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Extracting and analyzing micronuclei
frommouse two-cell embryos fertilized
with freeze-dried spermatozoa

Check for updates
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Sayaka Wakayama 5, Masatoshi Ooga 6, Tsuyoshi Kasai2, Takashi Kohda1 &
Teruhiko Wakayama 1,5

Abnormal chromosome segregation (ACS) in preimplantation embryos causes miscarriages. For a
normal pregnancy, it is necessary to reduce ACS occurrences in embryos. However, the causes of
such abnormalities are unclear because no method to extract the segregated chromosomes from
the blastomeres for detailed analysis. This study attempted to extract micronuclei derived from
segregated chromosomes of mouse embryos. Some micronuclei in blastomeres were bound to the
nucleus by DNA cross-links, some were bound to tubulin, and about half of the micronuclei hadmajor
satellite regions. By depolymerizing the cytoskeleton of blastomeres with cytochalasin B and
colcemid, some micronuclei could be extracted from blastomeres of ACS embryos using a glass
needle of a micromanipulator. DNA-sequencing results of each extracted micronucleus revealed that
chromosomes inmicronuclei were randomly selected, usually only one, and often contained a portion
rather than the full length of the chromosome. This study allows a detailed analysis of micronuclei and
facilitates the mechanism of the causes of ACS in embryos.

Chromosome aberrations in embryos are considered a possible cause of low
birth rates; thus, to improve birth rates, research at infertility clinics focused
on its detection and suppression1,2. A cause of chromosome aberrations in
early embryos is abnormal chromosome segregation (ACS) and micro-
nuclei formation from the abnormal chromosomes3–5. Research in the
underlying causes of chromosome aberrations have been conducted pri-
marily in cancer cells because of their availability. In such cells, micronuclei
are a common outcome of cell division defects, includingmitotic errors that
missegregate intact chromosomes and errors in DNA replication or repair
of chromosome fragments6,7. Zhang et al. reported that after mitosis,
chromosomes from micronuclei can be reincorporated into daughter
nuclei, potentially integrating mutations from the micronucleus into the
genome8. However, unlike cancer cells, embryos constitute a limited sample
for analysis, thus making studies of abnormal chromosomes in embryos
extremely difficult9–12. If micronuclei of embryos are also reincorporated
into blastomeres, as are cancer cells, embryos with ACS or micronuclei are
highly likely to causemiscarriage after transfer into the recipientmother13–15.

Micronuclei vary in size; although largemicronuclei can sometimes be
observed with an ordinary microscope, many are difficult to find16,17. Basic

research in animal embryos involves DNA staining and fluorescence
microscopy using ultraviolet (UV) lamps18; however, human embryos
should ideally be studied noninvasively19. In contrast, the biopsy technique
collected a few blastomeres from an embryo, and next-generation sequen-
cing (NGS) analysis can be used to determine the normality of the examined
cells. However, this method not only does the biopsy and damages the
embryo, but it also does a biopsy of only a portion of the embryo and does
not necessarily reflect the normality of the entire embryo20. If collecting
someblastomeres fromembryos, it provides the average copynumber of the
karyotype, which could be 2n even when there is an error (i.e., one blas-
tomere is 1n, and the other is 3n)15,21.

Clues for finding abnormal embryos include the presence of multiple
nuclei large enough to be discernible in brightfield microscopy and the
degree of irregular cell division by time-lapse observation16,17. However, in
some previous studies, offspring have been born from zygotes with three or
even four pronuclei22,23, making it difficult to accurately find abnormal
embryos by these methods. In mouse studies, fluorescent staining of live
embryos allows detecting even tiny micronuclei. Such studies showed that
someACS embryos candevelop intonormal offspring5,15. Thus, not only are
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ACS embryos difficult to find, but some can develop into normal offspring,
making it difficult to strictly select them before transference to the mother.
Therefore, to obtain healthy offspring without affecting the mother, it is
necessary to clarify the mechanism of the incidence of ACS or micronuclei
in embryos and reduce the number of ACS embryos rather than selecting
only normal embryos.

Until now, results obtained from ACS and micronuclei have been
limited by the need to stain the whole ACS embryo. NGS analysis of single
blastomeres and micronuclei sequencing in embryos are possible10,24, but
distinguishing between nuclei and micronuclei if both are contained in the
same cell and cannot characterize micronuclei alone is difficult. Therefore,
nothing has yet been determined as to whether specific chromosomes are
selected for the micronucleus or randomly. It is also unknown whether the
micronucleus contains the entire length of a chromosome or part of a
chromosome, and if so, which part and whether it is part of more than one
chromosome. If the details of themicronucleus could be examined, theACS
mechanismwould bebetterunderstood, and itmay eventually bepossible to
reduce the number of ACS embryos.

In this study, the morphology and structure of micronuclei of mouse
ACS embryos at the two-cell stage were examined. To increase the occur-
rence of ACS embryos, embryos were produced by ICSI using freeze-dried
(FD) spermatozoa25. The FDmethod allows the preservation of spermatozoa
at room temperature, and many healthy offspring could be obtained from
sperm after preservation for >1 year26. However, for an unknown reason,
embryos fertilized with FD sperm have a high ACS incidence at the mitotic
one-cell stage and produce some micronuclei at the two-cell stage27. A
method of extracting micronuclei from blastomeres of two-cell embryos was
established using a micromanipulator, and DNA-sequencing (DNA-seq)
was attempted to analyze the extracted micronuclei.

