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ATRX contributes to epigenetic asymmetry and silencing of major
satellite transcripts in the maternal genome of the mouse embryo

Rabindranath De La Fuente*, Claudia Baumann and Maria M. Viveiros*

ABSTRACT

A striking proportion of human cleavage-stage embryos exhibit
chromosome instability (CIN). Notably, until now, no experimental
model has been described to determine the origin and mechanisms of
complex chromosomal rearrangements. Here, we examined mouse
embryos deficient for the chromatin remodeling protein ATRX to
determine the cellular mechanisms activated in response to CIN. We
demonstrate that ATRX is required for silencing of major satellite
transcripts in the maternal genome, where it confers epigenetic
asymmetry to pericentric heterochromatin during the transition to the
first mitosis. This stage is also characterized by a striking kinetochore
size asymmetry established by differences in CENP-C protein between
the parental genomes. Loss of ATRX results in increased centromeric
mitotic recombination, a high frequency of sister chromatid exchanges
and double strand DNA breaks, indicating the formation of mitotic
recombination break points. ATRX-deficient embryos exhibit a twofold
increase in transcripts for aurora kinase B, the centromeric cohesin
ESCO2, DNMT1, the ubiquitin-ligase (DZIP3) and the histone methyl
transferase (EHMT1). Thus, loss of ATRX activates a pathway that
integrates epigenetic modifications and DNA repair in response to
chromosome breaks. These results reveal the cellular response of the
cleavage-stage embryo to CIN and uncover a mechanism by which
centromeric fission induces the formation of large-scale chromosomal
rearrangements. Our results have important implications to determine
the epigenetic origins of CIN that lead to congenital birth defects and
early pregnancy loss, as well as the mechanisms involved in the oocyte
to embryo transition.

KEY WORDS: Centromere, Heterochromatin, Kinetochore,
Chromatin remodeling, CO-FISH, Death domain-associated protein
(DAXX), Epigenetic modifications, Meiosis

INTRODUCTION

Errors in chromosome segregation during mitotic and meiotic cell
division lead to the formation of cells with an abnormal
chromosome number. Aneuploidy is associated with cancer
development and is also a leading cause of miscarriage and
congenital birth defects (Hassold and Hunt, 2001; Kops et al.,
2005). Human embryos are particularly susceptible to aneuploidy,
which in the majority of cases is the result of abnormal meiosis in
the female gamete (Hassold et al., 2007). However, post-zygotic
chromosome instability (CIN) has recently emerged as a significant
mechanism leading to chromosome imbalances and segmental
chromosomal aberrations. For example, array-comparative genomic
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hybridization studies indicate that as many as 70-90% of in vitro
fertilized human embryos are mosaic for structural or numerical
chromosome abnormalities arising during the first cleavage
divisions of the pre-implantation embryo (Vanneste et al., 2009;
Robberecht et al., 2010; Voet et al., 2011; Chavez et al., 2012).

Analysis of segregation patterns for the mouse Y chromosome on
the BALB/cWT inbred background provided the initial evidence to
indicate that the first mitotic divisions in the embryo are prone to
chromosomal non-disjunction (Bean et al., 2001). However, the
underlying mechanisms predisposing to chromosome segregation
errors during this critical developmental window as well as the
cellular response of the early conceptus to CIN remain to be
determined.

The transition to the first mitosis at the onset of pre-implantation
embryo development is a unique and highly dynamic process, taking
place in the absence of major transcriptional activity. The extensive
chromatin remodeling of paternal and maternal genomes in the one cell
zygote is quickly followed by active global DNA de-methylation of the
paternal genome and results in the establishment of epigenetic
asymmetry in which paternal and maternal pronuclei acquire a unique
epigenetic landscape characterized by distinct DNA and histone
methylation marks, and histone variants (Mayer et al., 2000b; Oswald
et al., 2000; Santos et al., 2005; Santenard and Torres-Padilla,
2009; Banaszynski et al., 2010; Kota and Feil, 2010). Remarkably,
epigenetic asymmetry is maintained during interphase in the two-cell
embryo where distinct chromatin marks reveal the polar distribution of
paternal and maternal genomes (Mayer et al., 2000a; Hayashi-
Takanaka et al., 2011). The functional significance of the spatial
separation of the parental genomes in the cleavage-stage embryo is not
clear at present (Probst and Almouzni, 2011).

Heterochromatin formation is essential for centromere structure
and function. As the site of kinetochore formation, the mammalian
centromere is strictly required for accurate chromosome segregation
and maintenance of a euploid chromosome complement. Functional
centromeres are required to maintain sister chromatid cohesion until
anaphase as well as to provide the assembly site for large protein
complexes and crucial epigenetic marks required for kinetochore
assembly and organization (Durand-Dubief and Ekwall, 2008;
Verdaasdonk and Bloom, 2011). In the mammalian embryo,
establishment and maintenance of pericentric heterochromatin
(PCH) takes place during the first cleavage divisions and require
extensive genome reprogramming. For example, deposition of the
histone variant H3.3 and a burst of transcription of non-coding
RNAs from major satellite sequences at the two-cell stage induce
global remodeling and association of PCH domains into the nascent
chromocenters of blastomere interphase nuclei (Probst et al., 2010;
Santenard et al., 2010; Almouzni and Probst, 2011; Probst and
Almouzni, 2011; Fadloun et al., 2013). Importantly, histone H3.3 is
required at the early zygote stage to regulate ribosomal RNA
transcription as well as chromatin condensation at the two-cell stage
(Lin et al., 2013, 2014).
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The o-thalassemia mental retardation X-linked protein ATRX is
required for heterochromatin formation and chromosome
segregation during mitosis and meiosis (Bérubé et al., 2000; De
La Fuente et al., 2004; Ritchie et al., 2008; Baumann et al., 2010).
Loss of ATRX function induces chromosome instability during
early embryonic development, cell differentiation and malignant
neoplastic transformation (Baumann et al., 2010; Berube, 2011; De
LaFuente etal., 2011; Lovejoy et al., 2012). Spontaneous mutations
result in ATRX syndrome, a neurodevelopmental condition in
which individuals exhibit o-thalassemia and various degrees of
gonadal dysgenesis (Gibbons and Higgs, 2000; Berube, 2011).
Notably, exome sequencing studies revealed the presence of ATRX
mutations in a high proportion of human pancreatic neuroendocrine
tumors, malignant gliomas and neuroblastomas that exhibit high
levels of chromosome instability (Elsasser et al., 2011; Jiao et al.,
2011; Molenaar et al., 2012).

Transgenic expression of a hairpin double-stranded RNAi against
the plant homeodomain (PHD) of ATRX under the control of a zona
pellucida 3 promoter induces an efficient oocyte-specific functional
ablation of ATRX during the final stages of oocyte growth
(Baumann et al., 2010). Using this transgenic RNAi model, we
have previously demonstrated that ATRX is required for pericentric
heterochromatin formation, and its loss of function in pre-ovulatory
oocytes induces centromere instability during the transition to the
first mitosis in the early conceptus (Baumann et al., 2010). However,
the role of ATRX in maintenance of genome integrity remained to be
determined. Here, we present new evidence indicating that
inheritance of ATRX through the female germ line is essential for
centromere stability and transcriptional heterochromatin silencing in
the maternal genome of the one-cell embryo. Notably, in addition to
epigenetic asymmetry at PCH domains, the first mitotic cell division
is characterized by a striking kinetochore size asymmetry, a process
that might be crucial to maintain the spatial separation of the
maternal and paternal genomes at the two-cell stage. Our results
indicate that the specialized mechanisms required to accurately
segregate epigenetically distinct parental centromeres during the first
mitosis might underlie the higher susceptibility to chromosome
segregation errors during this critical period of extensive genome
reprogramming.

RESULTS

ATRX s required for silencing of major satellite transcripts in
the maternal genome during the oocyte to embryo transition
We have previously demonstrated that ATRX is required to recruit
DAXX to PCH in pre-ovulatory oocytes (Baumann et al., 2010).
In somatic and embryonic stem cells, DAXX is essential for
heterochromatin formation and deposition of histone variants
(Drane et al., 2010; Goldberg et al., 2010; Lewis et al., 2010).
However, the role of ATRX/DAXX interactions in heterochromatin
formation during epigenetic reprogramming in the mammalian
embryo is not known. Therefore, we used transgenic ATRX-
deficient oocytes to determine the role of this chromatin-remodeling
factor on DAXX localization during de novo heterochromatin
formation in the mouse zygote. ATRX is transmitted to the one-
cell embryo through the maternal genome where it remains
colocalized with PCH domains of condensed chromosomes
during anaphase II (Fig. 1A) and subsequently becomes enriched
at the heterochromatin rim of peri-nucleolar like bodies (PNLBs) in
the maternal pronucleus (Fig. 1B). Pericentric heterochromatin can
be easily identified by the formation of a DAPI bright rim around
the nucleolus initially in the maternal pronucleus at 6 h post-
fertilization (6 hpf) and subsequently in the paternal pronucleus at

12 hpf (Fig. 1C). By contrast, ATRX is absent from decondensing
sperm chromatin immediately after fertilization, and only appears as
a diffuse nucleoplasmic signal upon male pronucleus formation
(Fig. 1A,B). Notably, this helicase protein exhibits a dramatic
redistribution to the heterochromatin rim of the paternal pronucleus
by 10-12 hpf, where the levels of ATRX staining in both paternal
and maternal heterochromatin are undistinguishable (Fig. 1C). This
transition also coincides with recruitment of DAXX to the
heterochromatin rim in both maternal and paternal pronuclei,
where DAXX becomes enriched at the paternal heterochromatin rim
by 12-15 hpf (Fig. 1C,D). Importantly, ATRX-deficient zygotes fail
to recruit DAXX to both maternal and paternal heterochromatin
(Fig. 1E,F). These results indicate that ATRX exhibits a dynamic
localization pattern during male pronuclear formation where it is
required to recruit DAXX to pericentric heterochromatin during the
first embryonic cell cycle.

To determine the functional consequences of ATRX depletion on
PCH function, we compared the patterns of expression of major
satellite transcripts in both maternal and paternal pronuclei in wild-
type and ATRX-deficient zygotes using RNA-FISH. Consistent with
previous studies (Puschendorf et al., 2008), major satellite transcripts
can be detected associated with the heterochromatin rim of PNLBs in
the paternal but not the maternal pronucleus in the majority of wild-
type embryos (Fig. 2A; arrowheads). However, loss of ATRX function
induced a significant increase (P<0.01) in the proportion (55.2%)
of transgenic zygotes that exhibit major satellite transcript expression
in both paternal and maternal pronuclei (Fig. 2A,B). These results
reveal that ATRX is required for transcriptional repression of major
satellite repeats in the maternal pronucleus. To determine the
contribution of the maternal genome to major satellite transcription
in the absence of ATRX function, we compared the levels of
expression of major satellite transcripts between wild-type and ATRX-
deficient parthenotes using real-time PCR. Consistent with our
RNA-FISH results, quantitative transcriptional analysis revealed a
twofold upregulation of major satellite transcripts in transgenic
parthenogenetic embryos (Fig. 2C). These results are consistent with a
role for ATRX in transcriptional repression of major satellite
transcripts in the maternal pronucleus during the late zygote stage
and demonstrate a crucial function for ATRX in maintenance of a
transcriptionally repressive environment at PCH.

ATRX contributes to the epigenetic asymmetry of PCH in the
maternal genome

Analysis of epigenetic marks at PCH during the transition to the first
mitosis revealed that ATRX is absent from one set of condensed
chromosomes during the first mitosis (Fig. 3A). Thus, transition
to the first mitosis requires extensive heterochromatin remodeling
that leads to the displacement of DAXX from condensing
chromosomes and the acquisition of an asymmetric distribution of
ATRX at PCH domains in the parental genomes (Fig. 3A). Next, to
determine unequivocally whether ATRX associates with PCH
of maternal or paternal chromosomes during the first mitosis, we
used DNA fluorescence in sifu hybridization (DNA-FISH) for the
simultaneous detection of the sex chromosomes in one-cell
embryos. ATRX was found highly enriched at PCH in the
maternal chromosome complement bearing the X chromosome
(green), while the paternal genome carrying the Y chromosome
(red) in male zygotes exhibits negligible ATRX staining (Fig. 3A,B).
Importantly, paternal chromosomes also exhibit reduced signals for
the centromeric-specific proteins detected by the CREST antiserum
(Fig. 3A,C). Similarly, both ATRX and CREST exhibit an
asymmetric distribution to pericentric and kinetochore domains,
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respectively, in the maternal genome of female zygotes (Fig. 3C,D).
We also confirmed that in both male and female embryos, large
heterochromatin domains stained with ATRX colocalized with
histone H3 tri-methylated at lysine 9 (H3K9me3; supplementary
material Fig. S1), a histone mark that is known to specifically label
maternal chromosomes in the zygote stage embryo (Puschendorf
etal., 2008). By contrast, diploid parthenogenetic embryos carrying
only a maternal chromosome complement exhibit no detectable
differences in the levels of ATRX or CREST signals during the first
mitosis (Fig. 3E,F).

Notably, the asymmetric distribution of ATRX at PCH is strictly
maintained during the equatorial alignment of paternal and maternal
chromosomes at the metaphase plate (Fig. 3G). This results in the
precise segregation of one set of maternal chromatids exhibiting
ATRX staining as a distinct unit and a set of paternal chromatids that
exhibit only reduced CREST signals in a spatially separated and
polar distribution during the anaphase-telophase transition
(Fig. 3H). These results indicate that ATRX confers epigenetic
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Fig. 1. ATRX is required for recruitment of
the histone chaperone DAXX to pericentric
heterochromatin in the paternal genome.
(A,B) ATRX (red) is transmitted to the early
zygote through the maternal germ line (arrows)
where it becomes enriched at pericentric
heterochromatin (PCH) upon pronuclear
formation. ATRX becomes detectable in the
paternal pronucleus (arrowheads) at 6 h post-
fertilization (hpf). (C,D) Coincident with
nucleolar formation, ATRX localizes to PCH in
both maternal and paternal pronuclei at 12 hpf.
DAXX (green) is recruited to PCH in both
pronuclei but is enriched in the paternal
pronucleus. (E,F) ATRX-deficient zygotes fail
to recruit DAXX to PCH in both maternal and
paternal pronuclei (inset). Scale bars: 10 pm.
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asymmetry to PCH in the maternal genome and suggest that a
unique mechanism might be set in place to detect different
epigenetic modifications at the centromere in order to ensure the
accurate segregation of maternal and paternal chromatids to distinct
nuclear compartments in the two-cell embryo.

To determine the potential mechanisms regulating the unique
chromosome segregation patterns of paternal and maternal
chromosomes during the first mitosis, we used image analysis
software to compare the size of kinetochore domains stained with
CREST under high resolution using a 100x microscope lens followed
by objective scoring and quantification of the size of each foci as a
statistical descriptor, as described previously (Urani et al., 2013).
Following ATRX staining (Fig. 3G), the maternal chromosome
complement can be clearly distinguished in wild-type embryos
(n=10). Strikingly, comparison of kinetochore domains between
maternal and paternal chromosomes revealed the presence of
kinetochore size asymmetry during the early stages of chromosome
condensation leading to the first mitosis (Fig. 4A,B). Quantitative


http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.118927/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.118927/-/DC1

RESEARCH ARTICLE

Development (2015) 142, 1806-1817 doi:10.1242/dev.118927

Wild type +RNase

maternal maternal

paternal

Transgenic - Inset

maternal

o)
8

o
I

o
=]
—

Satellite Transcripts [%]
B
(=]
o

Fold up-regulation of

~
o o

15

0.5

Maternal PN with Major
Major Satellite transcripts
-

Wild type Transgenic Wild type

Fig. 2. Loss of ATRX results in abnormal expression of major
satellite transcripts in the maternal genome. (A) Detection of
major satellite transcripts (red) in the paternal pronucleus with
RNA-FISH (arrowheads). RNA tracks are present in the paternal
pronucleus and absence of centromeric transcripts in the maternal
pronucleus of wild-type zygotes. Treatment with RNAse (+) was
used as a negative control for probe specificity. ATRX-deficient
embryos exhibit major satellite transcripts (red) associated with PCH
in both paternal (arrowheads) and maternal pronuclei (arrows).
Expression of major satellite transcripts in the maternal pronucleus
is indicated by the presence of two or more foci or RNA tracks in
close apposition with the perinucleolar heterochromatin rim (see
inset). (B) Loss of ATRX induces a significant (P<0.05) increase in
the proportion of zygotes that exhibit centromeric transcripts in the
maternal pronucleus. a and b indicate significant differences.

(C) Quantitative analysis of major satellite transcripts using real-time
PCR. ATRX-deficient parthenotes exhibit a twofold increase in the
levels of centromeric transcripts at 12 hpf (P<0.05). All data are
presented as the meanzs.d. of three replicates. Scale bars: 10 pm.

Transgenic

analysis of the average equivalent diameter (EqDiameter) of CREST
signals using image analysis software (NIS-Elements) revealed that
the mean diameter of maternal kinetochore domains (12.8+2.11
arbitrary units) was significantly larger (P<0.0001) than that of the
paternal kinetochores (9.0065+1.02 arbitrary units) of mitotic
chromosomes (Fig. 4A,B). