-PKcs are immediately activated [14] and the dynamics of 
γH2AX signals mirror those in irradiated interphase somatic cells 
(our unpublished results), indicating a functional DNA repair system. 
When zygotes enter M phase, DNA-PKcs becomes the primary 
kinase activating H2AX [14]. We observed > 90% chromatin bridge 
formation in 2-cell stage embryos following 10 Gy irradiation at 
the M phase of the first cell cycle [14]. Nevertheless, it remains 
unclear whether these structures originate during the M phase and 
how the DNA repair system is regulated during the M phase of the 
first cell cycle.

Materials and Methods

In vitro fertilization (IVF)
All procedures involving animals were reviewed and approved by 

the University of Tokyo Institutional Animal Care and Use Committee 
and performed in accordance with the Guide for the Care and Use 
of Laboratory Animals (NIH, Bethesda, MD, USA). Spermatozoa 
were obtained from male ICR mice that were retired from breed-
ing (Japan SLC, Inc., Shizuoka, Japan). The spermatozoa were 
preincubated in human tubal fluid (HTF) for 2 h before insemination. 
H2AX+/− and H2AX−/− mice were previously generated using the 
CRISPR/Cas9 system and confirmed by DNA sequencing, PCR, 
and electrophoresis (our unpublished results). H2AX+/− male and 
female mice were mated to produce H2AX+/+ (wild type, WT) 
and H2AX−/− (knock-out type, KO) female mice. H2AX-WT and 
H2AX-KO MII oocytes were collected from 8-week-old female 
littermates and superovulated, as previously described [14]. WT 
and maternal H2AX-deleted (hereafter designated H2AX-deleted 
and H2AX-KO) zygotes were obtained by IVF of WT sperm and 
H2AX-WT and H2AX-KO oocytes, respectively, in HTF medium. 
The complete absence of H2AX protein in H2AX-deleted zygotes was 
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confirmed by immunostaining in each experiment using the mutant. 
Fertilized oocytes with two pronuclei, also known as zygotes, were 
selected and washed with potassium simplex optimized medium 
(KSOM) at 5 h post-insemination (HPI). Both HTF and KSOM 
media were covered with liquid paraffin and preincubated overnight 
before use in an incubator with a 5% CO2 / 95% air atmosphere at 
38°C. Blastocyst formation was assessed at 96 HPI.

γ-irradiation during M phase and examination of anaphase 
bridges

Zygotes and 2-cell stage embryos were cultured in KSOM until 
12 and 32 HPI, respectively, and then arrested at M phase in KSOM 
containing 0.5 μl/ml nocodazole (#140-08531, FUJIFILM Wako Pure 
Chemical Corp., Osaka, Japan). M phase zygotes at 15 HPI and 2-cell 
stage embryos at 35 HPI were then exposed to γ-rays emitted by 137Cs 
(Gammacell 3000 Elan; MDS Nordion, Ottawa, ON, Canada) at room 
temperature, with a dose rate of 6.6 Gy/min for 5 sec to reach 0.5 Gy 
or 1 min 31 sec to reach 10 Gy. Control (nonirradiated) embryos were 
subjected to the same temperature for the same time as their irradiated 
counterparts. One hour after irradiation, embryos were transferred 
to nocodazole-free KSOM to resume development for 1–1.5 h and 
then fixed with 3.7% paraformaldehyde (PFA) in PBS for 20 min. 
Fixed embryos were mounted on glass slides using VECTASHIELD 
mounting medium with 4′,6-diamidino-2-phenylindole (DAPI, 
#H-1200; Funakoshi, Tokyo, Japan).

Immunostaining
γH2AX dynamics were examined by fixing M phase zygotes at 

specified time points after irradiation with PBS containing 3.7% PFA 
and 0.2% Triton X-100. M phase WT and H2AX-deleted zygotes 
were arrested by nocodazole as described earlier and fixed at 15 
HPI at  25°C for 20 min with PBS containing 3.7% PFA and 0.2% 
Triton X-100.