Results
Classification of micronucleus at the two-cell stage
Initially, oocyteswere fertilizedwith FD spermby ICSI. Then,DNAdamage
in some zygotes was examined by γH2Ax immunostaining. Male pronuclei
derived from FD sperm showed strong DNA damage compare to fresh
sperm (Supplementary Fig. 1 and Supplementary Table 1). Some other
zygotes were injectedwithH2B-mCherrymRNA.On the next day, two-cell
stage embryos with visualized nuclei were rotated on inverted microscopy
using a micromanipulator to observe the entire embryo in detail (Fig. 1a).
First, to confirm that the stainingmethodwithH2B-mCherry did not affect
chromosome segregation aberrations, 2-cell stage embryos stained with
Hoechst or DAPI were compared with H2B-mCherry stained embryos
(Supplementary Fig. 2 and Supplementary Table 2). The number of
micronuclei did not differ betweenH2B-mCherry-RNA andDAPI staining
but was partially lower than that obtained with Hoechst staining (Supple-
mentary Table 2). However, when live embryos were simultaneously
observed with brightfield and fluorescence, micronuclei stained with red
H2B-mCherry could be better detected than with the low-concentration
Hoechst stain, which is not toxic to embryos (Supplementary Fig. 2); a
detailed examination of PFA fixed DAPI stained embryos showed similar
results to our method. The results indicated that H2B-mCherry-RNA
staining is more accurate inmeasuringmicronuclei thanHoechst, although
the possibility that thismay affect the appearanceofmicronuclei at the 2-cell
stage cannot be completely ruled out as RNA is injected into the 1-cell stage
embryo.

About half (45.3%) of the embryos had micronuclei and were deter-
mined to be ACS embryos Supplementary Table 3). ACS embryos were
classified into three types based on the relationship between the micro-
nucleus and nucleus, and perspective from which the micronucleus was
intended to be extracted by micropipette (Fig. 2a). The most common ACS
embryos, in which the micronucleus was in the cytoplasm of blastomeres
disorganizedly and relatively distant from the nucleus (20.3%; Fig. 2b and
Supplementary Table 3), are called “independent floating micronucleus“
(IFM) and “IFM embryos.” The next common embryos are those whose
micronuclei were present in the same location in both blastomeres of the

two-cell stage embryo (16.0%). This type of micronucleus is called “equal
positioned micronuclei“ (EPM) or “EPM embryos.” The third type is the
micronucleus located immediately adjacent to the nucleus (9.0%). This type
of micronucleus is called “nuclear binding micronucleus” (NBM). The size
and number ofmicronuclei differed in this type of ACS embryo. SomeACS
embryos had a mixture of micronuclei classified into the above three cate-
gories. In such cases, micronuclei were classified by their most prominent
features.

Developmental potential of each ACS embryo type to the blas-
tocyst and establishment of ES cell lines
To examine the ability of ACS embryos classified into the above three
types to develop into blastocysts, ACS embryos in the late two-cell stage
were cultured for 3 days. The rate of IFM embryos (21.5%) developing
into blastocysts was slightly higher than EPM embryos (9.1%) and NBM
embryos (13.0%), but all types were significantly lower than in normal
chromosome segregation (NCS) embryos (59.2%) (Fig. 2c, d and
Table 1). Considering even embryos with severe chromosomal
abnormalities may develop to blastocysts, the health and further
developmental potential of embryos cannot be determined by the
blastocyst development rate alone. Although the birth rate can be
investigated after embryo transfer, assessing the implantation and early
fetus developmental potential of each ACS embryo in mice is not pos-
sible because > 10 embryos are transferred to a single recipient female.
To examine the proliferation of the blastocysts derived from ACS
embryos, the outgrowth rate, ES cell establishment rate, and normality of
the karyotype of ES cell lines were examined (Fig. 2e and Supplementary
Table 4). Seventy-six ACS-derived and 182 randomly selected NCS-
derived blastocysts were cultured on feeder cells, resulting in 7 (9.2%)
and 54 (29.7%) attached to feeder cells and showing outgrowths,
respectively. Subsequently, all seven outgrowths fromACS embryos and
31 randomly selected outgrowths from NCS embryos were passaged,
and all outgrowths were established as cell lines with ES cell-specific
shapes, respectively. However, ACS embryo-derived ES cell lines had
longer passage intervals than NCS embryo-derived ES cell lines because
more cells were killed by passage processing. Because all embryos in this
experiment are live cell imaged at the two-cell stage and cultured indi-
vidually, it is possible to retrospectively examine the relationship
between the type of micronuclei at the two-cell stage and ES cell estab-
lishment rates (Supplementary Fig. 3). As a result, no relationship was
found between the type of micronuclei at the two-cell stage of ACS
embryos and the establishment of ES cells (Table 1). The karyotype of ES
cells was examined, and the percentage of cells showing an abnormal
karyotype of ≤50% was considered an abnormal cell line (Supplemen-
tary Table 4, each cell line were examined 27–38metaphase spreads). As
a result, 4 of 6 (66.7%) of ACS embryo-derived ES cell lines examined
were abnormal, whereas 2 of 9 (22.2%) of NCS embryo-derived ES cell
lines were judged as abnormal.

Observation of microtubule dynamics by live cell imaging
In case tubulin cross-linking to the micronuclei could hinder micronucleus
extraction from blastomeres, live cell imaging was performed up to 48 h
after fertilization to examine tubulin dynamics in detail. At the two-cell
stage, tubulin cross-linking betweenboth cell nucleus disappearance inNCS
embryos averaged 9.7 h (minimum 2.5 h, maximum 17.3 h, n = 9), whereas
ACS embryos averaged 13.2 h (minimum 3.5 h, maximum 20 h, n = 8)
(Fig. 3a–c andSupplementaryTable 5). SeveralACS embryoswere observed
in which tubulin remained around the micronuclei after the disappearance
of tubulin cross-linking between both cell (Fig. 3b). Despite the small
number of embryos examined, our results indicate that tubulin cross-
linkage needs to be removed before extracting the micronuclei.

Presence of major satellite regions in the micronucleus
The fact that tubulin was bound to micronuclei suggested that micro-
nuclei may contain kinetochore. Because kinetochores are formed on
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centromeres, the major satellite regions in the vicinity of the centromere
were examined by DNA-fluorescence in situ hybridization (FISH) to
determine the presence or absence of the kinetochore. A total of 161
micronuclei were examined in 60 ACS embryos (average 2.7 micro-
nuclei/embryo; Supplementary Table 6). Fifty-seven (35.4%) micro-
nuclei had major satellite regions throughout the micronucleus, and 24

(14.9%) micronuclei were only partially present (Fig. 3d and Supple-
mentary Table 7). Eighty (49.7%) micronuclei had no major satellite
regions at all (Fig. 3e). Even in the same ACS embryos, the presence or
absence ofmajor satellite regions inmicronuclei varied, and therewas no
clear difference between the three types of micronucleus (Supplemen-
tary Table 7).

