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SUMMARY
Human cleavage-stage embryos frequently acquire chromosomal aneuploidies during mitosis due to un-
known mechanisms. Here, we show that S phase at the 1-cell stage shows replication fork stalling, low
fork speed, and DNA synthesis extending into G2 phase. DNA damage foci consistent with collapsed
replication forks, DSBs, and incomplete replication form in G2 in an ATR- and MRE11-dependent manner,
followed by spontaneous chromosome breakage and segmental aneuploidies. Entry intomitosis with incom-
plete replication results in chromosome breakage, whole and segmental chromosome errors, micronuclea-
tion, chromosome fragmentation, and poor embryo quality. Sites of spontaneous chromosome breakage are
concordant with sites of DNA synthesis in G2 phase, locating to gene-poor regions with long neural genes,
which are transcriptionally silent at this stage of development. Thus, DNA replication stress in mammalian
preimplantation embryos predisposes gene-poor regions to fragility, and in particular in the human embryo,
to the formation of aneuploidies, impairing developmental potential.
INTRODUCTION

Human reproduction is remarkably inefficient, with abnormalities

in the karyotype thought to be an important cause of develop-

mental failure. Human embryos commonly acquire chromosomal

abnormalities duringmitosis (Vanneste et al., 2009), but themech-

anism of their formation is poorly understood. We have recently

shown that a double-strand break (DSB) introduced by Cas9 re-

sults in both whole as well as segmental chromosomal aneu-

ploidies (Zuccaro et al., 2020). DSBs observed as segmental

chromosome aneuploidies may also arise spontaneously and

contribute to aneuploidy (Daphnis et al., 2008; Babariya et al.,

2017). Arresting aneuploid human embryos generated through

in vitro fertilization (IVF) upregulate the expression of growth-ar-

rest- and DNA-damage-inducible 45 (GADD45) family genes

(Vera-Rodriguez et al., 2015), which are induced in response to

various forms of DNA damage and mediate cell-cycle arrest in

G2 phase (Wang et al., 1999). Therefore, spontaneous DNA dam-

age in human embryos affects cell-cycle progression and contrib-

utes to embryo attrition. A large body of literature demonstrates a

strong correlation between mitotic cell-cycle progression, ploidy,

the quality of the blastocysts formed, and successful implantation
(Aguilar et al., 2014; Coticchio et al., 2018; Chavez et al., 2012;

Van Montfoort et al., 2004; Lee et al., 2012; Fenwick et al.,

2002; Sakkas et al., 1998; Shapiro et al., 2000). IVF clinics world-

wide grade the quality of cleavage- and blastocyst-stage em-

bryos based on morphological criteria reflecting cell-cycle pro-

gression. These criteria have prognostic value and guide

decisions on whether or not to transfer embryos (Richardson

et al., 2015; Racowsky et al., 2010). Interestingly, embryos with

segmental aneuploidy are of lower quality than those without (Es-

cribà et al., 2019). However, how spontaneous chromosomal

breaks form and are repaired in the human embryo has not

been investigated through controlled experimentation. Further-

more, the location of spontaneous breaks in the genome has

not been mapped to genomic coordinates, which could provide

insight into the mechanisms of their formation.

RESULTS

Spontaneous DNA damage forms during the first cell
cycle in human embryos
The first cell cycle in human progresses within a 1-day window

from fertilization tomitosis. To distinguish DNA damage inherited
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from the gamete versus DNA damage acquired during cell-cycle

progression, we stained zygotes on day 0, shortly after fertiliza-

tion and pronucleus formation, as well as on day 1, shortly before

the first mitosis (Figure 1A). No foci for gH2AX or RAD51 were

seen at 1–2 h post pronuclear appearance, but both gH2AX

foci and RAD51 foci were found on day 1 and shortly before

mitosis in human zygotes (Figures 1B–1D). The phosphorylation

of gH2AX at Ser139 can be mediated through the activation of

ATR kinase, which is activated in response to DNA replication

stress (Ward and Chen, 2001). When parthenogenetically acti-

vated oocytes were incubated in ATR (ataxia telangiectasia

and Rad3-related protein) inhibitor from 14–18 h into the first

cell cycle, the number of gH2AX foci was reduced significantly

relative to controls evaluated at the same time point

(Figures 1E–1G). Therefore, foci indicating DNA damage and

repair form de novo after the first S phase. These foci may be

DSBs at collapsed replication forks or ssDNA gaps that emerge

at stalled replication forks or at lesions behind the fork (Peter-

mann et al., 2010; Kuo and Yang, 2008; Piberger et al., 2020).

MRE11 binds to DSBs at stalled forks and at ssDNA gaps to

mediate resection, the formation of ssDNA tracts, and the

loading of RPA and Rad51 to initiate repair (Piberger et al.,

2020; Shibata et al., 2014). We inhibited MRE11 endonuclease

activity using PFM01 (Shibata et al., 2014). In the presence of

PFM01, the formation of gH2AX and Rad51 foci was inhibited

(Figures 1G and S1A). Thus, gH2AX and Rad51 foci in G2 phase

zygotes represent DNA breaks or gaps that undergo MRE11-

dependent processing and activate ATR signaling.

We also stained cleavage stage and blastocyst stages human

embryos (Figures 1A and 1B). Foci for gH2AX increased signifi-

cantly at the cleavage stage (Figure 1C), whereas RAD51 foci re-

mained constant (Figure 1D). Foci for RPA32, indicating exten-

sive ssDNA (Raderschall et al., 1999), were first observed at

the cleavage stage and decreased at the blastocyst stage (Fig-

ure 1H). Consistent with ATR activation, RPA32 was found phos-

phorylated at serine S33 (Figures S1B–S1D), as well as at S4 and

S8 (Figures S1E and S1F). RPA32 S33 phosphorylation is

conferred by ATR (Vassin et al., 2009), whereas S4 and S8 are

phosphorylated at DSBs by DNA-PK or ATM in dependence

on S33 phosphorylation (Anantha et al., 2007; Liu et al., 2012;

Liaw et al., 2011). Phosphorylation of RPA32 S33 was found in

embryos fertilized by either intracytoplasmic sperm injection

(ICSI) or by in vitro fertilization (Figure S1D) and was particularly

notable in binucleated cells and in micronuclei (Figure S1B).
Figure 1. Markers of DSBs in human embryos arise in the first G2 pha

(A) Schematic of developmental stages.

(B) Immunostaining for gH2AX, RAD51, RPA32, and 53BP1 (top to bottom) at ind

same cell. * indicates micronucleus.

(C and D) Quantification of nuclear foci at indicated stages for (C) gH2AX, (D) RAD

indicated.

(E) Schematic of the experiment. Parthenogenetic (maternal-only) zygotes aremad

inhibitor during G2 phase.

(F and G) Immunochemistry (F) and quantification (G) of gH2AX foci at the 1-cel

median.

(H and I) Quantification of nuclear foci at indicated stages. Horizontal bar: mean.

(J) Quantification of abnormal nucleation in zygotes, cleavage, and blastocyst em

p < 0.001, * p < 0.05. Statistical analysis using one-way ANOVA.

See also Figure S1.
Furthermore, the phosphorylation of CHK1 at serine 317, a

checkpoint kinase phosphorylated by and acting downstream

of ATR (Liu et al., 2000), was also observed (Figures S1G–S1I).

53BP1 foci smaller than 1mm that mark DSBs (Schultz et al.,

2000) were absent on days 1 and 2 of development and

increased significantly on day 3 (Figures 1I and S1J–S1L). Inter-

estingly, 53BP1 bodies larger than 1 mm in diameter (Figure S1L)

were most common in blastocyst-stage embryos (Figure S1N),

present in �20% of cells (Figure S1O). The 53BP1 bodies indi-

cate sites of repair of incompletely replicated DNA from the pre-

vious S phase passed on to daughter cells (Lukas et al., 2011;

Harrigan et al., 2011), which is apparent in the symmetry of

53BP1 bodies (Figure S1M), and the presence of RPA32marking

ssDNA (Figures 1B, bottom right, and S1M). The developmental

timing of 53BP1 foci formation may be due to the absence of

detectable RNF168 transcripts prior to embryonic genome acti-

vation (EGA) (Figure S1P); RNF168 is required for the formation

of 53BP1 foci at DSBs (Bohgaki et al., 2011; Doil et al., 2009).

Abnormal nucleation, defined by the presence of multiple

nuclei within a single blastomere, paralleled the formation of

RPA32 foci; although no abnormal nucleation was observed at

the zygote stage, it was most common on day 3 at the cleavage

stage and decreased at the blastocyst stage (Figure 1J). Chro-

matin bridges, indicative of unresolved replication intermediates

at mitosis, were also observed in cleavage-stage and blasto-

cyst-stage embryos (Figures S1Q and S1R).

Thus, DNA damage is acquired de novo during the first cell cy-

cle and at subsequent cleavage divisions. The formation of

ssDNA, micronucleation, chromatin bridges, Rad51 foci,

53BP1 foci, and 53BP1 bodies and the phosphorylation of

H2AX, RPA32, and CHK1 in preimplantation development are

consistent with DNA replication stress, DSBs or a combination

of breaks and ssDNA gaps, and with late or incomplete replica-

tion at entry into mitosis.

CHK1 delays mitotic entry in response to unreplicated
DNA in G2-phase human zygotes
Spontaneous DNA damage can arise during S phase and thus

we aimed to understand S-phase progression in human zygotes.

We incubated human zygotes with EdU in hourly intervals after

fertilization beginning after pronucleus formation (Figure 2A).

Pronucleus (PN) formation occurred between 4 and 7.5 h post

ICSI (Figure S2A). EdU staining was noted from 6 to 13 h post

ICSI but not after 14 h or more (Figure 2A). Therefore, S phase
se in an ATR-dependent manner

icated stages. Arrowheads indicate co-localization of different markers in the

51. Horizontal bar: mean. The number of cells and embryos (in parenthesis) is

e by artificial activation and incubated in ATR inhibitor orMRE11 endonuclease

l stage 18 h into the first cell cycle with the indicated inhibitor. Horizontal bar,

The number of cells and embryos (in parenthesis) is indicated.

bryos. Horizontal bar, mean. Scale bars, 5 mm. **** p < 0.0001, *** p < 0.001, **
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is 6–7 h in human zygotes (Figure 2B). Mitotic entry occurred be-

tween 20 and 27 h post ICSI in 19 of 20 zygotes with an average

of 24 h (Figure 2C). Human parthenotes (n = 22) were generated

by an activation pulse. Pronuclei formed at 4 h post activation

(Figure S2B), and all human parthenotes (15/15) were in mitosis

by 22 h (Figure 2C). Thus, the longest phase of the cell cycle is

G2, lasting 8–14 h (Figure 2B). DNA damage foci observed on

day 1 in human zygotes are in G2 phase cells, suggesting a

continued requirement for DNA synthesis and/or repair.

In addition to EdU staining, we determined the timing of DNA

replication completion by applying aphidicolin and monitoring

mitotic progression. Aphidicolin introduces replication fork stall-

ing by reversibly inhibiting B-type family DNA polymerases (Ike-

gami et al., 1978; Wright et al., 1994). Oocytes were activated by

parthenogenesis, which allows the synchronous progression

through the first cell cycle. Incubation with aphidicolin at 14 h

prevented mitotic entry, whereas incubation at 15.5 h allowed

mitotic entry with a delay compared with controls (Figure 2C). In-

cubation with aphidicolin at 18 h had no effects on mitotic entry

timing. In the presence of aphidicolin from 15.5 h post activation,

foci for gH2AX and RPA32 formed within 6 h (Figure 2D). The

ssDNA bound by RPA32 at remodeled forks activates an ATR-

dependent checkpoint (Zou and Elledge, 2003). In the presence

of an inhibitor of ATR kinase or of CHK1 kinase from 15.5 h post

activation, zygotes entered mitosis with normal timing despite

aphidicolin exposure (Figure 2C). Thus, DNA synthesis by repli-

cative DNA polymerase continues at least until 15–16 h post

activation, concordant with the presence of spontaneous DNA

damage foci. Incompletely replicated DNA delays entry into

mitosis in an ATR- and CHK1-dependent manner.

To determine whether CHK1 kinase controls the timing of

mitotic entry, we used both ICSI as well as parthenogenetic

activation and incubated 1-cell embryos in one of two different

CHK1 inhibitors, starting at 15 h. CHK1 inhibition advanced

mitotic entry by 4 h, from 24 to 20.3 h in fertilized zygotes

and from 21.7 to 17.25 h in parthenotes to as early as 16 h (Fig-

ure 2E). CHK1 inhibition in G2 phase was detrimental to

genome stability: 9/9 stained zygotes formed abnormal nuclei

marked by gH2AX foci after mitotic exit and failed cytokinesis

(Figure 2F). Although most control 2-cell embryos were euploid

(12/16 blastomeres), CHK1 inhibition specifically in G2 phase

resulted in a high degree of aneuploidy that was further ampli-

fied through the addition of aphidicolin (Figure 2G). And when

CHK1 was inhibited in day-3 cleavage-stage embryos of 7–8

cells, no cavitation occurred (0/9 embryos), while 3/5 control

embryos did undergo cavitation on day 6 of development

(p < 0.05, Fisher’s exact test). CHK1 inhibition in cleavage-

stage embryos also resulted in cells containing multiple micro-

nuclei with gH2AX foci (Figure S2C).

Asymmetric sister fork progression, low replication fork
speed, and G2 replication in the first cell cycle
To better understand the first S phase inmammalian zygotes, we

also used mice. Murine DNA replication occurs between 4 and

10 h post fertilization (Bui et al., 2010). Consistent with

previous studies on fertilized zygotes, parthenogenetic embryos

showed no detectable EdU staining between 10–12 h (n = 10)

and 12–14 h (n = 10) post activation. Mitotic entry of controls
4 Cell 185, 1–20, August 4, 2022
occurred on average at 16 h, defining a G2 phase of �6 h (Fig-

ure 2H). As EdU staining of whole zygotes may not detect small

segments of labeled DNA, we performed DNA fiber analysis of

zygotes incubated in late G2 phase with IdU. IdU incorporation

was seen in short segments that were estimated to be several

hundred base pairs to �1 kb in length (Figure 2I). These could

be termination events, repair of collapsed forks, or gap-filling

events.

To evaluate DNA replication fork progression in S phase, we

performed sequential labeling using IdU and CldU pulses in S

phase.Mouse and human embryos showed very slow replication

fork progression at the 1-cell stage, which doubled at the cleav-

age stage and at the blastocyst stage (Figures 2J–2L). Replica-

tion fork speed was increased through PARP inhibition in hu-

mans and mice (Figures 2M, 2N, S2D, and S2E). PARP

inhibition increases replication fork progression and reduces

fork reversal under replication stress (Zellweger et al., 2015;

Maya-Mendoza et al., 2018). Frequent asymmetry was found

in diverging sister forks, in particular at the zygote stage, indi-

cating fork stalling (Figures 2O, 2P, and S2F). Asymmetry in track

length was common in zygotes, less common in 8-cell embryos,

and uncommon in blastocyst embryos in mice (Figure S2G).

PARP inhibition restored symmetry at the 1-cell stage in both

mouse and human (Figures S2H, S2I, and S2J). These data are

consistent with DNA replication stress.

As in humans, aphidicolin application in G2 phase of mouse

1-cell embryos inhibited mitotic entry depending on the time

point of application (Figure S2L). G2 arrested zygotes formed

foci with phosphorylated RPA32 on S33, S4, and S8 and foci

for gH2AX and Rad51 (Figure S3), which formed in an ATR-

dependent manner within 2–4 h of fork stalling and resolving

within 1–2 h after release from the compound (Figure S3). Both

G2 arrest and delay of mitotic entry were dependent on G2

checkpoint kinases CHK1 and ATR (Figures 2Q and S2L).

CHK1 inhibition in G2 phase also advanced mitotic entry of

mouse 1-cell embryos relative to untreated controls from 16.1

to 15.7 h post activation (Figure 2R).

Notably, aphidicolin-treated human parthenotes reproduced

defects recently described in human and bovine embryos asso-

ciated with an abnormal first mitosis (Cavazza et al., 2021),

including a failure to polarize chromosomes in the nucleus (16/

17 nuclei in this study) (Figures 2D and S2M). Asynchrony in

chromosome condensation and mitotic progression between

two nuclei in two 2PN human zygotes was also observed

(Figures S2N and S2O).

Spontaneous DSBs result in segmental chromosome
loss in human cleavage-stage embryos
Unreplicated sites and DSBs can result in chromosome

breakage upon entry into mitosis (reviewed in Mankouri et al.

[2013]). Chromosomal analysis provides a means to map sites

of spontaneous chromosome breakage, which could provide

insight into the location of DNA damage and the causes of

aneuploidy.

We first analyzed germinal vesicle (GV) oocytes using single-

cell genome sequencing. 11/11 GV oocytes showed normal

chromosomal content without losses or gains of whole chromo-

somes or chromosomal arms (Figures S4A–S4C; Table S1). In
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Figure 2. Human and mouse zygotes complete DNA replication in late G2 phase

(A) Following ICSI (time point zero), staggered 1-h pulses of EdU were applied at indicated time points.

(B) Schematic of the first cell cycle in human zygotes. The dark red indicates canonical S phase with EdU positive signal. The shaded red indicates DNA synthesis

in G2 phase.

(C) Timing of mitotic entry (hours post ICSI or activation) in the presence of aphidicolin (Aph) or aphidicolin plus CHK1 inhibitor (CHKi), ATR inhibitor (ATRi), or

controls. The number of oocytes is indicated. Statistical analysis using a one-way ANOVA. Horizontal bars, mean; vertical bars, SEM.

(D) Immunostaining of human zygotes after 6 h in aphidicolin starting from 15.5 h post activation.

(E) Timing of mitotic entry in human zygotes and parthenotes after CHK1 inhibition in G2 phase using either LY2603618 or AZD7762. Horizontal bar, mean.

Statistical analysis using one-way ANOVA.

(F) Outcome of the first mitosis after CHK1 inhibition in the late G2 phase.

(G) The number of aneuploid chromosomes per cell in control 2-cell embryos or after treatment in the late G2 phase with either CHK1 inhibitor alone or in com-

bination with Aph until entry into mitosis. Horizontal bar, median.

(H) Timing of the first cell cycle in the mouse. Black, red, and green lines indicate the timing of application of the indicated compound.

(I) DNA fiber analysis after IdU incubation in the late G2 phase (at 12–15 h post activation). Scale bars, 1kb.

(J–P) DNA fibers in S phase after sequential pulses of IdU and CldUwith quantification. Horizontal bars, median. (J) Representative fibers and the quantification of

DNA replication fork track length in mouse (K) and human (L). (M and N) Representative fiber and replication track length after PARP inhibition using Olaparib. (O)

An example of sister replication forks from the same origin. (P) The quantification of sister fork asymmetry. **** p = 0.00001, *** p = 0.0001 using Fisher’s exact test.

(Q) Timing of mitotic entry in mouse controls and after exposure to indicated inhibitors in the late G2 phase. Horizontal bars, median.

(R) Timing of mitotic entry in mouse controls and after Atr or Chk1 inhibition (n = number of embryos). Horizontal bars, median. Scale bars, 5 mm.

See also Figures S2 and S3 and Table S1.
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contrast, embryos with Cas9-mediated DSBs showed

segmental chromosomal changes at sites targeted by the

gRNA (Figures S4D and S4E; Table S2), validating methods of

analysis.
Weanalyzed eight 2-cell embryos and identified two segmental

aneuploidies in 16 blastomeres (Table S1). Thus, chromosome

breakage is not the secondary consequence a prior abnormal

mitosis and can occur spontaneously at the first cell division,
Cell 185, 1–20, August 4, 2022 5



A

D

H I

G

E

F

B C

(legend on next page)

ll

6 Cell 185, 1–20, August 4, 2022

Please cite this article in press as: Palmerola et al., Replication stress impairs chromosome segregation and preimplantation development in
human embryos, Cell (2022), https://doi.org/10.1016/j.cell.2022.06.028

Article



ll

Please cite this article in press as: Palmerola et al., Replication stress impairs chromosome segregation and preimplantation development in
human embryos, Cell (2022), https://doi.org/10.1016/j.cell.2022.06.028

Article
consistent with the presence of unreplicated DNA and markers of

DNA breakage in G2 zygotes. We then isolated blastomeres from

26 thawed day-3 cleavage-stage embryos (Figure 3A). 145 intact

single cells were successfully thawed, collected, and sequenced

of which 99 (68%) were aneuploid and 46 (32%) were euploid,

and5/26embryos (28cells, 19.5%)showeduniformchromosomal

gains or losses, consistent with meiotic origin (Figure 3B; Table

S1). 71 cells (49%) were aneuploid due to abnormalities acquired

in mitosis characterized by different chromosome content in

different cells of the same embryo, and 10 cells contained aneu-

ploidies of bothmeiotic andmitotic origin (Table S1).We identified

a total of 301 chromosomal abnormalities due tomitotic segrega-

tion errors, consisting of 97 chromosomes with segmental aneu-

ploidies (32%) with a copy-number change of a chromosome

arm (1–2copy-number transitions), 149whole-chromosomegains

and losses (50%), and 55 events (18%) with 3–10 copy-number

transitions on the same chromosome, indicating fragmentation

(Figure 3C; Table S1).

Mitotic aneuploidies in day-3 blastomeres showed a net loss

of DNA—both segmental losses and whole-chromosome losses

outnumbered gains (Figure 3D). This contrasts with chromo-

somal errors in meiosis, where the ratio of gains/losses approx-

imates 1 throughout preimplantation development (Franasiak

et al., 2014) (Figure 3D). Interestingly, for Cas9-induced chromo-

some segregation errors, the number of losses also exceeded

gains in two different studies (Figure 3D).

Spontaneous chromosome break sites map to gene-
poor regions and centromeres
To determine the location of spontaneous chromosomal breaks,

we identified regions of copy-number transition. A 2-fold drop or

a 50% increase in read number across a chromosomal arm iden-

tified the location of a segmental break. We identified a total of

117 chromosomal breaks in blastomeres of day-3 embryos

(Table S3). Of these, 57 mapped to intergenic areas, 23 mapped

to centromeric and pericentromeric regions, and 37 mapped to

gene bodies (Figure 3E). Concordant with the coordinates of

chromosomal breaks in day-3 embryos, gH2AX foci marking

DNA breaks were found at centromeres, while the majority

located to chromosomal arms (Figure 3F). Gene density at break

points was on average 1.5 genes/Mb, lower than at 50 randomly

selected sites (Figure 3G; p < 0.0001). Only 5 sites had a gene

density at genome average (6 genes/Mb) or higher, of which

two were gene clusters (Table S3).
Figure 3. Spontaneous chromosome breaks in day-3 embryos map to

(A) Experimental schematic. Donated day-3 embryos of good quality were disso

(B) Frequency of euploid and aneuploid cells in day-3 cleavage-stage embryos.

(C) Quantification of error types.

(D) Quantification of gains and losses, displayed as a ratio in spontaneous and C

nasiak et al. (2014), z data from Zuccaro et al. (2020). *** p < 0.001, ** p < 0.01 u

(E) Localization of chromosomal break sites.

(F) Immunostaining of day-3 cleavage-stage embryo for gH2AX and centromere

(G) Quantification of gene density at chromosomal break sites in comparison to 5

dotted line indicates the genome average. Mann-Whitney test **** p < 0.0001.

(H and I) Analysis of a 9-cell day-3 embryo of good morphology. (H) The heatmap

plots (red and black lines) of two different blastomeres of the same embryo with

blastomere only.

See also Figure S4 and Tables S1 and S3.
Cleavage-stage embryo #4 is representative of the pattern

of breakage: segmental breaks were observed in all (9/9) blas-

tomeres, with reciprocal and mirroring copy-number transi-

tions (Figure 3H). Reciprocal events arise from asymmetric

chromosome segregation at mitosis, leading to loss and gain

in daughter cells (e.g., FRA6I in Figure 3I). Mirroring changes

arise from cell-cycle progression of a cell, with aneuploidy ac-

quired in a prior mitosis (e.g., at SPOCK1 in Figure 3I). The di-

vision of human blastomeres with broken chromosomes is

also seen after Cas9-induced breaks (Figure S4E). Each of

the mirroring or reciprocal breaks located to gene-poor re-

gions and common fragile sites (Figure 3I). Segmental losses

occurred on chromosome 1 at FRA1S containing the RYR2

gene, at chromosome 3p14.3 containing the ERC2 gene, at

FRA5C on chromosome 5 within the SPOCK1 gene,

at FRA6I on chromosome 6 near the centromere, and at

FRA11O on chromosome 11 within the CNTN5 gene. On the

X chromosome, a break at the centromere appears to have

preceded the fragmentation of the whole chromosome. Inter-

estingly, transcripts encoded by genes located at these break

points were all very long, with SPOCK1 spanning 524 kb,

RYR2 792 kb, and ERC2 960 kb and CNTN5 spanning 1,289

kb. No whole-chromosome aneuploidies were observed in

this embryo, and thus, chromosome breakage was not the

secondary consequence of aneuploidy.