The fixed and permeabilized embryos were washed three times with 
PBS containing 0.1% bovine serum albumin (BSA) and incubated 
overnight at 4°C with a 1:1000 dilution in wash solution of mouse 
monoclonal antibody targeting H2AX phosphorylated at S139 (#05-
636, clone JBW301; Sigma-Aldrich, Tokyo, Japan) or 1:500 dilution 
in wash solution of anti-H2AX rabbit polyclonal antibody (#20669; 
Abcam PLC, Cambridge, UK). Embryos were washed three times 
with PBS containing 0.1% BSA and incubated at 25°C for 1 h with 
1:100 dilution in wash solution of either Alexa Fluor 488-labeled 
goat anti-mouse IgG secondary antibody (#A11001; Invitrogen, 
Carlsbad, CA, USA) or Alexa Fluor 647-labeled donkey anti-rabbit 
IgG secondary antibody (#A31573; Invitrogen). Finally, the embryos 
were washed and mounted on glass slides using VECTASHIELD 
mounting medium containing DAPI.

Image acquisition and processing
All images were captured by confocal laser scanning microscopy 

using a model FV3000 microscope (Olympus, Tokyo, Japan). The data 
were analyzed using ImageJ software (NIH, Bethesda, MD, USA).

Results

Zygotes irradiated at M phase display exceptionally high rate 
of formation of anaphase bridges

Analysis of zygotes fixed at the anaphase and telophase stages 
revealed that chromatid separation failure had already occurred in 
zygotes irradiated during M phase (Fig.1A). Even at a low irradiation 
dose (0.5 Gy), anaphase bridges were observed in nearly 70% of 

the irradiated zygotes (Fig. 1B). This was interesting, considering 
that irradiation at the same dose led to the formation of anaphase 
bridges in < 5% of M phase somatic cells, a percentage that increased 
to approximately 60% only when artificially activating NHEJ- and 
HR-dependent DNA repair [3]. The rate of anaphase bridge formation 
decreased to 27% in blastomeres irradiated during the M phase of 
the 2-cell stage (Fig. 1B).

DNA damage repair is efficient in M phase zygotes
While somatic cells shut down NHEJ- and HR-dependent DNA 

repair as a defense against failure in sister chromatid separation, the 
high incidence of anaphase bridges in zygotes irradiated at M phase 
suggested an aberrantly active DNA repair machinery. To assess the 
DNA repair process, γH2AX dynamics were investigated in M phase 
zygotes over the timeline spanning from 5 min before irradiation to 
several hours post-irradiation. γH2AX signals increased immediately 
after irradiation with doses of 0.5 or 10 Gy. While the 0.5 Gy dose 
allowed the counting of foci numbers, DSBs introduced by 10 Gy 
were too abundant to display discrete γH2AX foci. Thus, the relative 
fluorescence intensity of γH2AX to DAPI was measured (Figs. 2A 
and B). At either irradiation dose, γH2AX signals in M phase zygotes 
peaked at 30 min post-irradiation, subsequently decreasing with a 
half-life within 1 h post-irradiation at 0.5 Gy and 2 h post-irradiation 
at 10 Gy (Figs. 2A and B). The γH2AX signals returned to near-
background levels at 3 h post-irradiation (Figs. 2A and B).

Reduced formation of anaphase bridges following irradiation in 
the absence of H2AX

Given the high abundance of H2AX in zygotes [15] and the 
rapid γH2AX formation and resolution following DNA damage 
induction in M phase zygotes (Figs. 2A and B), we investigated 
the effect of the absence of H2AX on anaphase bridge formation 
using H2AX-deleted zygotes (Fig. 3A). Without irradiation, no 
significant difference in bridge formation was observed between WT 
and H2AX-deleted zygotes (Fig. 3B). However, upon irradiation at 
0.5 Gy the number of anaphase bridges formed in H2AX-deleted 
zygotes was significantly lower than the number in WT zygotes 
(Fig. 3B). Because anaphase bridges are detrimental to cells, H2AX 
deletion contributed to increased blastocyst formation (Fig. 3C). 
These results suggest that the highly efficient DNA repair system in 
M phase restrains the development of damaged zygotes.

Discussion

This study reveals an efficient functional DNA repair system in M 
phase zygotes. NHEJ- and HR-dependent DNA repair is suppressed 
in M phase somatic cells to avoid unsuccessful segregation of sister 
chromatids. Recently, two research teams independently reported 
that DNA polymerase theta (Polθ)-dependent alternative end joining 
(Alt-EJ) is specifically activated during mitosis for DSB repair [16, 
17]. One of the teams even observed that γH2AX signals formed and 
then decreased post-irradiation in mitosis [17]. However, γH2AX 
signals were only recorded at 1 and 5 h post-irradiation in that study, 
and it was unclear when the decrease occurred. γH2AX signals 
remained higher than the background level even 5 h after irradiation 
[17]. The results shown in Fig. 2 suggest that DNA repair is more 
efficient in M phase zygotes.