Fig. 1 | Schematic diagramof this study showing the procedure for extraction and
analysis of micronucleus. a mRNA was injected into one-cell stage zygotes, and
ACS embryos were classified by fluorescence observation at the two-cell stage. ES
cells were also established from the classified ACS embryos. b The relationship

between micronuclei and tubulin was observed by live-cell imaging. c The cen-
tromeres of micronuclei were observed by FISH. d A method was developed to
extract micronuclei from two-cell stage embryos, and NGS analysis of the extracted
micronuclei was performed by DNA-seq.
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Micronuclei extraction from ACS embryos
To analyze micronuclei in more detail, micronuclei were extracted from
the blastomere of two-cell ACS embryos. Because many micronuclei
bind with tubulin, not only cytochalasin B (CB) was used as an inhibitor
of actin polymerization but also several inhibitors of tubulin poly-
merization were added before attempting to extract micronuclei by a
small glass pipette using a micromanipulator. When demecolcine,
nocodazole, or colcemid was added to the medium, micronuclei were
most easily extracted when colcemid was added (Fig. 4a, b). In contrast,
the extraction rate of micronucleus was slightly higher when middle
(29–34 h after ICSI) two-cell stage embryos were used (78.9–81.3%)
compared to early (24–28 h after ICSI) two-cell stage embryos
(71.4–76.5%; Supplementary Table 8). Therefore, from this point on, CB

and colcemid were added to the medium, and micronuclei were
extracted from middle or later two-cell stage embryos.

The rate of ACS embryos from which micronuclei could be
extracted by ACS embryo type was 75.8%, 48.1%, and 6.7% for IFM,
EPM, and NBM, respectively (Fig. 4c and Supplementary Table 9). With
IFM embryos, it was easy to extract a single micronucleus (Movie S1);
however, in EPM embryos, when extracting one micronucleus, the
micronucleus of another blastomere often entered the glass pipette
through the cell membrane at the same time (Movie S2). All remaining
ACS embryos could not be extracted from the micronucleus because the
micronucleus and nucleus are strongly binding together. If the micro-
nucleus is aspirated into the pipette, the nucleus also enters the pipette
(Fig. 4d, e and Movie S3).

Fig. 2 | Classification of micronuclei and the developmental potential of those
embryos at the two-cell stage. a Histones in two-cell stage embryos were observed
by fluorescent microscopy, and micronuclei were classified into three categories
based on their positional relationship to the nucleus. ACS Abnormal chromosome
segregation, IFM Independent floating micronucleus, EPM Equal positioned
micronuclei, NBM Nuclear binding micronuclei, NCS Normal chromosome seg-
regation. Scale bar: 10 µm. b Rate of ACS embryos in each type of classification.
cBlastocysts developed fromeach type ofACS orNCS embryo after 3 days of culture.

Bar, 50 µm. d Developmental potential of each type of ACS or NCS embryos to the
blastocyst. The error bar indicates standard error. e Fluorescence observation was
performed at the two-cell stage to detect micronuclei (e-1 and e-2). Two-cell stage
embryos were cultured individually to the blastocyst stage. Embryos that developed
into blastocysts (e-3)were transferred to an ES cell establishmentmedium to observe
outgrowth (e-4) and establishment of ES cells. EstablishedES cells were examined for
their chromosome number (e-5) and the normality of the cell lines. Bar, 10 µm (e-
1–e-3) and 100 µm (e-4).
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Analysis of ACS embryos from which micronuclei could not be
extracted
If the blastomere nucleus is about to enter the pipette together with the
micronucleus (Fig. 4f, g), the extraction process is interrupted, and the
embryos are fixed and stained for detailed analysis (Fig. 4h, i and Supple-
mentary Fig. 4). First, histone H2B and tubulin were examined for 33
micronuclei in 16 ACS embryos. As a result, 19 (57.6%) of micronuclei
showed a narrow histone or DNA bridge between micronuclei and nuclei
(Fig. 4h), but no tubulin binding was observed (Table 2 and Supplementary
Table 10). Eleven (33.3%) micronuclei were bound only to tubulin, not to
the nucleus by DNA bridge. Neither DNA nor tubulin was bound to the
remaining 3 (9.1%) micronuclei (Fig. 4o-1). The two micronuclei formed a
DNA bridge between each other and also bound to tubulin.

DNA-FISH was performed on the same embryos to observe the pre-
sence or absenceof amajor satellite region inmicronuclei (Fig. 4i).Although
this second staining was difficult compared to the first one, major satellite
regions could be examined in 11 of the 16 above embryos. Twenty-six
micronuclei could be examined from these 11 embryos, and major satellite
regions were found in nine of the 26 (34.6%) micronuclei (Fig. 4p-1).

Analysis of ACS embryos from which micronuclei could be
extracted
To examine differences between micronuclei extracted from the embryo
and those that are not, micronuclei must be examined after extraction.
However, the extractedmicronuclei are too small tohandle, sowedecided to
inject the extractedmicronuclei into oocytes for further examination. Sixty-
three micronuclei that could be extracted from ACS embryos (Fig. 4j) were
injected into the enucleated or intact oocytes (Fig. 4k, l) to examine for
tubulin and major satellite regions on micronuclei (Table 2 and Supple-
mentary Tables 11, 12, 13). All micronuclei could be extracted due to the
absence of aDNAbridge to the nucleus, but 12 (19.0%)micronuclei (Fig. 4o,
right) were found to have tubulin binding.When twomicronuclei extracted
simultaneously from EPM embryos were injected into one oocyte, micro-
nuclei were connected by tubulin (Figs. 4n and Supplementary Fig. 5).
DNA-FISH was performed on the same oocytes to observe the presence or
absenceofmajor satellite regions inmicronuclei as above, andmajor satellite
regions were found in seven of the 18 (38.9%) micronuclei (Fig. 4p, right).
The relationships among DNA bridge, tubulin binding, and presence/
absence of major satellite regions in micronuclei not extracting the embryo
andmicronuclei extracting the embryo are summarized in Fig. 4o, p.When
micronuclei could not be extracted from ACS embryos, the DNA bridge
between micronuclei and nuclei or tubulin binding to micronuclei was the
main cause, and the presence or absence of major satellite regions did not
seem to affect micronuclei extraction.

Analysis of extracted micronuclei by DNA-seq
Finally, DNA-seq analysis was performed on the 21 micronuclei extracted
from ACS embryos, and 18 were successfully analyzed for DNA-seq (Fig. 5
and Supplementary Table 14). Eleven of 18 (61.1%) micronuclei contained a
single chromosome, 5 (27.8%) contained two chromosomes, 1 (5.6%) con-
tained four chromosomes, and the last one (ID 18) contained all chromo-
somes, except X and Y chromosomes (Fig. 5b). ID18 micronucleus was
collected as it was identified as a usual micronucleus, but the number of
chromosomes and the site of detection were quite different from the other
micronuclei, so only the other micronuclei are summarized. Twenty-five
chromosomes were found in the 17 micronuclei analyzed; excluding the
same type, 14 different chromosomes were found in the micronuclei
(Fig. 5d). There was a tendency for larger-sized chromosomes to be included
in micronuclei, but the largest chromosome (chromosome 1) was not found
in any micronuclei. The smaller chromosomes tended to be their full length
contained within the micronucleus (chromosome No. 15 or 18), but a
micronucleus containing the full length of chromosome 2 (the second largest
chromosome) was also found. Supplementary Table 14 shows the ratio (%)
of the length of the detected chromosome to its original length. Overall, 3 of
25 (12%) chromosomes contained their full length, 11 (44%) had more thanT
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half, and 11 (44.0%) had less than half the length of chromosome (Fig. 5c).
When a portion of a chromosome was included in the micronucleus, the
position on the chromosome varied from near the telomere side, centromere
side, and intermediate site (Supplementary Figs. 6 and 7).

Detecting whether the micronucleus originates from sperm
or oocyte
In this experiment, ICSI was performed with FD sperm derived from the
C3H strain to determine if micronuclei were of sperm origin. Because
oocytes are derived from BDF1 (C57BL/6N×DBA/2), polymorphism
analysis of C3H can determine whether micronuclei are of sperm or oocyte
origin. As a result, among the 18 successfully analyzed cases, sequence reads
with C3H polymorphism from sperm were detected in 16 cases from the
DNA ofmicronuclei (Supplementary Table 14). However, in one case, only
chromosome 19 was included in the micronucleus, and its origin was from
the oocyte (ID 4). Furthermore, four chromosomes were included in the
micronucleus in one case, of which three were from the sperm origin and
one was from the oocyte (ID 17). For samples containing all autosomes,
relatively long chromosomes were derived from sperm; however, due to the
low number of reads containing polymorphisms for relatively short

chromosomes, it was impossible to determine their parental origin (ID 18).
Overall, the chromosomes contained inmicronuclei are significantly biased
toward being derived from sperm.

Discussion
Here,we succeeded in extractingmicronuclei fromACSembryos at the two-
cell stage. To the authors’ knowledge, this is the first time micronuclei have
been extracted using a micropipette and analyzed. Chromosomes in
micronuclei were randomly selected and often contained a portion of the
chromosome rather than the full length of the chromosome. In the future,
this micronucleus extraction technique will be used as a new tool to analyze
abnormally segregated chromosomes and remove them from blastomeres
of ACS embryos.

This study found three types of micronuclei: IFM, in which micro-
nuclei exist independently of the nucleus; EPM, in which two micronuclei
exist at approximately the same location in both blastomeres; and NBM, in
which micronuclei exist immediately adjacent to the nucleus (Fig. 2a).
Previous studies investigated this question by fixing cells and examining
them in detail10,21,28. Although cell types, observation methods, and classi-
fication purpose differ from this study, micronuclei classification results

Fig. 3 | Tubulin dynamics analysis using live cell imaging and detection of major
satellite regions in micronuclei. a–c Tubulin dynamics were observed from the
one-cell to the four-cell stage by live cell imaging. Histones are stained by H2B-
mCherry, and tubulin is stained by α-tubulin-EGFP. aNCS embryo. bACS embryo.
Tubulin was still observed after 19 h (b-3). b-4 shows a highmagnification of the b-3
square. c ACS embryo. Tubulin disappeared within 6 h. c-4 shows a high magnifi-
cation of the c-3 square. d, e Major satellite regions of micronuclei at two-cell

embryos were observed by DNA-FISH. DNA is stained by DAPI (blue), and the
major satellite is stained byDNA-FISH (green). d-3 or e-3 shows highmagnification
of the d-2 or d-3 square, respectively. The arrow shows a micronucleus with or
without a major satellite. Whole Posi: The portion of micronuclei stained by DAPI
and the portion stained byDNA-FISH almost overlap. Partial Posi: Only a portion of
the DAPI-stained part of the micronucleus is stained by DNA-FISH. Bar, 10 µm.
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Fig. 4 |Micronucleus extraction fromACS embryos and analysis. a, bMicronuclei
extraction fromACS embryos at the two-cell stage. The arrow shows amicronucleus.
c Rate of micronuclei extracted embryos by type of ACS embryos. Blue, embryos
from which one micronucleus could be extracted; red, embryos that attempted to
extract one micronucleus but simultaneously extracted another micronucleus from
another blastomere; black, embryos that could not be extracted because the nucleus
was also sucked into the pipette when the micronucleus was taken out. d, e If the
micronucleus is located close to the nucleus, when the micronucleus is pulled, the
nucleus moves with it and is sucked into the pipette. f–i Embryos from which
micronuclei could not be extracted were fixed and stained to examine the tubulin
binding and presence or absence ofmajor satellite regions. Circles or arrows indicate
micronuclei. Numbers indicate micronucleus ID. When attempting to extract
micronuclei, the nucleus also moved (f, g), so micronuclei extraction was stopped,

the binding of tubulin to micronuclei (h), and the presence of major satellite regions
was examined (i). The right section shows high magnification. j–nWhen micro-
nucleus could be extracted, thosemicronuclei were injected into enucleated or intact
oocytes and fixed and stained as above. j–l Micronuclei injected into enucleated
oocytes. The arrow shows a micronucleus. mMicronucleus in enucleated oocytes
derived from IFM embryos. m-2 and m-3 shows a high magnification of the square.
n Two micronuclei in enucleated oocyte derived from EPM embryos. n-2 and n-3
shows a high magnification of the square. The arrow shows a micronucleus. Bar,
10 µm. o, p The relationships among DNA bridge, tubulin binding (o), and pre-
sence/absence of major satellite regions (p) in micronuclei that could not be
extracted from embryo (o-1 or p-1) and micronuclei that could be extracted from
embryo (o-2 or p-2) are summarized.
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were similar. This may suggest that this pattern is common to micronuclei
regardless of the cell type or the reason forACS incidence. Unlikefixed cells,
there were also live embryos, allowing us to classify micronuclei while they
were alive and examine the characteristics and developmental potential of
each classification.

The blastocyst rate of ACS embryos was lower than that of NCS
embryos regardless of the type of micronuclei, but the outgrowth rate from
resulting blastocysts and the ES cell establishment rate were comparable to
NCS embryos (Table 1).Mashiko et al. reported that embryos determined to
haveACSembryosbut coulddevelop intoblastocysts had a similar offspring
rate after transfer as NCS embryos because karyotypically normal cells
survived and contributed to the development15. However, two-thirds of ES
cell lines derived fromACS embryos had abnormal karyotype cells in more
than half of the cells examined. This suggested that even if ACS embryos
could develop into blastocysts, some blastomeres remained chromosomally
abnormal, as reported previously29, and ES cell lines were also established
from those partially abnormal blastocysts. Perhaps chromosomal aberrant
cells in blastocysts are eliminated during fetus development. In contrast,
establishing ES cell lines does not require such strict gene expression, and
cellswith chromosomal abnormalities can survive, whichmay have reduced
the normal chromosome ratio of ES cell lines.

Micronuclei extraction was relatively easy once the method was
established in IFM and EPM embryos (Fig. 4c). However, it was very
difficult to extract micronuclei from NBM embryos, and most micro-
nuclei that could not be extracted from embryos were bound to nuclei or
tubulin. In contrast, micronuclei extracted from the embryo were not
only not bound to the nucleus but showed no binding to tubulin.
Regarding the presence or absence of major satellite regions in micro-
nuclei, there was no significant difference betweenmicronuclei extracted
or not extracted from the embryo, suggesting that whethermicronucleus
extraction depends on its binding to the nucleus or tubulin and not on
the presence of major satellite region.

In general, major satellite regions are located near the centromere,
kinetochores are formed on the centromere, and tubulin binds to the
kinetochores. In this study, however, tubulin bindingwas observed inmany
micronuclei even when major satellite regions were undetectable, and
kinetochores were thought to be absent (Supplementary Table 10). If
kinetochores are present but major satellite regions are absent, the DNA in
the micronucleus is severely damaged. Studies of cancer cells have shown
that micronuclei have extensive DNA damage due to impaired replication
mechanisms and DNA repair30,31. In monkey embryos, Daughtry et al.
reported that micronuclei in embryos also undergo extensive DNA damage
similar to that in micronuclei of cancer cells, and some micronuclei may
have a fragmentation between major satellite regions and centromeres, and

denominated this phenomena chromosome breakage (or DNA
breakpoints)24.

In this study, micronuclei were extracted from ACS embryos, and
DNA-seq analysis was performed on them alone. The number of micro-
nuclei analyzed is still small; it is clear that no chromosomes are prone to be
micronuclei and that micronuclei often contain only a portion of a chro-
mosomes rather than the full length (Fig. 5). Althoughmore detailed studies
are needed in the future, in micronuclei of embryos, there may not be a
specific point within the chromosome that is prone to tearing but rather
random tearing, which is different in somatic cells6.

The method developed in this study can not only analyze micronuclei
derived from spermbut also removemicronuclei from embryos, whichmay
contribute to investigating the causes of damage to sperm caused by FD
treatment and the improvement of the production rate of offspring. How-
ever, the tendency ofmicronuclei to appearmay vary depending on the type
of sperm DNA damage. A previous study using X-irradiated spermatids
reported the presence of kinetochores in 15% of themicronuclei32, different
from this experiment using FD sperm (50.3% in total; Supplementary
Table 7). While FD sperm are more resistant to strong radiation33 and high
temperatures34, they are more damaged by drying than freezing process.
Perhaps the incidence ofmicronuclei and the type/number of chromosomes
in micronuclei are greatly influenced by the type of sperm damage. Our
micronucleus analysis techniques may help to clarify the characteristics of
damaged sperm in more detail.

This study established a new technique for extracting micronuclei
and proved that micronuclei can be analyzed. Micronuclei are incor-
porated into the nucleus during the next cell division, introducing DNA
damage in the micronucleus into the nucleus30. If micronuclei can be
extracted fromACS embryos, it can avoid incorporating abnormal DNA
into the nucleus. In the future, we would like to investigate how embryos
from which micronuclei have been extracted develop. In contrast,
micronuclei of NBM embryos look like a hernia in DNA35. It may be
possible to reduce the abnormality by pushing the DNA into the nucleus
before it is damaged in the micronucleus.

Herein, FD spermwere used to efficiently develop techniques to extract
and analyzemicronuclei. In the future, similar analysiswill be performed for
ACS occurring when fresh sperm is used for fertilization, and determining
the cause of ACS in embryosmay findways to prevent ACS from occurring
during infertility treatment, and treat chromosomal abnormalities.

Materials and methods
Animals
Eight- to 12-week-old ICR female and male, B6D2F1 (C57BL/6N ×
DBA/2) female and male, and C3H/He male mice were obtained from

Table 2 | DNA bridges, tubulin binding, and major satellite region in micronucleus extraction

Extraction of micronucleus from ACS
embryos

No. examined
micronuclei

DNA bridge Tubulinbinding Major satellite region Detected
micronuclei

No. of examined Posi/Nega

Interrupted 33/16* Positive Negative – – 19 (57.6%)

Negative Positive – – 11 (33.3%)

Negative Negative – – 3 (9.1%)

– – 26/11a Positive 9 (34.6%)

Negative 17 (65.4%)

Succeeded 63b None Positive – – 12 (19.0%)

None Negative – – 51(81.0%)

– – 18b Positive 7 (38.9%)

Negative 11 (61.1%)
aThirty-three micronuclei were examined in 16 ACS embryos. However, when DNA-FISH was performed to examine the major satellite regions, five embryos were crushed, so 26 micronuclei in 11 ACS
embryos were examined.
bAll 63micronuclei that could be extractedwere injected into the oocytes and fixed and stained to examinemicronuclei. However, whenDNA-FISHwas performed to examinemajor satellite regions,many
oocytes were crushed, so 18 micronuclei injected into 18 oocytes were examined.
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the Shizuoka Laboratory Animal Center (Hamamatsu, Japan). On the
day of the experiment or after having finished all experiments, mice were
euthanized by cervical dislocation. All experiments were conducted
according to the Guide for the Care and Use of Laboratory Animals and
approved by the Institutional Committee of Laboratory Animal
Experimentation of Yamanashi University (reference no. A4-10). All

experiments were performed in accordance with these regulations and
guidelines, which followed the ARRIVE guidelines. All mice were kept
under specific pathogen-free conditions, with controlled temperature
(25 °C), relative humidity (50%), and photoperiod (14L-10D). Mice
were fed a commercial diet and provided distilled water ad libitum. We
have complied with all relevant ethical regulations for animal use.
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Fig. 5 | DNA-seq analysis of extracted micronuclei. a Results of DNA-seq analysis
of numbers mn2, mn9, and mn14 micronucleus. The mn2 contains the full length of
chromosome 15, mn9 contains a part of chromosome 7, and mn14 contains a part of
chromosomes 6 and 8. b The number of chromosomes in each micronucleus is
shown in the pie chart. c The length of the chromosomes in each micronucleus is

shown in the pie chart. Chromosomes < 50% of the full length were designated as
<1/2, those with 50% to less than 100% were designated as >1/2, and those con-
taining the full length were designated as Full. d Type and number of chromosomes
found in micronuclei. The x-axis shows the type of chromosomes, and the y-axis
shows the number of chromosomes found.
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Media
HEPES-CZB medium36 and CZB37 were used for oocyte/embryo manip-
ulation and incubation in 5%CO2 at 37 °C, respectively. TheHTFmedium38

was used for FD spermatozoa.

Preparation of FD spermatozoa
Both epididymides were collected from ICR, BDF1 or C3Hmale mice, and
ducts were cut with a pair of sharp scissors. A few drops of the dense
spermatozoa mass were placed into a centrifuge tube containing 2ml HTF
medium and incubated for 30min at 37 °C in 5% CO2. The spermatozoa
concentration was measured, and 50 µl aliquots of the spermatozoa sus-
pension were dispensed into glass ampoules. The ampoules were flash-
frozen in LN2 and FD using an FDU-2200 freeze dryer (EYELA, Tokyo,
Japan). The cork of the freeze dryer was opened for at least 3 h until all
sampleswere completely dry.After drying, ampouleswere sealed bymelting
the ampoule necks using a gas burner under vacuum, as described
previously39.

Oocyte preparation
Female mice were superovulated by injecting 5 IU equine chorionic gona-
dotropin and 5 IU human chorionic gonadotropin after 48 h. Cumulus-
oocyte complexes (COCs) were collected from the oviducts of females 14 to
16 h later andmoved to a Falcon dish containingHEPES-CZBmedium. To
disperse the cumulus, COCswere transferred into a 50 µl droplet ofHEPES-
CZB medium containing 0.1% bovine testicular hyaluronidase for 3min.
Cumulus-free oocytes were washed twice and moved to a 20 µl droplet of
CZB for culture.

mRNA synthesis
α-Tubulin-EGFPandH2B-mCherry cloned intopcDNA3.1-poly(A) vector
were used as a template for in vitro transcription40. The plasmids were
linearized byApaI at 37 °C for 3 h. Afterward, the plasmidwas purifiedwith
phenol/chloroform and precipitated with ethanol. Purified DNA was dis-
solved in nuclease-free water as template DNA for subsequent in vitro
transcription using the RiboMax Large-scale RNA Production System T7
kit (p1300; Promega). To improve translational efficiency, Ribo m7G Cap
Analog (P1711; Promega) was added to the in vitro transcription mixture.
The produced mRNA was treated with DNase I to eliminate the template
DNA, purified with phenol/chloroform, and precipitated with ethanol. For
further purification, the mRNA dissolved in RNase-free water was passed
through the MicroSpin G25 column. The purified mRNA was stored at
−80 °C until use.

ICSI
ICSI was performed as described previously36,41. Just before starting ICSI,
the neck of an ampoule was punctured, and 50 µl sterile distilled water
was immediately added and mixed with a pipette. For microinjection of
spermatozoa, 1 to 2 µl spermatozoa suspension was moved directly to
the injection chamber. The spermatozoa suspension was replaced every
30 min during the ICSI procedure. Several piezo pulses separated the
spermatozoa head from the tail, and the head was injected into the
oocyte. The oocytes that survived ICSI were incubated in a CZBmedium
at 37 °C with 5% CO2. Pronucleus formation was checked at 6 h
after ICSI.

Microinjection of mRNA
During fluorescence observation of embryos, a zygote-labeled histone
fluorescent tag was prepared. HistoneH2B-mCherrymRNAor α-Tubulin-
EGFP mRNA was diluted with nuclease-free water to 25–50 ng/μL before
use. mRNA was injected into the cytoplasm of the zygote after ICSI, as
described previously13,42. Briefly, microinjection was performed in HEPES-
CZB on an inverted microscope with a micromanipulator (Narishige,
Tokyo, Japan). The zona pellucida and cytosolicmembranewere penetrated
with a piezo drive (PRIME Tech, Tokyo, Japan). Ten minutes after
microinjection, oocytes were washed and cultured in CZB. The mRNA

injected oocytes were incubated at 37 °C under 5%CO2 in air for at least 2 h
after injection to allow time for protein production.

Gamma-H2Ax assay
Gamma-H2Ax foci formation was used as marker of DNA double-strand
breaks in male and female pronuclei43, and histone H3K9 me2 signals were
used to distinguish between female and male pronuclei. After ICSI, all
specimenswerefixedwith 4%paraformaldehyde for 10 h (PFA;WakoPure
Chemical, Osaka, Japan) containing 0.2% Triton X at RT for 20min and
stored in a refrigerator in phosphate-buffered saline (PBS) supplemented
with 1% (w/v) bovine serum albumin (BSA, Sigma-Aldrich) until staining.
Primary antibodies for zygote immunostaining included the antiphospho-
H2Ax (Ser139) rabbit polyclonal antibody (1:500; Millipore-Merck,
Darmstadt, Germany) and antihistone H3 (dimethyl K9) mouse mono-
clonal antibody (1:500; Abcam, Cambridge, UK). The secondary antibodies
usedwereAan lexa Fluor 488-labeled goat antimouse IgG (1:500;Molecular
Probes, Eugene, OR, USA) and Alexa Fluor 568-labeled goat antirabbit IgG
(1:500; Molecular Probes). DNA was stained with 4′6-diamidino-2-phe-
nylindole (2 µg/mL; Molecular Probes). The brightness of each male pro-
nucleus was measured using ImageJ and subtracted from that of the zygote
cytoplasm.

Detection of ACS
After ICSI using ICR-derived FD sperm, the surviving ICR oocytes were
injected with histone H2B-mCherry mRNA to visualize their nuclei or
micronuclei. The next day, two-cell stage embryos were placed in a glass-
bottomed chamber on a micromanipulator, and micronuclei in both blas-
tomeres were examined in detail with a fluorescencemicroscope (Olympus
IX73, Tokyo, Japan, or Keyence BZ-X710, Tokyo, Japan), while embryos
were rotatedwith a glass pipette. First,we compared the incidence ofACSby
Hoechst or DAPI staining of two-cell stage embryos not injectedwithH2B-
mCherry mRNA to confirm that the H2B-mCherry mRNA injection into
the zygote did not affect ACS incidence at 2-cell stage embryos. Imageswere
acquired in 2–3 channels (brightfield, 368 nm blue, and 488 nm red fluor-
escence). For each embryo, 80 fluorescent images were acquired with a 20×
objective lens, 1 μm apart in the z-axis for optical sectioning. Since this
experiment confirmed that H2B-mCherry mRNA injection did not affect
the incidence of ACS, all subsequent H2B-mCherry mRNA injections into
zygotewere performed to observeACS. ACS embryoswere categorized into
three groups: IFM, inwhichmicronuclei exist independently of the nucleus;
EPM, in which twomicronuclei exist at approximately the same location in
both blastomeres; and NBM, in which micronuclei exist immediately
adjacent to the nucleus.

In vitro development and establishment of ES cell lines
Two-cell stage embryos were prepared as described above except for the
mouse strain, in which BDF1 sperm and oocytes were used. After deter-
mining whether embryos were ACS or NCS embryos, they were cultured
individually for 3 days and examined for blastocyst development. When
embryos developed into blastocysts, they were treated with acid Tyrode
solution to remove the zonae pellucidae and used to establish ES cell lines, as
described previously44,45, with slight modifications. Embryos were placed in
96-multiwell dishes precoated with mouse embryonic fibroblasts in 20%
Knock-out Serum Replacement (Invitrogen, Carlsbad, CA, USA) and
0.1mg/ml adrenocorticotropic hormone (fragments 1–24; American Peptide
Company, Sunnyvale, CA, USA). Proliferating outgrowths were dissociated
using trypsin and replated to fibroblasts until stable cell lines emerged.

Karyotyping of ES cell lines
To increase the metaphase stage of ES cells, 10 µl/ml demecolcine (045-
18761; Wako, Japan) was added to the medium and cultured for 2 h. Cells
were detachedby trypsin, exposed to 0.075MKCl solution for 20min, fixed
with Carnoy’s solution, and applied onto the glass slides. To count the
number of chromosomes, the glass slides were stainedwith 4′,6-diamidino-
2-phenylindole (DAPI) and observed under a microscope.
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Observation of microtubule dynamics by live cell imaging
Histone H2B-mCherry (25–50 ng/µl) and α-tubulin-EGFP (25–50 ng/µl)
mRNA injected two-cell embryos, as described above, were transferred to
drops ofCZBmediumona glass-bottomed dish and placed in the incubator
of live cell imaging system as same as above. The embryos were cultured
from the two-cell to the four-cell stage. For time-lapse observations, images
were taken over 48 h at 15min intervals. At each time point, 51 fluorescent
images were taken 2 µm apart in the z-axis for optical sectioning.

Detection of major satellite regions by DNA-FISH
The preparation of the probe was described in a previous study46. Two-cell
stage embryos were fixed and permeabilized in PBS containing 4% paraf-
ormaldehyde (PFA) and 0.2% Triton X-100 PBS for 40min. After washing
with 0.1% BSA/2× saline sodium citrate (SSC), embryos were incubated
consecutively in 0.1% Tween-20/2× SSC containing 10%, 20%, and 50%
formamide for 5, 5, and 30min, respectively. Embryos were transferred to
the probe solution against major satellite repeats and covered with mineral
oil to avoid reducing the volume by evaporation in glass dishes. The glass
dishes where embryos were in the probe solution were heated at 83 °C for
30min. Denatured embryos and the probe were subjected to hybridization
at 37 °C overnight on glass dishes. Embryos were washed in 0.1% BSA/2×
SSC at 42 °C and 4× SSC/0.2% Tween-20 (4× SSCT) after blocking with 4%
BSA/4× SSC for 10min and washing with 4× SSCT. To detect digoxygenin
(Dig)-labeled probe hybridized with major satellite repeats, embryos were
incubated with fluorescein isothiocyanate-conjugated anti-Dig mouse
antibody (200-092-156; 1:200; Jackson ImmunoResearch) diluted in 4×
SSCT at 4 °C overnight. The antibody was detected using Alexa Fluor 488-
conjugated goat antimouse IgG antibody (A11001; 1:100; Life Technolo-
gies) diluted in 4× SSCT for 45min at room temperature. After washing
with 4× SSCT, embryos were transferred to a Vectashield anti-bleaching
solution containing DAPI (Dojindo). The images were acquired using an
FV1200 confocal laser microscope (Olympus).

Micronuclei extraction from blastomeres
Histone H2B-mCherry mRNA injected two-cell embryos, as described
above,were transferred into a droplet ofH-CZBcontaining 5 µg/mlCBwith
or without 0.05 µg/ml demecolcine, 3 µg/ml nocodazole, or 0.1 µg/ml col-
cemid on themicroscope stage formicronuclei extraction. The embryo and
nucleus/micronucleus were observed in brightfield microscopy and fluor-
escence using the halogen andUV lamps of themicroscope simultaneously,
and micronuclei were removed with a pipette. When the inner diameter of
the glass pipettewas <7 µm, itwas difficult to suck themicronucleus into the
glass pipette because the micronucleus was very tiny and slightly glowing
inside the cytoplasm of the blastomere in dim light. Too much cytoplasm
was often sucked into a glass pipette until sucking themicronucleus, causing
the blastomere to rupture. The optimal inner diameter of the glass pipette
that facilitated micronuclei extraction from the blastomere was 7 to 10 µm.
Using these pipettes, micronuclei were aspirated into the pipette before the
faint fluorescence emitted by micronuclei faded. Micronuclei were isolated
at early (24–28 h after ICSI) ormiddle (29–34 h after ICSI) two-cell stages. If
the nucleus of the blastomere was pulled by the micronucleus when
attempting to suck themicronucleus into the pipette, the micronucleus was
determined to be an unextracted micronucleus, and the micronucleus
extraction process was interrupted; otherwise, even the nucleus will be
extracted with the micronucleus at the same time. In contrast, if the
micronucleuswas pulled to themicronucleus of the neighboring blastomere
when it was sucked into the pipette, the extraction continued, and both
micronuclei were removed simultaneously.

Observation of micronuclei that could not or could be extracted
Micronuclei that could not be extractedwere stained to observe tubulin and
major satellite regions, as described above. However, heat treatment during
hybridization caused a complete loss ofmCherry fluorescence, so the nuclei
were stained again, this time with propidium iodide.

In contrast, when micronuclei could be extracted, they were injected
into intact or enucleated oocytes, as described above. Enucleation was
performed as described previously. In brief, oocytes were transferred to a
droplet (~10 µl) of HEPES-CZB containing 5 µg/ml CB placed under oil in
the operating chamber of a microscope stage. The oocyte was held with an
oocyte-holding pipette, and its zona pellucida was perforated by applying
several piezoelectric pulses with the tip of an enucleation pipette. The
metaphase II chromosome spindle complex, distinguished as a translucent
spot in the ooplasm, was drawn into the pipette with a small amount of
accompanying ooplasm and gently pulled away from the oocyte until the
stretched cytoplasmic bridge was pinched off. Injection of micronuclei into
oocyte/enucleated oocytes was performed similarly to somatic cell nuclear
transfer.

DNA-seq analysis of extracted micronuclei
In this experiment, FD sperm of the C3H strain were injected into BDF1
oocytes to determine the origin of micronuclei. Because BDF1 oocytes were
produced by C57BL/6N ×DBA/2, if a C3H/He-specific single nucleotide
polymorphism (SNP) is found in themicronucleus, it is of spermorigin.The
sample of a single micronucleus in 1 µl solution was placed in a PCR tube
and immediately frozen in liquid nitrogen.Micronuclei sampleswere stored
at −80 °C in a deep freezer until DNA amplification. DNA amplification
was performed according to the manufacturer’s manual using the Single
Cell GenomiPhi DNA Amplification Kit (Sigma-Aldrich, Inc., St. Louis,
MO, USA). The amplified DNAwas purified using AMPure XP (Beckman
Coulter, Inc., Indianapolis, IN, USA), and library preparation was carried
out according to the manufacturer’s instructions for the Nextera DNA Flex
Library Prep (Illumina, San Diego, CA, USA). The resulting library was
subjected to sequencing analysis using the Illumina miniSeq system.

The obtained fastq files were mapped to the mouse reference genome
(GRCm38) with repeat sequences masked using RepeatMasker using
bowtie247. Data on mouse strain SNPs48 were obtained from the “Mouse
Genomes Project“ (https://www.sanger.ac.uk/data/mouse-genomes-
project/) released by The Wellcome Sanger Institute. The percentage of
chromosomes detected was determined by dividing the full chromosome
length, centromeres, and telomereswas removed from the total lengthof the
chromosome.

Statistics and reproducibility
All experiments were repeated at least thrice. These studies were performed
independently twice or thrice, and similar results were obtained irrespective
of the experimentalists. The embryo development and micronucleus
extraction rates were evaluated using χ2 tests. The possibility of the micro-
nuclei being of male (C3H) origin was assessed by binominal test. P < 0.05
was considered to represent a statistically significant difference.The code for
the SNP identification and analysis used in this work is available on GitHub
from https://github.com/tkohda/SNP_micronuclei.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Microarray and NGS data have been deposited in BioProject database
(accession number: PRJDB17957). Source data can be obtained in Supple-
mentary Data 1.
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