Micronuclei constitute mitotic aneuploidies
The sequencing-based analysis of intact cells provides incom-

plete resolution, as it is an aggregate signal of different nuclei

within the same cell. To circumvent this limitation, we deter-

mined the chromosomal content of individually isolated micr-

onuclei. We sequenced 12 individual micronuclei from day-3

blastomeres as well as 18 micronuclei from spontaneously ar-

rested day 5 multicell embryos (Figures 4A and 4B). All micronu-

clei were aneuploid (n = 30) (Figure 4C), including both

segmental, whole-chromosome errors, and fragmented chro-

mosomes (Figure 4D). Isolated micronuclei typically were nulli-

somic for most chromosomes and contained as little as a single

chromosome segment (Figure 4E). Break-point mapping in mi-

cronuclei isolated from day-3 embryos showed that all (n = 16)

mapped to gene-poor areas (average 1.1 genes/Mb; Table S3),

with gene density lower than random (Figure 4F). 12 break points

mapped to chromosomal arms, while 4 (25%)mapped to centro-

meric and pericentromeric regions. In micronuclei isolated from
gene-poor areas and result in chromosome loss

ciated and individual cells analyzed.

as9-induced aneuploidies. zz data from meiotic segregation errors from Fra-

sing Fisher’s exact test.

s. Arrow points to the overlap in a single 0.3 mm confocal section.

0 randomly selected sites. The mean and standard deviation are indicated. The

of chromosomal content of cells 1–9 (C1–C9). (I) Superimposed copy-number

reciprocal or mirroring segmental aneuploidies. X chromosome signal of one
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Figure 4. Micronuclei are spontaneous mitotic aneuploidies involving chromosome breakage

(A) Schematic of the experiment. Individual blastomeres are dissociated to individual micronuclei for genome amplification and low-pass sequencing.

(B) Isolated micronucleus. Scale bars, 10 mm.

(C) Ploidy of micronuclei isolated from day-3 or arrested multicell day-5 embryos.

(D) Quantification of the type of abnormalities seen in isolated micronuclei. Nullisomies were counted as whole chromosome aneuploidies.

(E) Representative chromosome content plots.

(F) Analysis of gene density at sites of chromosome breakage. The mean and standard deviation are indicated. The dotted line is the genome average. Mann-

Whitney test **** p < 0.0001, ** p < 0.01.

See also Tables S1 and S3.
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arrestedmulticell day 5 embryos, 251 break points weremapped

(Table S3). Although gene density at break-point sites was below

genome average and random simulated breakage (Figure 4F),

there was an increase in gene-rich sites (Figure 4F). This increase

may be due to the instability of chromosomes in micronuclei

(Crasta et al., 2012), resulting in secondary break points.

Chromosome fragility is independent of embryonic
genome activation
Including all break sites identified in day-3 blastomeres, inmicro-

nuclei from day-3, and arrested day 5 embryos, we mapped a

combined 466 break sites of which 371were independent events

(Table S3). 154 (42%) were recurrent, locating to 55 different
8 Cell 185, 1–20, August 4, 2022
genomic locations (Table S3). Recurrence was defined as a

breakage in the same genomic region in different embryos. For

instance, independent breaks were observed in blastomeres (2

independent breaks) and in micronuclei (2 independent breaks)

at the CNTN5 locus and its neighboring intergenic region (Fig-

ure 5A). 22 fragile regions were defined by three or more inde-

pendent recurrences of which 9 (consisting of 40 independent

events) mapped to centromeres and pericentromeric regions,

whereas 13 (consisting of 48 independent events Table S3)map-

ped to chromosomal arms.

Fragile regions with recurrent breaks harbored either a long

transcript or overlapped a large intergenic area (Figure 5B). 18

of 22 mapped to aphidicolin-sensitive fragile sites identified in
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somatic cells (Mrasek et al., 2010; Table S3). Chromosome

fragility in somatic cells is associated with the expression of

long genes in late replicating regions of the genome (Wei et al.,

2016), potentially because of conflicts between transcription

and replication (Helmrich et al., 2011; Brison et al., 2019; Ham-

perl et al., 2017).

We determined the expression of long transcripts at the loca-

tion of recurrent chromosome breaks using published gene

expression datasets (Yan et al., 2013). Long fragile site tran-

scripts showed low levels in oocytes and were nearly undetect-

able at the cleavage stage (Figure 5C; Table S4). Likewise, only

3/37 transcripts of any length that harbored a break site in

day-3 cleavage-stage embryos showed upregulation from the

1-cell stage to the cleavage stage (Table S4). Among those 3

transcripts are RAPGEF2 (92-kb transcript), SP3 (57-kb tran-

script), and NBPF10, which has annotated transcript isoforms

of 10 or 1,174 kb. Thus, the expression of neither long nor short

transcripts correlates with chromosome fragility in the cleavage-

stage embryo.

To directly determine if transcription contributes to embryonic

DNA damage and abnormal chromosome segregation in preim-

plantation embryos, we incubated 2PN zygotes from days 1 to 3

in the presence of a-amanitin (n = 6), an inhibitor of RNA polymer-

ase II, or triptolide, an inhibitor of both RNA polymerase I and II

(n = 5). Cell-cycle progression of human embryos until the 4–8-

cell stage does not require transcription, which is inhibited by

a-amanitin (Braude et al., 1988; Egli et al., 2011). None of the em-

bryos incubated with triptolide (0/4) showed ethynyl uridine label

incorporation, whereas controls did, confirming transcriptional

inhibition (Figure 5D). Moreover, nomouse embryos (0/15) devel-

oped beyond the two-cell stage in the presence of triptolide,

indicating the effective inhibition of EGA, which occurs at the

2-cell stage in mice. Independent of the transcriptional inhibitor,

micronucleation, which reflects mitotically acquired aneu-

ploidies, remained comparable with untreated cleavage-stage

embryos (Figures 5E and 5F). Furthermore, blastomeres con-

tained foci for both gH2AX, RAD51, and RPA32 (Figure 5G).

The presence of RPA32 foci in mitosis directly demonstrates

cell-cycle progression with incompletely replicated single-

stranded DNA (Figure 5H).
Figure 5. Genome instability is independent of embryonic genome act

(A) Fragile chromosome region at FRA11O at the CNTN5 locus with recurrences

Vertical bars indicate break-point positions. The different blue or different green co

the UCSC genome browser (hg19).

(B) Size of long transcripts and of intergenic areas overlapping with 22 fragile reg

(C) Expression of long transcripts (RPKM) at fragile sites in human preimplantation

with mitotic DNA synthesis in somatic cells (Ji et al., 2020; Macheret et al., 2020

(D) Staining for ethynyl uridine (EU) labeling nascent transcripts.

(E) Embryo incubated in triptolide from the 2PN stage to day 3 with abnormal nu

(F) Quantification of micronuclei in control IVF embryos and embryos treated w

analysis using one-way ANOVA. *** p < 0.001, **** p < 0.0001.

(G) Immunocytochemistry for indicated markers of DSBs and repair after triptolid

(H) Immunostaining for RPA32 and gH2AX after a-amanitin treatment. Insets show

cell. Scale bars, 10 mm.

(I) Gene density at break sites before and at EGA compared with simulated random

* p < 0.05, **** p < 0.0001.

(J) Frequency of aneuploid cells through the first three cell divisions.

See also Tables S1, S3, and S4.
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To determine the location of chromosome breakage prior to

EGA, we analyzed the chromosome content of 8 embryos on

day 1 of development at the 2-cell stage and 19 embryos on

day 2 of development, 17 of which were at the 4-cell stage

(Table S3). 2 segmental errors were found in 2-cell embryos

within a day of fertilization, and 8 independent segmental errors

were found in 67 blastomeres of day-2 embryos. 8 of these were

in gene-poor regions, whereas 2 were gene-rich, including the

HOXA gene cluster on chromosome 7 and the olfactory receptor

gene cluster pericentromeric on chromosome 11. Furthermore,

11 mirroring chromosomal changes in the same day-3 embryo

arise through sequential divisions of an error that arose prior to

EGA. Gene density at a total of 21 break sites occurring prior

to EGA was lower than at simulated random sites (Figure 5I),

and the pattern of fragility prior to EGA was the same as at

EGA in day-3 embryos. Aneuploidy due to abnormal mitosis

was observed in products of all three cleavage divisions on

days 1–3 of development, including before EGA (Figure 5J).

Sites of G2 replication are gene poor and concordant
with spontaneous chromosome break sites
In somatic cells, gene-poor regions are prone to fragility due to

late replication in the cell cycle and entry into mitosis with unre-

plicated DNA (Le Beau et al., 1998). Notably, 16/25 long fragile

site transcripts greater than 500 kb show mitotic DNA synthesis

in somatic cell lines (Macheret et al., 2020; Ji et al., 2020) (starred

genes in Figure 5C), suggesting that the timing of DNA replication

completionmay contribute to chromosome fragility of the human

embryo.

To map sites of late replication completion in human zygotes,

we incubated 6 parthenogenetically activated human embryos

with aphidicolin and G2 checkpoint kinase inhibitor at 15.5 h

into the first cell cycle (Figure 6A), uniformly resulting in the for-

mation of multinucleate cells (Figure 6B). Individual micronuclei

(n = 25) were isolated, and 21 from 4 zygotes were successfully

sequenced. All contained incomplete genomes (Figure 6C and

S5A). The most common aneuploidy was whole-chromosome

losses (248 chromosomes, 73%), followed by chromosomes

with one or more segmental copy-number transitions (93 chro-

mosomes, 27%) (Figure 6D).
ivation

in blastomeres, micronuclei, and aphidicolin-induced breakage (see Figure 6).

lors indicate independent events observed in different embryos. Adapted from

ions.

embryos. No bar is shown when expression is undetectable. * indicates genes

). Data from GSE36552 (Yan et al., 2013).

cleation in 4 of 6 blastomeres.

ith RNA polymerase inhibitor from day1–3. Horizontal line, mean. Statistical

e treatment.

magnification. Note the presence of both RPA32 and gH2AX foci in the mitotic

breakage. Horizontal line, mean. Statistical analysis usingMann-Whitney test.
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Figure 6. Gene-poor regions require G2 DNA synthesis

(A) Schematic of the experiment. Human zygotes are incubated with DNA polymerase inhibitor aphidicolin and CHK1i in G2 phase. Upon progression through

mitosis, micronuclei form, which are harvested individually for sequencing.

(B) Cell after mitotic entry in the presence of aphidicolin and CHK1i and isolated individual nucleus. Scale bars, 10 mm.

(C) Chromosome content plot of an isolated nucleus.

(D) Quantification of the type of error.

(E) Genomic characteristics of chromosomal break sites.

(F) Density of protein-coding genes and size of affected transcription units at break sites. Intergenic sites are at 0 transcript length on the y axis. Break sites at long

transcripts or gene-rich regions are indicated. Sites labeled in green are concordant with spontaneous breakage in IVF embryos (Table S3).

G) Comparison of gene density at spontaneous, aphidicolin-induced, and random sites. Mean and SEM are indicated. **** p < 0.0001 using aMann-Whitney test.

(H) Vertical bars indicate the break-point position at the RALYL locus on chromosome 8, in parthenogenetically activated embryos (independent events red and

orange with aphidicolin added at 15.5 h post activation), fertilized zygotes (purple with aphidicolin added at 18 h post ICSI), and spontaneous breakage in day-3

blastomeres (blue).

See also Figures S5 and S6 and Tables S1 and S5.
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The break-point analysis identified a total of 331 break sites

(Table S5). The analysis of polar bodies of the same embryos

was performed to exclude a single break of meiotic origin. Of

the 330 mitotic break sites, 191 (58%) showed reciprocity in a

different nucleus, whereas 139 were singular, consistent with a

recovery of chromosomal material per embryo of 59% (Fig-

ure S5B; Table S5). Per embryo, an average of 51 independent

break points were found, corresponding to at least 51 unrepli-

cated sites. 19 break sites (6%) were centromeric, and 189 break

sites were intergenic of which 151 (46%) were located in inter-
genic areas of 0.5 Mb or greater. 122 break sites (37%) located

within a transcript of which 71 (21.5%) were longer than 300 kb

(Figure 6E). Among the longest genes were PARK2, CNTN5,

PTPRD, CSMD1, MDGA2, PCDH9, and PCDH15 (Figure 6F).

184 breaks (56%) were in gene-poor areas of 1 or fewer

genes/Mb, and 24 sites (7%) had a gene density at and above

the genome average (�6.9 genes/Mb). Of these 24 gene-rich

sites, 16 (5%) located to gene clusters, in particular to olfactory

receptor gene clusters (11) (Figure S5C), metalloproteinase gene

clustersMMP (1) and ADAM (1), as well as CYP4 (1) and DEFB (2)
Cell 185, 1–20, August 4, 2022 11
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Figure 7. Induced chromosome fragility in late replicating regions compromises developmental potential in mouse embryos

(A) Schematic of timed aphidicolin (Aph) application in G2 of the first cell cycle.

(B) Immunostaining at anaphase of the first mitosis. Arrows indicate chromosomes failing to segregate, arrowheads indicate delayed segregation.

(C) Quantification of abnormal anaphase figures for indicated conditions. Mean with SEM is indicated. Statistical analysis using one-way ANOVA.

(D) Single-cell karyotype analysis of sister blastomeres at the 2-cell stage.

(legend continued on next page)
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gene clusters (Figure 6F). The remaining gene-rich areas had

adjacent gene-poor regions of more than 0.5 Mb (e.g.,

SLC30A7 at 1p21.1; Figure S5D). Only one site on chromosome

9q31.3 was not within or immediately adjacent to a gene-poor

region. When comparing induced break sites with random simu-

lated breakage, gene density was lower (p = 1.5e�7) (Figure 6G).

Gene density at aphidicolin-induced break sites and sponta-

neous breakage in day-3 cleavage-stage embryos were not

different (Figure 6G).

Break sites induced by aphidicolin at sites of G2 replication

were concordant with spontaneous break sites, such as at

CNTN5 on chromosome 11 or RALYL on chromosome 8

(Figures 5A and 6H ). Of the 22 fragile regions in untreated em-

bryos, 14 (64%) were also found in the cohort of aphidicolin-

induced breaks (Table S3). To evaluate concordance with fertil-

ized embryos, we also incubated 4 2PN zygotes with aphidicolin

and CHK1 inhibitor at 18 h post fertilization by ICSI. 7 chromo-

somal breaks were identified in 4 different genomic locations

of which 2 were concordant with break points in parthenogenet-

ically activated oocytes at the centromere on chromosome 9 and

at RALYL on chromosome 8 (Figure 6H). Taken together, DNA

synthesis continues at least until 18 h of the first cell cycle and

into mitotic prophase. Notably, aphidicolin exposure at 18 h

did not delay mitotic progression (Figure 2C), despite the pres-

ence of at least 2 unreplicated sites per embryo.

To evaluate the potential role of transcription in aphidicolin-

sensitive replication delays, we examined the expression of

transcripts at break sites (Yan et al., 2013). All but four of 93 tran-

scription units with break sites, EIF3E, UVRAG, GULP1, and

CRADD, were either not expressed or transcript levels

decreased from the 1-cell stage to the morula stage after EGA

(Table S4). Only 3 of 330 break sites (0.9%) located near a tran-

scription start site, and only one of these, CRADD, was ex-

pressed at a later developmental stage. Furthermore, we

compared embryo break sites with transcription-dependent

replication delays described in somatic cells (Sarni et al.,

2020). Of the 119 sites identified by Sarni and colleagues, 6 sites

were shared at the genes FTO, LAMA2, MAGI2, SCAPER,

THSD4, and VPS13B. However, zygotes are transcriptionally

largely silent, and none of these genes showed appreciable tran-

scription after EGA (Table S4). We also compared embryo break

sites to aphidicolin-induced recurrent break sites in actively tran-

scribed genes of human neuronal progenitors (Wang et al.,
(E) Quantification of aneuploidies per cell for indicated conditions. G2 checkpoint

Mean with SEM is indicated. Statistical analysis using one-way ANOVA.

(F) Quantification of the types of chromosomal abnormalities at the 2-cell stage.

chromosome.

(G) Percentage of gains and losses.

(H) Percent blastocyst development at indicated conditions. The 119 ATR and C

analysis using one-way ANOVA. Horizontal line, median.

(I and J) Analysis of embryo quality through the quantification of cell number (I) and

t test, bars indicate the mean and SEM.

(K–N) Analysis after Aph treatment in G2 phase of the first cell cycle. (K) The qua

Horizontal bars, mean. Statistical analysis using one-way ANOVA. (L) Immunosta

Quantification of micronuclei per embryo at 48 h post activation. No micronucleat

embryo on day 4 of development with binucleation and micronucleation (magnifie

** p < 0.01, * p < 0.05.

See also Figures S6 and S7 and Table S6.
2020). Of 31 sites identified by Wang and colleagues, 10 were

shared with the embryo (32%) at CTNNA2, NRG3, RBFOX1,

LRP1B, PARK2, MAGI2, LINGO2, DLG2, PCHD15, and

LRRD4C. Eight of these ten genes show mitotic DNA synthesis

in somatic cells (Ji et al., 2020; Macheret et al., 2020). Again,

these genes showed no expression during cleavage develop-

ment. Thus, the need for DNA synthesis in G2 phase in human

zygotes is independent of transcription-replication conflicts.

Fragility in late replicating regions compromises
developmental potential
In mice, spontaneous mitotic chromosome segregation errors

are less common than in human embryos (Bolton et al., 2016),

and preimplantation development is more efficient. Because of

the low frequency of spontaneous segregation errors, themouse

lends itself to experimental interference. To determine whether

inhibiting G2 replication reproduces the chromosomal and

developmental abnormalities seen in human embryos, we

applied the DNA polymerase inhibitor aphidicolin in G2 phase

(Figure 7A). All 191/191 control parthenogenetic zygotes showed

normal chromosome segregation at the first mitosis, whereas

17/99 (17.4%, range per experiment 7%–30%) treated embryos

showed abnormal anaphase with lagging chromosomes and

chromosome fragments (Figures 7B and 7C). Aphidicolin applied

only after pronuclear envelope breakdown was inconsequential

(Figure 7C). The frequency of abnormal anaphase figures

increased to 63% (16/27) when embryos were exposed to both

ATR kinase inhibitor and aphidicolin in G2 phase.

Chromosome content analysis of sister blastomeres at the

2-cell stage showed that 98% of control cells had normal mitotic

segregation (57/58), whereas 33% (14/45) of aphidicolin-treated

blastomeres showed aneuploidy (Figure 7D; Table S6). The com-

bination of aphidicolin and G2 checkpoint inhibition further

increased aneuploidy to 64.5% of the blastomeres (69/107),

consistent with the frequency of abnormal anaphases. In aphidi-

colin-treated samples, a total of 28 chromosomal abnormalities

were found in 45 blastomeres, or 0.62 per cell. G2 checkpoint in-

hibition alone resulted in 0.3 abnormalities per cell (8 aneu-

ploidies in 27 cells). In embryos treated with both aphidicolin

and G2 checkpoint inhibitor, aneuploidies increased to 2.1 per

cell (226 aneuploidies in 107 cells) (Figure 7E). Karyotype abnor-

malities included whole-chromosome segregation errors (54%),

segmental errors (37%), and chromosome fragmentation (9%)
inhibitor includes ATR inhibition (10 samples) and CHKi (17 samples; Table S6).

Fragmentation is defined as 3 or more copy-number transitions on the same

HK1 inhibition samples consist of 57 ATR and 62 CHK1 inhibition. Statistical

ICM cell number (Pou5f1 positive cells) (J). Statistical analysis using Student’s

ntification of DNA damage markers at the 4–8 cell stage, 48 h post activation.

ining of the nucleus of a day-4 embryo for indicated DNA damage markers. (M)

ion was observed in controls. Statistical analysis using Student’s t test. (N) The

d), and excluded cells indicated with an asterisk. **** p < 0.0001, *** p < 0.001,
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(Figure 7F). Whole chromosome as well as segmental losses ex-

ceeded gains by a ratio of �1:2 (Figure 7G).

Although in controls, 92% of eggs developed to the blastocyst

stage, of the cleaved embryos exposed to aphidicolin in

G2 phase, 72% developed to the blastocyst stage (range

25%–87%) (Figure 7H), concordant with the frequency of

euploid embryos. On day 5 of development, blastocysts ob-

tained after treatment with aphidicolin in G2 showed reduced to-

tal cell number and fewer ICM cells marked by Pou5f1, indicating

low embryo quality (Figures 7I and 7J). Aphidicolin-treated em-

bryos showed increased markers of DNA damage, including

gH2AX, Rpa32, and Rpa32 phosphoS33 at the 4–8 cell stage

at 48 h post activation (Figures 7K and 7L). Embryos were devel-

opmentally delayed and showed excluded blastomeres, binu-

cleation, and increased micronucleation (Figures 7M and 7N).

Thus, incomplete replication at the first mitosis destabilizes the

genome in subsequent cell divisions and phenocopies common

spontaneous defects in human embryos.

Response to unreplicated DNA differs between mouse
and human embryos
In comparison to human cleavage-stage embryos, untreated

mouse embryos showed not only a lower frequency of sponta-

neous chromosome segregation errors (Figure 7E versus Fig-

ure 5J) but also a lower frequency of segregation errors caused

by interference with replication completion in G2 phase (Fig-

ure 7D versus Figure 6C). Surprisingly, 38 of 107 (35.5%) of

mouse 2-cell embryos were euploid despite combined aphidico-

lin exposure and G2 checkpoint inhibition (Table S6), whereas all

human embryos were aneuploid. Mouse embryos showed aneu-

ploidies on just 2 chromosomes per cell, whereas human em-

bryos showed catastrophic aneuploidy with on average 51 break

sites or more than one genomic alteration per chromosome. This

difference could be due to a lower number of unreplicated sites

in mice at the time of inhibitor application or due to differences in

the response and resolution of unreplicated DNA.

To estimate the number of unreplicated sites, we counted the

number of DNA damage foci induced in G2 phase (Figures S6A–

S6G). Aphidicolin incubation resulted in a higher number of

gH2AX and RPA32 foci in mice (mean gH2AX foci 43, range

0–228, in mice versus human, mean 21, range 0–51). Approxi-

mately 10% of gH2AX foci were positive for RPA32 in both spe-

cies, which averaged 1.8 in human versus 4.5 inmice per haploid

nucleus (Figures S6B and S6D). The processing of DSBs and the

extension of ssDNA gaps required for the formation of RPA bind-

ing and ATR kinase activation involves the nuclease activities of

MRE11. The inhibition of MRE11 exonuclease using mirin results

in a repair defect at DSBs and thereby increases the number of

DNA damage foci (Dupré et al., 2008; Shibata et al., 2014). The

addition of mirin combined with aphidicolin (schematic in Fig-

ure S6A) increased the number of foci marked by gH2Ax in

mouse zygotes to more than 100 and the number of Rad51

foci to more than 50 (Figure S6E). The inhibition of MRE11 endo-

nuclease activity abrogated foci for both markers (Figure S6E),

suggesting that sites stalled by aphidicolin were processed in

an MRE11-dependent manner. An increase in the number of

RAD51 foci upon combined exposure to aphidicolin and mirin

was also seen in human zygotes, increasing to 50 sites on
14 Cell 185, 1–20, August 4, 2022
average (Figure S6F). The number of gH2Ax foci was not

increased by MRE11 inhibition beyond aphidicolin incubation

alone, though it could be an underestimate as large H2Ax bodies

may contain multiple sites (Figure S6G). Thus, the number of foci

marking unreplicated sites in G2 phase is higher in mice than in

human at the relevant time points. The number of aneuploidies

induced by aphidicolin incubation exceeds the number of

gH2Ax foci in human, whereas in mice it is the reverse. Thus, hu-

man zygotes are less efficient at forming DNA damage foci and

more efficient at converting sites of incomplete replication to

chromosomal breaks and aneuploidy.

Consistent with differences in the processing of stalled repli-

cation forks, transcripts of SMARCAL1, FBH1, RAD51, and

Bloom (BLM) were lower in human than in mice, whereas

FANCJ/BACH1 was expressed at higher levels (Figure S6H;

Table S7). These factors are involved at different steps of repli-

cation fork reversion and resection (reviewed in Joseph et al.

[2020]) (Figure S6I). In contrast, transcripts for MUS81, which

cleaves replication intermediates at prophase of mitosis to

form DSBs, were higher in human (Figure S6H). Interestingly,

human zygotes progressed to mitotic prophase (16 of 17)

with condensed chromatids despite persistent gH2AX and

RPA32 foci (Figures 2D and S2M), whereas mouse zygotes ar-

rested in G2 phase without chromosome condensation (Fig-

ure S3). Human cleavage embryos were reported to express

low levels of WEE1 kinase (Kiessling et al., 2010), which acts

upstream of CDK1 and MUS81 to inhibit cleavage of replica-

tion forks that remain stalled late in the cell cycle (Duda

et al., 2016). We confirmed low WEE1 transcript levels at the

1-cell stage in human relative to mice (Figure S7A). When

Wee1 kinase inhibitor was added alongside aphidicolin to

mouse embryos, mitosis resulted in a highly fragmented

genome (Figures S7B and S7C; Table S6), reproducing the

frequent segmental breakages seen in human embryos.

Wee1 kinase inhibition in G2 phase mouse embryos advanced

mitosis by 1.5 h and impaired developmental potential

compared with untreated controls (Figures S7D–S7F). In sum-

mary, inefficient DNA damage foci formation, progression to

mitotic prophase with unreplicated DNA, and frequent forma-

tion of chromosomal breaks at sites of incomplete replication,

followed by an unstable genome during cleavage divisions

(Figure S7G) are defining differences between human and

mouse preimplantation development.

DISCUSSION

Replication stress in mammalian embryos
Aneuploidy is a major cause of developmental failure in humans,

but the origins of mitotic aneuploidies are not well understood.

We show here that human embryos acquire DNA damage during

embryonic DNA replication, which is characterized by replication

fork stalling, DNA synthesis in G2 phase, followed by incomplete

replication at mitosis, chromosome breakage, micronucleation,

and aneuploidy. A possible cause of replication fork stalling is

DNA demethylation, which occurs primarily during the first two

cleavage divisions prior to zygotic genome activation (Guo

et al., 2014). Foci for gH2AX indeed form concordant with active

DNA demethylation in mouse preimplantation embryos
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(Wossidlo et al., 2010). Demethylation may affect DNA replica-

tion through the formation of abasic sites and ssDNA breaks

that stall replication forks (reviewed in Thompson and Cortez

[2020]). The replication of damaged DNA results in reduced repli-

cation fork speed (Tercero and Diffley, 2001), including stalling

and fork reversal (Iyer and Rhind, 2017; Zellweger et al., 2015).

The transcriptional silence of the early embryo during genome

demethylation might be a necessary adaptation to avoid addi-

tional stress imposed by transcription-replication conflicts.

Other potential sources of DNA replication stress are paternal

DNA damage (Simon et al., 2011) and a short G1 phase (Ahuja

et al., 2016). Paternal and maternal segmental aneuploidies are

found in approximately equal frequency (Zuccaro et al., 2020),

and slow replication fork speed and G2 replication are also

seen in maternal-only embryos, arguing against paternal DNA

damage as the primary source of DNA replication stress.

The mapping of spontaneous chromosomal break sites in the

human embryo showed that these are typically gene poor,

contain a long neural gene, or contain clusters of genes that

are transcriptionally silent, such as olfactory receptor genes.

These regions require DNA synthesis in G2 phase in the embryo.

Gene-poor, fragile regions tend to complete replication late in

the cell cycle also in somatic cells (Macheret et al., 2020; Ji

et al., 2020; Widrow et al., 1998) and can remain incompletely

replicated through mitosis (Moreno et al., 2016). Gene-poor re-

gions may be prone to fragility because of a limiting number of

replication origins, as described for somatic cells (Letessier

et al., 2011). Future studies on the origin location in embryos

will provide answers to this question.

Incomplete replication is known to affect chromosome segre-

gation, chromosome condensation, and spindle function in so-

matic cells (Burrell et al., 2013; Feng and Jasin, 2017; Wilhelm

et al., 2014; Chang et al., 2007). Interestingly, a recent study

on human and bovine zygotes describes incomplete chromo-

some condensation, incomplete polarization of chromatin in

the nucleus, and lagging chromosomes at the first cell division

(Cavazza et al., 2021). These defects can be conferred by incom-

plete replication as induced by aphidicolin. Though mitotic ab-

normalities can also be induced by interference with spindle

function by nocodazole (Bolton et al., 2016; Cavazza et al.,

2021), this primarily results in whole-chromosome aneuploidies

(Bolton et al., 2016) and as a secondary consequence of micro-

nucleation in chromothripsis (Crasta et al., 2012), rather than in

the specific patterns of chromosome breakage described here.

Replication stress as induced by aphidicolin can also lead to pro-

longedmitosis, multipolar spindles, and destabilize the segrega-

tion of the entire genome (Wilhelm et al., 2014).Multipolar mitosis

occurs spontaneously and commonly in human embryos,

contributing to developmental failure (Ottolini et al., 2017).

Furthermore, prolonged mitosis correlates with aneuploidy and

poor developmental potential (Wong et al., 2010). Thus, replica-

tion stress can underly the mitotic abnormalities described by

Cavazza, Ottolini, Wong, and colleagues.

Mechanisms and consequences of mitotic aneuploidy
differ from meiotic aneuploidy
Mitotic errors predominantly result in the loss of genetic mate-

rial—gains are underrepresented relative to losses. This asym-
metry persists throughout development: Turner syndrome

arises through mosaic loss of one X chromosome (Hook and

Warburton, 1983). In contrast, for meiotic errors, the ratio of

losses/gains approximates 1 throughout preimplantation devel-

opment (Franasiak et al., 2014) and gains exceed losses in live

births. Further differences in meiotic versus mitotic errors are

seen in which chromosomes are affected. Segmental chromo-

some breaks primarily affect large chromosomes (Girardi et al.,

2020; Escribà et al., 2019; Zhou et al., 2018), whereas meiotic

aneuploidies primarily affect smaller chromosomes, at least at

advanced maternal age (Gruhn et al., 2019). Furthermore,

mitotic segregation errors inflict damage to the affected chro-

mosome through breakage and fragmentation and thereby,

commonly result in a chromosomal loss, as well as the demise

of the affected cell or embryo. In contrast, segregation errors in

meiosis can result in stable chromosomal gains and continued

development.

Replication stress impacts human reproduction
Chromosome segregation errors and aneuploidy are one of

several possible outcomes of stalled replication forks and

DSBs. In somatic cells, fragile sites are hotspots of de novo

copy-number variation (Wilson et al., 2015). Chromosomal break

sites observed here coincide with sites of de novo copy-number

change that can cause disease, including at GALNT13, IMMP2L,

RGS7, and CHRM3 (Shimojima et al., 2017; Cheng et al., 2019;

van Bever et al., 2005; Gimelli et al., 2014; Perrone et al.,

2012). Whether these genetic changes occurred prior to or after

fertilization is not known. Genetic mosaicism in the placenta, as

well as mosaicism in adult tissues, points to early embryonic cell

cycles as a source of frequent genetic change (Coorens et al.,

2021; Ju et al., 2017; Rodin et al., 2021). In the placenta, the ma-

jority of copy-number changes occur at fragile sites, including at

sites of direct concordance with breakpoints in human preim-

plantation embryos, such as within IMMP2L, and may thus orig-

inate through the processes described here. Stalled replication

forks and replication gapsmay also contribute to point mutations

through completion of DNA synthesis with error-prone transle-

sion polymerases.

Taken together, DNA damage incurred during DNA replication

underlies common defects in early human development,

providing a rationale for additional studies on the limiting factors

involved in replication fork stability and DSBs repair, on the loca-

tion of replication origins, and the temporal patterns of DNA repli-

cation, as well as on the molecular causes of DNA replication

stress in the early embryo. Such studies will be critical for under-

standing both normal and disease-causing genetic variation in

the human germ line. Long term, it may lead to methods to

reduce the risk of genetic abnormalities and reduce embryo attri-

tion in human reproduction.

Limitations of study
Stalled replication forks and postreplicative ssDNA gaps can

both activate ATR signaling and involve MRE11-dependent pro-

cessing. This study does not distinguish between these different

possibilities. Such distinction may be achieved through the elec-

tron microscopy of replicated DNA or through S1 nuclease

assays.
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While this study was under consideration, another study re-

ported low replication fork speed in fertilized mouse 2-cell and

8-cell embryos (Nakatani et al., 2022). Moreover, another study

showed in somatic cells that G2 DNA synthesis is a replication

stress response to low fork speed induced by aphidicolin (Mo-

canu et al., 2022).
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hardt, R., Schöler, H., and Walter, J. (2010). Dynamic link of DNA deme-

thylation, DNA strand breaks and repair in mouse zygotes. EMBO J. 29,

1877–1888.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-phospho-Histone H2A.X-Ser139

mouse monoclonal Ab. Does not react to

S139A in human pluripotent stem cells

(Orlando et al., 2021). Figure S4C shows

ATR dependent phosphorylation.

Millipore Cat# 05-636; RRID:AB_309864

Phospho-Chk1 (Ser317) (D12H3) XP Rabbit

mAb; according to the manufacturer, this

monoclonal antibody does not recognize

CHK1 after dephosphorylation with CIP,

and shows increased signal after UV

treatment. Figure S1I shows ATR

dependent phosphorylation in mouse

embryos.

Cell Signaling Technology Cat# 12302S; RRID:AB_2783865

anti 53BP1 (rabbit polyclonal, used in mice) Novus Biologicals Cat# NB100-904

Purified mouse anti human 53BP1, clone 19 BD Transduction laboratories Cat# 612522; RRID:AB_2206766

Rpa32/rpa2 (4E4) Rat monoclonal Ab Cell Signaling Technology Cat# 2208S; RRID:AB_2238543

Anti-Rad51 (Ab-1) Rabbit pAb. Figure S4C

shows ATR dependent foci formation

EMD Millipore Cat# PC130; lot #D00 138544

Centromere protein antibody (derived from

human CREST serum)

Antibodies Incorporated Cat# 15-235-0001; RRID:AB_2797146

Phospho RPA32 (S4/S8) rabbit polyclonal

Antibody (company quality control positive

signal after etoposide, negative after

alkaline phosphatase treatment. Does not

stain RPA32 mutant with serines turned to

alanine (Zuazua-Villar et al., 2015; Liu et al.,

2012). Figure S4C shows ATR dependent

phosphorylation.

Bethyl laboratories Cat# A300-245A; OWL ID: 54194

Phospho-Histone H2A.X (Ser139) (20E3)

Rabbit mAb. UV induces signal, which is

inhibited with blocking peptide or

phosphatase treatment.

Cell Signaling Technology Cat# 9718; RRID:AB_2118009

Anti IdU antibody BD Biosciences Cat# BD 347580; RRID:AB_400326

Anti ssDNA antibody Millipore Cat# MAB3034

Anti-Oct-3/4 antibody (C10) Santa Cruz Biotechnology Cat# sc-5279; RRID:AB_628051

Alexa Fluor 488 Donkey Anti-Rabbit IgG

(H+L) Antibody

Thermo Fisher Scientific Cat# A-21206; RRID:AB_2535792

Alexa Fluor 488 Donkey Anti-Mouse IgG

(H+L) Antibody

Thermo Fisher Scientific Cat# A-21202; RRID:AB_141607

Alexa Fluor 488 Goat Anti-mouse IgG1 Thermo Fisher Scientific Cat# A21121; RRID:AB_2535764

Alexa Fluor 555 Donkey Anti-Rabbit

IgG (H+L)

Thermo Fisher Scientific Cat# A-31572; RRID:AB_162543

Alexa Fluor 555 Donkey Anti-Mouse

IgG (H+L)

Thermo Fisher Scientific Cat# A-31570; RRID:AB_2536180

Goat anti-Rat IgG (H+L) Secondary

Antibody, Alexa Fluor 555

Thermo Fisher Scientific Cat# A-21434; RRID:AB_2535855

CF 568 Goat Anti-Mouse IgG2a Biotium Cat# 20258

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Alexa Fluor 647 Donkey Anti-Rabbit

IgG (H+L)

Thermo Fisher Scientific Cat# A-31573; RRID:AB_2536183

Alexa Fluor 647 Donkey Anti-Mouse

IgG (H+L)

Thermo Fisher Scientific Cat# A-31571; RRID:AB_162542

Alexa Fluor�647 Goat Anti-Rat IgG (H+L) Thermo Fisher Scientific Cat# A-21247; RRID:AB_141778

Goat anti-Human IgG (H+L) Cross-

Adsorbed Secondary Antibody, Alexa

Fluor 488

Thermo Fisher Scientific Cat# A-11013; RRID:AB_2534080

RPA 32 phospho S33 rabbit polyclonal

Company quality control shows positive

signal after etoposide. Does not react to

S33A mutant (Anantha et al., 2007).

Figure S4C shows ATR dependent

phosphorylation.

Bethyl Laboratories Cat# A300-246A

Biological samples

Human oocytes Columbia University Fertility Center N/A

Donated IVF embryos East Coast Fertility Centers N/A

Sperm Columbia University Medical Center N/A

Chemicals, peptides, and recombinant proteins

Alt-R S.p. Cas9 Nuclease V3 IDT DNA Cat# 1081058

CytochalasinB Sigma Aldrich Cat# C2743

5-Ethynyl Uridine (EU) ThermoFisher Scientific Cat# E10345

5-Iodo-2’-deoxyuridine (IdU) Sigma Aldrich Cat# I7125

5-Iodo-2’-deoxyuridine (CldU) Sigma Aldrich Cat# C6891

DMSO Sigma Aldrich Cat# D2650

PBS LifeTechnologies Cat# 14190-250

Triptolide Sigma Aldrich Cat# T3652

Alpha Amanitin Sigma Aldrich Cat# A2263

Aphidicolin Sigma Aldrich Cat# A0781

ATR inhibitor ATR45 (VE-821) This manuscript: (Charrier et al., 2011) N/A

AZD7762 (CHK1&CHK2 inhibitor) Selleckchem Cat# S1532

LY2603618 selective CHK1 inhibitor (King

et al., 2014)

Tocris Cat# 6454

MK1775 (WEE1 inhibitor) Selleckchem Cat# S1525

HEPES Sigma Aldrich Cat# H4034

d-sorbitol Sigma Aldrich Cat# S3889

Fatty acid free BSA Millipore Sigma Cat# 126575

Calcium acetate Sigma Aldrich Cat# 21056

Magnesium acetate Sigma Aldrich Cat# M2545

Mirin (MRE11 exonuclease inhibitor) Sigma Aldrich Cat# M9948

PFM01 (MRE11 endonuclease inhibitor)

(Shibata et al., 2014)

Tocris Cat# 6222

Acetic acid LabChem Cat# LC101003s

Methanol Sigma Aldrich Cat# 322415

Triton X-100 Sigma Aldrich Cat# T8787

Ethylenediaminetetraacetic acid (EDTA) Sigma Aldrich Cat# E6758

Sodium dodecyl sulfate (SDS) Sigma Aldrich Cat# L3771

Tris base Sigma Aldrich Cat# T1503

HCl Fisher Scientific Cat# A144sI-212

Acidic Tyrode’s solution EMD Millipore Cat# MR-004-D

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Olaparib Selleck Chemicals Cat# S1060

Hyaluronidase Sigma Aldrich Cat# H4272

Puromycin Thermo Fisher Cat# A1113802

PMSG, pregnant mare serum gonadotropin ProSpec Cat# HOR-272

hCG, human chorionic gonadotropin EMD Millipore Cat# 230734

Ionomycin Sigma Aldrich Cat# I3909

Paraformaldehyde Santa Cruz Biotechnology Cat# sc-281692

Hoechst33342 Life Technologies Cat# H3570

Proteinase K Sigma Aldrich Cat# P4850

Critical commercial assays

Click-iT EdU Alexa Fluor 555 Imaging Kit Life Technologies Cat# C10338

Click-iT EdU Alexa Fluor 488 Imaging Kit Life Technologies Cat# C10337

Deposited data

Single cell sequencing data from human

and mouse preimplantation embryos

Sequence Read Archive (SRA) PRJNA699630, PRJNA693628,

PRJNA755329,

Experimental models: Cell lines

Human oocytes This paper; Columbia University Fertility

Center

N/A

Donated IVF embryos This paper; East Coast Fertility Centers N/A

Sperm This paper; Columbia University Medical

Center

N/A

Experimental models: Organisms/strains

Homo sapiens This paper N/A

Mouse: B6D2F1 The Jackson Laboratory Cat# 100006

Oligonucleotides

gRNA for Cas9 RNP assembly. Table S2;

5’-AATGAAGGGCTGCTGTATCG

This paper; Integrated DNA Technologies N/A

Software and algorithms

bwa-0.7.17 This manuscript: (Li and Durbin, 2009) https://github.com/lh3/bwa/releases/tag/

v0.7.17

samtools-1.11 This manuscript: (Danecek et al., 2021) http://www.htslib.org/download/

QDNAseq v1.26.0 This manuscript: (Scheinin et al., 2014) https://cran.r-project.org/bin/macosx/

Prism GraphPad https://www.graphpad.com/

scientific-software/prism/

Zen confocal imaging and image

processing software

Zeiss https://www.zeiss.com/microscopy/us/

products/microscope-software/zen.html

Other

Male-FactorPak collection kit Apex Medical Technologies Cat# MFP-130

Piezo micropipette Origio Cat# Piezo-20-15

10%PVP Irvine Scientific Cat# 90123

Mineral oil Sigma Aldrich Cat# 330779-1L

Holding pipette Origio Cat# MPH-MED-30

ICSI micropipette Origio Cat# MIC-SI-30

Glass bottom dishes for imaging MatTek Cat# P35G-1.5-10-F

Glass bottom dishes for manipulations MatTek Cat# P60G-1.5-30-F

Single cell lysis and fragmentation buffer Sigma Aldrich Cat# L1043

NEBNext Ultra II DNA Library Prep Kit for

Illumina

New England Biolabs Cat# 6040S

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

NEBNext Multiplex Oligos for Illumina New England Biolabs Cat# E6609S

SEQPLEX Enhanced DNA Amplification Kit Sigma Aldrich Cat# SEQXE

ProLong Gold Antifade Mountant Thermo Fisher Scientific Cat# P36930

ECMPC warming solution set ECMPC Cat# ECMPC-220

Quinn’s Advantage Thaw Kit Cooper Surgical Cat# ART-8016

Vitrification kit Cryotec Cat# 101

Warming kit Cryotec Cat# 102

Global Total LifeGlobal Cat# H5GT-030

Quinn’s Sperm washing medium CooperSurgical Cat# ART-1005

Sperm freezing medium Irvine Scientific Cat# 90128

Sperm separation kit Isolate Irvine Scientific Cat# 99264

Global Total w. HEPES LifeGlobal Cat# LGTH-050

G-MOPS Plus Vitrolife Cat# 10130
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Dieter Egli (de2220@

cumc.columbia.edu).

Materials availability
This study did not generate unique reagents.

Data and code availability
Data are available at SRA BioProject accession numbers SRA: PRJNA699630, SRA: PRJNA693628, and SRA: PRJNA755329.

No code specific to this study was generated.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects
The Columbia University Institutional Review Board, the Columbia University Embryonic Stem Cell Committee approved all human

procedures to obtain human oocytes for this research, including for low pass genome sequencing and public database submission.

Gamete and embryo donors provided informed consent, and followed guidance provided by New York State Stem Cell Science

(NYSTEM, https://stemcell.ny.gov/new-model-informed-consent-forms). The experience of oocyte donors in research is described

in a prior study (Zakarin Safier et al., 2018).

Human oocytes
Human oocytes designated for research were obtained from donors following routine gonadotropin releasing hormone antagonist

in vitro fertilization stimulation at the Columbia University Fertility Center. Ovarian stimulation was monitored with regular ultrasound

and serum hormonal assays per practice protocol (Palmerola et al., 2018). Oocyte retrieval was performed by transvaginal ultra-

sound-guided needle aspiration under intravenous sedation. Oocytes were vitrified using Cryotech vitrification kit and stored in liquid

nitrogen until use. For experimental procedures, oocytes were thawed using the Cryotech Warming Kit (Cryotech, Tokyo, Japan) or

the ECMP warming solution set, then exposed to experimental conditions as outlined below. For the ensuing human oocyte studies,

‘‘control media’’ refers to Global Total. All experiments were conducted during incubation at 37�C with 5% CO2 and 20% O2.

Donated oocytes were used for experiments involving artificial activation and for experiments involving timing of DNA replication

in zygotes, Cas9 injection, as well as for ICSI followed by aphidicolin incubation. Human oocytes were randomly allocated to exper-

imental groups.

Human embryos
Cryopreserved human cleavage-stage and blastocyst embryos and unfertilized oocytes were anonymously donated from individuals

and couples who provided consent for use in research. Embryos were of good quality and had been cryopreserved for potential clin-

ical use, but were then no longer needed and donated for research. The cause of treatment is not disclosed. Range of maternal age of
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donated embryos is between 27-43. Embryos of both sexes were used, as provided by the unbiased fertilization of oocytes with

sperm carrying either a Y or X chromosome. Cleavage stage embryos were thawed using the one-step thaw protocol using Global

total with HEPES. Blastocyst stage embryos were thawed using the Quinn’s Advantage thaw kit, then exposed to experimental con-

ditions as outlined below. Vitrified embryos were thawed with the ECMPC warming solution set. Embryo culture was performed in

Global Total. All experiments were conducted during incubation at 37�C with 5% CO2 and 20% O2.

Sperm donation and processing
Human sperm was obtained following donation from living donors following masturbation after 2-5 days of abstinence and collected

in a Male-FactorPac collection kit. Sperm was cryopreserved using commercially prepared density gradient (Isolate) and centrifuga-

tion was used to isolate motile sperm. The resultant sperm pellet was resuspended in sperm prep medium (Quinn’s SpermWashing

Medium, Origio), centrifuged and washed repeatedly prior to cryopreservation using freezingmedium (Irvine Scientific, 90128). Cryo-

preservation was performed using a time-based freezing protocol with gradually lowered temperature time sets then stored in liquid

nitrogen at less than -196�C until use. Samples were thawed at 38–40 �C for a maximum of 10 min and transferred to a 15mL conical

tube. Quinn’s Sperm Washing Medium was added dropwise to achieve a volume of 6mL. Samples were centrifuged at 300x g for

15min. Supernatant was removed and an additional wash with centrifugation was performed. The supernatant was removed

following a second wash, sperm pellets resuspended in wash media, then analyzed for viability. Sperm was mixed on the stage

of a microscope with 10%PVP, and individual motile sperm were immobilized by pressing the sperm tail with the ICSI micropipette

to the bottom of the dish, then picked up for injection. Donated spermwas used to determine the timing of DNA replication in zygotes,

as well as for ICSI followed by aphidicolin incubation.

Murine oocytes
The Columbia Institutional Animal Care and Use Committee approved animal protocols. Mouse oocytes were obtained as described

previously (Yamada and Egli, 2017). Briefly, B6D2F1 female mice (Jackson strain #100006) were superovulated at 5-7 weeks of age

by injection with 5 IU of pregnant mare serum gonadotropin (ProSpec) followed 48-52h later by 5 IU of human chorionic gonadotropin

(EMDMillipore). Mice were sacrificed 14-15 hours later and oviducts were removed. Oocyte-cumulus complexes were isolated from

the oviduct in a dish containing droplets of GMOPSplus (Vitrolife) containing 300 mg/mL hyaluronidase (Sigma-Aldrich), covered with

mineral oil on the heated stage of an Olympus SZ51 microscope. Oocytes were and then washed and cultured in Global Total until

experimental use.

METHOD DETAILS

Embryo culture and Drug incubations
Embryos, mouse and human, were cultured in Global Total (Life-Global) for the duration of the experiments and with added com-

pounds as outlined below.

Incubation in RNA polymerase inhibitors triptolide (1mM) or alpha amanitin (20mg/ml) was performed from the 2PN stage (day1) to

day3 of human development. Incubation in aphidicolin was performed at 2 mM. This concentration of aphidicolin has been shown to

prevent the formation of ssDNA gaps through uncoupling of leading and lagging strand synthesis (Ercilla et al., 2020). CHK1/CHK2

inhibitor AZD7762 (Zabludoff et al., 2008) at 100nM, CHK1 inhibitor LY2603618 (King et al., 2014) at 2.5mM, Wee1 kinase inhibitor

MK1775 (Hirai et al., 2009) at 500nM and ATR inhibitor ATR45 (VE-821), which shows selectivity of >600x over related kinases

ATM or DNA-PK (Charrier et al., 2011), at 1mM, except for zygotes at the 1-cell stage which were incubated for 4 hours at 2.5mM

ATR45. PFM01 (Shibata et al., 2011) was used at 50mM, and human zygotes were incubated from 14-19h post activation, while

mouse zygotes were incubated from 11.5-15.5h post activation in aphidicolin and either mirin or PFM01. Mirin was used at a con-

centration of 50mM.Olaparib was used to inhibit PARP at a concentration of 10mM.All experiments were conducted during incubation

at 37�Cwith 5%CO2 and 19-20%O2. Chemical stock solutions were prepared in DMSOat concentrations at least 1000x higher than

the final concentration.

Cas9 RNP preparation and injection
gRNA was obtained from Integrated DNA Technologies (IDT). For ribonucleoprotein (RNP) preparation, 2mL of 63mM IDT nlsCas9 v3,

3mL of injection buffer, and 1.5 mL of 100mM sgRNA were mixed and kept at room temperature for 5 minutes. Thereafter, 96.5mL of

injection buffer consisting of 5mM Tris-HCl, 0.1mM EDTA, pH 7.8 was added prior to injection. gRNA targets on chr6, chr11, chr16

and chr17 are provided in the legend of Table S2. Injection was performed into metaphase MII oocytes.

Artificial activation
Artificial activation of human MII oocytes was performed using two pulses of 2.7kV/cm at 50ms using ECFG21 (Nepagene) in fusion

buffer consisting of 0.25 M d-sorbitol buffer containing 0.1 mM calcium acetate, 0.5 mM magnesium acetate, 0.5 mM HEPES, and

1 mg ml�1 fatty-acid-free BSA as previously described (Tachibana et al., 2013). Thereafter, oocytes were incubated for 3.5-4h in

10mg/ml puromycin, followed by a wash step and following culture in Global total.
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Mouse oocytes were activated at 1-6 hours post retrieval using 2 mM ionomycin (Sigma Aldrich) in Global Total medium for 5 mi-

nutes at 37�C followed by culture in 10 mMpuromycin and 5 mg/ml cytochalasin B for 3 hours, then cytochalasinB only for 2 hours and

10 minutes to prevent second polar body extrusion.

Immunocytochemistry of Human and Murine Embryos
Following the experimental exposures, mouse and human embryos were fixed in 2% paraformaldehyde (PFA) and 0.25% Triton

X-100 in PBS for 10 minutes at room temperature, serially washed in phosphate-buffered solution (PBS) at room temperature,

then stored in PBS at 4�C until staining and imaging. Embryos were placed in 10-20ml droplets of primary antibody solution (key re-

sources table) within plastic tissue culture dishes covered with mineral oil for 1 hour at room temperature, serially washed (x2) in PBS

containing 0.01% Triton X-100 to prevent embryos sticking to oil, then transferred to 10-20ml secondary antibody solution and

Hoechst (dilution 1:500) for 30 minutes. Embryos were then serially washed (x2) and placed in 5ml droplets of PBS with 0.5% serum

albumin in uncoated glass bottom dishes (Mattek) covered with embryo culture oil for imaging. The following primary antibodies were

used across experiments as described above: Oct-4, gH2AX, RPA32, RPA32 S4/S8, RPA32 S33, 53BP1, RAD51, Centromere, phos-

pho-CHK1 (key resources table). Phospho-specific antibodies were quality controlled through ATR dependence of foci formation in

mouse zygotes, and for gH2AX also in human zygotes (Figures 1E and S4). The RPA32 phospho S33 antibody does not react to an

S33A mutant (Anantha et al., 2007). The Anti-phospho-Histone H2A.X-Ser139 mouse monoclonal antibody does not react to S139A

in human pluripotent stem cells (Orlando et al., 2021). The RPA32 (S4/S8) rabbit antibody does not stain RPA32 mutant with serines

turned to alanine (Zuazua-Villar et al., 2015; Liu et al., 2012). The appropriate secondary antibodies conjugated with Alexa Fluor 488,

Alexa Fluor 555, CF 568, or Alexa Fluor 647 were diluted at 1:500-1:1000 (key resources table).

Ethynyl deoxyuridine (EdU) labeling of zygotes and embryos was performed using the labeling kit (Thermo Fisher Scientific) as

described by themanufacturer. 10mMEdUwas added to culturemedium for 1 h at the indicated time points, and cells were harvested

and fixed thereafter. 5-ethynyl uridine (EU) labeling was performed by incubating day3 cleavage stage embryos for 4 hours in Global

total containing 0.2mM EU.

DNA fiber analysis
DNA fiber analysis was performed in mouse 1-cell embryos at 5.5h post activation, in late G2 phase from 12-15h post activation, in

8-cell embryos at 52h post activation, and in blastocysts at 96h post activation. Human 1-cell embryos were labeled 6h post activation,

and donated day3 and day6 embryos were labeled within 3-4h after thawing. Incubation was performed in 25mM IdU or 25mMCldU for

30min. Digestion of zona pellucida by Acidic Tyrode’s solution was performed in a 4-well dish at room temperature at ambient atmo-

sphere for 1-5 minutes using continuous observation under a stereomicroscope, and then neutralized in culture medium. �30 cells

were collected in 0.5-1ml medium and placed in a PCR tube, lysed by adding 30 ml of fresh pre-warmed (30 �C) spreading buffer

(0.5%SDS, 200mMTris pH 7.4, 50mMEDTA), incubated for 6min at RT and stretched using gentle tilting on regular microscope slide.

Slides were fixed for 2 min at RT in cold 3:1 methanol: acetic acid, air dried at RT, and then incubated in 2.5M HCl for 30 min, rinsed 5

timeswith PBS, and blockedwith 3%BSA in PBS for 1h. DNA fiberswere stained for 1hwith anti-ssDNAand anti-BrdU/IdU antibodies.

Afterwards, slides were rinsed 4 times in PBS, incubated 1h with secondary antibodies (Goat anti-mouse IgG1, #A21121; Goat anti-

mouse IgG2a, #20258), mounted with ProLong Gold Antifade mountant and let dry overnight. The fiber tracks were imaged on a Nikon

Eclipse 90i microscope fitted with a PL Apo 40X/0.95 numerical aperture objective and measured using ImageJ software v1.53.

The length of each track was determined manually using the segmented line tool on ImageJ software. The pixel values were con-

verted into mmusing the scale bar generated by themicroscope software. The extension of the DNA fibers was calculated as follows:

2.59 ± 0.24 kbp/mm according to (Jackson and Pombo, 1998). In Figure 2, sister fork ratio was calculated as shorter fork/longer fork,

with bidirectional forks only. Forks were considered asymmetric with a ratio <0.75 as (Bester et al., 2011).

Confocal microscopy and DNA damage foci analysis
Embryos were imaged with confocal microscopy using a Zeiss LSM (LSM 710) at a magnification of 63X and the Zeiss Zen software.

Images were obtained using 488-, 543- and 633-nm lasers and bright-field microscopy. The number of confocal sections was

adjusted to capture the entire nucleus or the entire embryo according to the experimental design as described above. Cell numbers

and staining foci numbers were counted manually. Nuclei were identified by the presence of Hoechst33342. Foci were identified if at

least 3x greater intensity than nuclear average, spherical in appearance, and overlapping with Hoechst33342 staining. Inner cell

masses were identified by the presence of Oct4 within a blastocyst embryo. Active DNA replication was identified by the presence

of EdU. DNA damage was identified by the detection of gH2AX and RPA foci within the nucleus. Mechanisms of DNA repair were

identified through the detection of RPA S4/S8, RPA S33, Rad51 and 53BP1 foci within the nucleus.

Single-cell/single nuclei whole genome amplification and sequencing
Single cells from blastomeres were collected on the heated stage (Tokai Hit) of an Olympus IX71 inverted microscope equipped with

Narishige micromanipulators and a zona pellucida laser (Hamilton-Thorne). Single nuclei were isolated from blastomeres by lysis and

dissection of different nuclei using two 20mmdiameter Piezomicropipettes and Holding pipette (Origio). Single embryo cells or nuclei

were placed manually in single wells of a 96-well plate containing 9 ml of lysis buffer, prepared as a master mix of 798ml H2O, 6 ml of

10 mg/mL Proteinase K solution (Sigma-Aldrich), and 96ml 10X Single Cell Lysis and Fragmentation buffer (Sigma-Aldrich). Single
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cells / single nuclei were lysed by heating 96-well plates containing single cells / single nuclei at 50�C for 1 hour, followed by incu-

bation at 99�C for four minutes using a PCR thermocycler. Single-cell / single-nuclei whole genome amplification (WGA) using degen-

erate oligo-nucleotide priming PCR (DOP-PCR) was performed using the SEQPLEX Enhanced DNAAmplification Kit (SEQXE, Sigma)

according to the manufacturer’s instructions. In addition, a modified version of the DOP-PCR protocol that allows inline indexing of

WGA DNA was also applied. WGA DNA was subsequently processed for Illumina library sequencing preparation using standard

TruSeq indexingmethods via the NEBNext Ultra II DNA Library Prep Kit for Illumina (New England Biolabs). NEBNextMultiplex Oligos

for Illumina (96 index primers) were used for four amplification cycles. Library DNA was quantified using Qubit dsDNA HS Assay Kit

(Invitrogen, Carlsbad, CA, USA) and library size distribution was confirmed using a 2100 Bioanalyzer DNA 1000 Kit (Agilent, Santa

Clara, CA, USA). A unimodal curve centered around 300 – 500 bp was scored as a successful library preparation. Subsequently,

30 mL of each pooled library was sent for sequencing at a concentration of 20ng/ml. Mutiplex sequencing was performed using Illu-

mina HiSeq 2500 single end indexed run (SR100) while targeting a coverage of �1 million reads per cell/nuclei, sufficient for quan-

titative genome-wide copy number analysis.

Single-cell / singe-nuclei sequencing analysis and copy number inference
Analysis of DNA sequencing data was performed as previously described (Baslan et al., 2015) with minor modifications as outlined

below. Briefly, multiplex sequencing data were demultiplexed according to unique barcodes with reads assigned to their respective

single-cell or single-nuclei. Unique reads were aligned to the reference human and mouse genome builds, hg19 and mm9, respec-

tively. Each genome was partitioned into 5000 bins using a previously described algorithm (Varbin) that corrects for genome

sequence mappability (Baslan et al., 2012; Navin et al., 2011). Uniquely mapped reads were sorted, indexed and subsequently

counted within the partitioned genomic bins. For single-cell copy number inference, read count data were normalized genome-

wide followed by CBS segmentation (Olshen et al., 2004) and transformed into integer copy number states using a least-squares

fit approach (Baslan et al., 2015).

Copy number inference from single-nuclei sequencing data was performed similarly with the exception that bin read counts were

initially processed using Kernel Density Estimation (KDE) resulting in two primary densities. One density contained very low read

counts and was attributed to index switching during Illumina multiplex library sequencing, a known sequencing artifact (Larsson

et al., 2018). Bins constituting this density were normalized and transformed to a ground state (i.e. nullisomy). The second density

contained high read counts in different genomic positions in one or more chromosomes across different single-nuclei. Read counts

were processed similarly to single-cell data with the exception that segments were designated as ‘‘copy number states’’ (compared

to absolute integer) given the inherent uncertainty of the absolute copy number of the segments in spontaneous micronuclei.

For increased resolution of break point mapping, additional analysis with bin size of 10kb, 50kb and 100kb using bwa aligner

(v.0.7.17) (Li and Durbin, 2009), samtools (v.1.11) (Danecek et al., 2021), and R package QDNAseq v1.26.0 (Scheinin et al., 2014)

was performed and results evaluated for consistency with analysis using 500kb bins described above (Baslan et al., 2015). All break

point calls were also manually inspected on copy number plots and read number files independently by two researchers. Partheno-

genetic 1-cell embryos were haploid, enhancing signal differences, and allowing for increased resolution of chromosomal break

mapping to 10-50kb.

Break site annotations
Annotation of break sites was performed as follows: transition points in segmented raw read count datawere flagged across single-cell

/ single-nuclei datasets with subsequently manual curation using the University of California Santa Clara (UCSC) GenomeBrowser and

transition point coordinates. A sitewas considered fragile if it occurred independently within the sameor a neighboring bin (according to

Baslan et al., 2015) in at least three different embryos. A fragile area is defined by the bin coordinates within which the breaks fall (as in

Figure 4 for CNTN5). Gene density comparison in Figure 5Gwas performed by selecting random locations within hg19 genome assem-

bly using bedtools v2.30.0 (Quinlan and Hall, 2010). Complete transcripts and adjacent intergenic areas were included in 1-2Mb inter-

vals to calculate the density of protein-coding genes. The genome average density of protein coding genes of�6.9 genes/Mb is based

on an estimated 21,306 protein-coding genes (Pertea et al., 2018) and a human genome size of 3.1 billion base pairs.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of DNA damage and embryo development
Statistical analyses were performed on GraphPad Prism (GraphPad Software, Inc., La Jolla, CA, USA). Embryo groups were

compared using one-way analysis of variance (ANOVA) with Bonferroni correction for multiple comparisons where appropriate,

and using Student’s t-test for comparison between two groups. Fisher’s exact test was performed using https://www.

socscistatistics.com/ to analyze sister fork asymmetry at different developmental stages, and to analyze development of human em-

bryos with and without CHK1 inhibitor as indicated in Figure Legends. Mean and standard deviations are displayed as indicated in

Figure Legends. The number of n indicated in the Figures represents the number of cells. In the case of zygotes, the number of em-

bryos and the number of cells is equivalent.
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Figure S1. Markers of DNA replication stress in human preimplantation embryos, related to Figure 1

(A) Human parthenote treated withMRE11 endonuclease inhibitor PFM01 according to Figure 1D, at 18 h post activation and with immunostaining for gH2AX and

RAD51. Scale bars, 5 mm.

(B) Quantification of foci for RPA32 phosphorylated at serine 33 at the cleavage and the blastocyst stage. Statistics using Student’s t test. * p < 0.05.

(C) Immunostaining for RPA32 phosphorylated at serine 33 of blastomere at indicated stages. Arrowheads indicate micronuclei. Scale bars, 5 mm.

(D) Quantification of foci for RPA32 phosphorylated at serine 33 in individual cleavage-stage embryos, with the method of fertilization indicated.

(E) Immunostaining for RPA32 phosphorylated at serine 4 and serine 8 at the blastocyst stage. Scale bars, 10 mm.

(F) Quantification of foci for RPA32 p-S4S8 in individual blastocyst-stage embryos.

(G) Immunostaining for CHK1 phosphorylated at serine 317. Note the 53BP1 body with unreplicated DNAmarked by RPA in the same cell and the elevated signal

of phosphorylated CHK1. Scale bars, 10 mm.

(H) Immunostaining for CHK1 phosphorylation on Ser 317 and 53BP1.

(I) Antibody quality control at the 1-cell stage. ATR-dependent phosphorylation of CHK1 at Ser 317 in mouse embryos irradiated with 5Gy 1 h after irradiation. 20/

20 nuclei showed p-S317 staining, whereas 0/20 in the ATR-inhibited and 0/20 in unirradiated control samples showed staining (p = 0.00001, Fisher’s exact test).

Scale bars, 5 mm.

(J) Developmental progression of 53BP1 focus formation distinguishing day-2 and -3 cleavage-stage embryos. Statistical analysis using one-way ANOVA.

** p < 0.001.

(K and L) Immunostaining for 53BP1 on day 2 (K) and day 3 (L) of development. Note the increase in foci number. (Secondary antibodies coupled to AF488 or

AF555 were used.) Scale bars, 1 mm.

(M) 53BP1 bodies in a day 5 blastocyst. Arrowheads indicate the symmetry of 53BP1 bodies in neighboring cells. RPA32 positive foci demonstrating single-

stranded unreplicated DNA are indicated with an asterisk and shown in the lower panel.

(N) Frequency of 53BP1 bodies depending on the developmental stage. Statistical analysis using Student’s t test. The 53BP1 bodies follow the formation of foci

with a delay of one or more cell cycles.

(O) Percentage of cells in day 5 blastocysts with 53BP1 bodies (>1-mm diameter) or 53BP1 foci (<1-mm diameter). The horizontal bar indicates average.

(P) Analysis of RNA-seq data fromGSE44183 (Xue et al., 2013), for 53BP1, RNF8, and RNF168 from the one-cell stage to embryonic genome activation in human

embryos. Individual data points are individual single cells. ** p < 0.001 using one-way ANOVA.(Q) Micronucleation (arrowheads) and chromatin bridge (enlarged

panel) in a day-3 cleavage-stage embryo. Scale bars, 10 mm.

(R) Chromatids with the delayed resolution of cohesion in sister cells of a day 5 blastocyst, suggesting unresolved replication intermediates. These defects are

characteristic of chromosome segregation defects seen after somatic cell nuclear transfer, which are induced by abnormal DNA replication, rather than by

abnormal spindle function (Chia et al., 2017). Scale bars, 5 mm.
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Figure S2. Cell-cycle progression of fertilized eggs and parthenotes, related to Figure 2

(A) Timing of polar body extrusion and pronucleus formation after intracytoplasmic sperm injection (ICSI) of human oocytes.

(B) Pronucleus size during the first cell cycle and timing of mitotic entry after fertilization or parthenogenesis in human oocytes. Symbols on the x axis indicate the

time point of entry into mitosis.

(C) Human cleavage-stage embryo incubated from day 3 to 6 in CHK1 inhibitor AZD7762. Note the highly fragmented nucleus and genome. Scale bars, 5 mm.

(D and E) DNA replication fork speed in mouse embryos with and without PARP inhibition using Olaparib and sister fork asymmetry in mouse 1-cell (D) and 8-cell

(E) embryos.

(legend continued on next page)
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(F) Representative DNA replication structures and the quantification of replication forks. n > 300 replication fork and n > 45 bidirectional forks per developmental

stage. The table includes the same sister fork ratio data as in Figure 2P.

(G–I) Replication track ratio first/second label through preimplantation development (G) and with PARP inhibition using Olaparib in mice (H) and humans (I).

(J) Comparison of replication fork speed at themouse and human 1-cell stage is also shown. Fork speed was calculated as follows: 2.59 ± 0.24 kbp/mmaccording

to Jackson and Pombo (1998).

(K) Schematic of the experiment in mice. Aphidicolin is added with or without additional compounds in late G2 phase of the cell cycle. Entry into the first mitosis is

monitored.

(L) Percentage of mouse embryos progressing from G2 to the first mitosis depending on the timing of aphidicolin application. The total numbers of eggs are

indicated for each condition. Each dot represents an independent experiment consisting of at least ten embryos.Wee1i =Wee1 inhibitor. Statistical analysis using

Student’s t test.

(M) Human parthenogenetic 1-cell embryo (zygote) incubated from 15.5 h post activation in aphidicolin for 6 h. Note the individual chromatids demonstrating

chromosome condensation, though condensation is not as condensed as complete as in metaphase chromosomes. Scale bars, 5 mm, related to Figure 5D.

(N) 2PN zygote with asymmetric nuclear envelope breakdown after aphidicolin exposure. The asymmetry persisted for more than 5 h.

(O) 2PN zygote with asymmetric chromosome condensation in the two pronuclei. Scale bars, 5mm.
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Figure S3. DNA damage response to stalled replication forks in G2 of the first cell cycle, related to Figure 2

(A) Experimental schematic. Mouse parthenogenetic embryos were exposed to aphidicolin in G2 at 12 h post activation, and arrested zygotes were analyzed.

Stable arrest is defined as 6 h of arrest and 18 h post activation, a time point when all control zygotes are at the 2-cell stage.

(B) Immunostaining for the indicated markers during replication fork stalling and after release. The number of foci per haploid nucleus is shown. *** Indicates

p < 0.0001. ** Indicates p < 0.001. Statistical analysis using one-way ANOVA. Scale bars, 5 mm.

(C) Antibody controls to determine ATR dependence of phospho-RPA, gH2AX foci, and Rad51 foci formation.
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Figure S4. Controls for chromosome content analysis, related to Figure 3

(A) Cell type being analyzed.

(B) Representative chromosomal content plots of GV oocytes.

(C) Heatmap of chromosomal content. The blue represents a loss and the red a gain. The dashed line represents the position of the centromere.

(D) Schematic of the experiment. The injection of Cas9 RNP into unfertilized oocytes. Artificial activation is used instead of fertilization to initiate the cell cycle and

form a haploid parthenote. Blastomeres are collected on day 3.

(E) Chromosomal analysis of a parthenogenetic embryo. Note the segmental changes on chromosomes 16 and 17 including complete loss (nullisomy). The cell at

the bottom has diploidized and shows segmental changes in one of two chromosomes. 5 of 6 cells of this embryo were successfully harvested and analyzed.
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Figure S5. Chromosome breakage at stalled replication forks causes sister chromatid nondisjunction and segmental nullisomy in haploid

human zygotes, related to Figure 6

Analysis of chromosomal break sites after exposure of haploid human zygotes to aphidicolin 16 h post activation, as in schematic of Figure 6A.

(A) Chromosome content plot of an isolated nucleus.

(B) Chromosome 8 content plot of different nuclei from the same cell, each with normalized sequencing read frequency in 100-kb bins indicated in different colors

along the chromosome. Vertical bars indicate sites of copy-number transitions. Note the complementarity in different nuclei.

(C) Chromosome content analysis at chr11 at q11-q12.1 (red box) of two nuclei (blue and orange) isolated from the same cell, with normalized sequencing read

frequency displayed along the chromosome. Vertical lines indicate copy-number transitions to nullisomy.

(D) Chromosome 1 content plot at p21.2-p13.3 (red box) of two nuclei (blue and orange) isolated from the same cell, with normalized sequencing read frequency

displayed along the chromosome. Vertical bars indicate sites of copy-number transition to nullisomy, related to Figure 6.

(E) Chromosome 14 content plot with stepwise transition from 2 to 1 to 0 copies with complementarity. The distance between break points is indicated.
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Figure S6. Processing of unreplicated sites is dependent on MRE11, related to Figures 6 and 7

(A–D) Schematic of the timing of application of aphidicolin and/or MRE11 inhibitor in the first G2 phase and the corresponding quantification of gH2AX and RPA32

foci after 6 h of aphidicolin (Aph) incubation per haploid nucleus inmice (A andB) and human (C andD). The species is indicated below each panel. Horizontal bars

indicate averages. Statistical analysis using Student’s t test.* p < 0.05,** p < 0.01, *** p < 0.001, ****p < 0.0001.

(E) MRE11 endonuclease or exonuclease dependence of gH2AX and Rad51 foci formation at forks stalled by aphidicolin. Exonuclease inhibition dramatically

increases the number of foci, whereas endonuclease inhibition completely abrogates it. Statistical analysis using one-way ANOVA.

(F and G) Corresponding MRE11 inhibitor study in human parthenotes and quantification of RAD51 (F) and gH2AX (G) foci.

(legend continued on next page)
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(H) Transcript abundance in human and mouse 1-cell stage embryos. The 69 transcripts involved in DSB repair and replication fork stability represented in two

datasets containing both mouse and human data GSE44183 (Xue et al., 2013) and GSE18290 (Xie et al., 2010) were analyzed, and the 25 genes shown were

differentially expressed in both datasets. Shown are data from Xue et al. Statistical analysis using Welch’s t test, * p < 0.05, ** p < 0.01, *** p < 0.001,

**** p < 0.0001, related to Table S7.

(I) Model for different outcomes of stalled replication forks and postreplicative ssDNA gaps in human and mouse embryos. Genes labeled in green are showing

higher transcript levels in 1-cell human embryos than in the mouse, whereas genes labeled in red show lower transcript levels. PARP inhibition by Olaparib is

thought to result in increased replication fork progression but also more gap formation. For more details on factors involved in the repair of stalled forks, see

the review by Joseph et al. (2020). Red arrows indicate paths to aneuploidy. Whether and how postreplicative ssDNA gaps contribute to aneuploidy are not

well understood and is thus labeled with a question mark. The molecular nature of the replication-stalling lesion is not known.
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Figure S7. Mice show higher transcript levels of Chk1 and Wee1 kinases; mitosis is less sensitive to Chk1 inhibition than in humans but is

highly sensitive to Wee1 inhibition, related to Figure 7

(A) Expression of checkpoint kinase transcripts in human and mouse 1-cell stage embryos. Data from Xie et al. (2010). Statistical analysis using Welch’s t test,

*** p < 0.001.

(B–F) Requirement for Wee1 kinase in the first G2 phase at the mouse 1-cell stage. (B) The experimental schematic and quantification of aneuploidies depending

on the indicated condition. (C) The chromosome content plot after Wee1 inhibition combined with aphidicolin treatment showing aneuploidy and frequent chro-

mosome breakage and segmental errors. (D) The schematic of treatment. (E) The timing of mitotic entry after indicated condition. (F) Developmental competence

after treatment in first G2 phase with indicated inhibitors.

(G) Comparison of the frequency of markers of DSBs and repair in human and mouse embryos at the blastocyst stage. Note the significantly lower level of all

makers in mouse embryos. Scale bars, 5 mm. Statistical analysis using one-way ANOVA. *** p < 0.0001, ** p < 0.001, * p < 0.01.
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