A critical question is why the DNA repair system remains efficient 
during zygotic mitosis. Mitosis represents the most vulnerable period 
throughout the cell cycle, when cells are most easily killed by irradia-
tion and other genotoxic agents [18]. Zygotes irradiated at mitosis 
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were even more sensitive to irradiation in terms of the prevailing 
formation of anaphase bridges shown in this study, and the highly 
limited developmental potential of embryos irradiated at the first 
mitosis, with most losing the ability to complete the second mitosis, 
as we previously demonstrated [14]. Although compromising the 
DNA repair system via H2AX deletion may improve the survival of 
irradiated embryos, at least until the blastocyst stage (Fig. 3), these 
survivors are likely to be burdened by a high mutation load. Since all 
cells in an organism originate from the zygote, DNA damage in the 
zygote can lead to genomic instability in the organism that develops 
from the zygote and in subsequent generations. Thus, efficient DNA 
repair in M phase may act as a mechanism for screening severely 
damaged zygotes and avoiding the accumulation of mutations. 
This allows gestational carriers to discard embryos with limited 
developmental potential as early as possible [19].

Another important question is how efficiently DNA repair is 
maintained during zygotic mitosis. NHEJ-dependent DNA repair is 
more efficient than HR or Alt-EJ repair [20, 21]. NHEJ-dependent 
DNA repair may be operative in M phase zygotes. Two key factors 
act as switches, controlling the activation and deactivation of NHEJ.

While RNF8 and 53BP1 are recruited to DSBs during interphase 
and facilitate NHEJ, these two proteins are phosphorylated by 
CDK1 during mitosis and thus excluded from DNA damaged sites 
[2, 3]. We examined the localization of both proteins in zygotes by 
immunostaining. Neither protein was detected, even in interphase 
zygotes (data not shown), probably because the antibodies we used 
were not suitable for embryos. The reported high abundance of 
H2AX [15] may also contribute to efficient DNA repair in zygotes, 
and H2AX-deleted zygotes irradiated during the M phase showed 
a significant decrease in the formation rate of anaphase bridges.

Cancer cells exhibit many characteristics of early embryonic cells, 
including continuous and rapid division. As many cancer medicines 
targeting mitotic cell death have been developed [22], a thorough 
investigation of the DNA repair system in M phase zygotes may 
provide valuable insights into the mechanism of action of these 
medicines, which is essential for improving their precision and efficacy.
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Fig. 1.	 Exceptionally high formation rate of anaphase bridges in zygotes irradiated during mitosis. A: Representative images of nonirradiated and 10 
Gy-irradiated embryos, which were fixed and stained with DAPI at anaphase and telophase of the first cell cycle and 2 h after entering the 2-cell 
stage. Scale bar, 20 μm. B: The percentage of anaphase cells (blastomeres) with bridges. Zygotes and 2-cell stage embryos were arrested with 
nocodazole and irradiated at 15 and 35 HPI, respectively. One hour after irradiation, embryos were moved to a nocodazole-free medium for further 
development and fixed at anaphase. The cumulative results from three independent experiments are shown. The total number of blastomeres 
examined for each condition is indicated in the figure. Fisher’s exact test was used for statistical analysis (ns, not significant; **** P < 0.0001).
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Fig. 3.	 Effect of H2AX deletion on anaphase bridge formation and 
blastocyst development. A: Immunostaining for H2AX in wild 
type (WT) and H2AX-deleted (H2AX-KO) zygotes. Scale bar, 20 
μm. B: Effect of H2AX deletion on anaphase bridge formation. 
The cumulative results from three independent experiments 
are shown. In total, 56 WT and 57 H2AX-KO nonirradiated 
zygotes, and 85 WT and 96 H2AX-KO irradiated zygotes were 
examined. Fisher’s exact test was used for statistical analysis (ns, 
not significant; **** P < 0.0001). C: Effect of H2AX deletion 
on blastocyst development. The cumulative results from three 
independent experiments are shown. In total, 70 WT and 52 
H2AX-KO nonirradiated zygotes, and 58 WT and 49 H2AX-KO 
irradiated zygotes were examined. Fisher’s exact test was used for 
statistical analysis (ns, not significant; * P < 0.05).
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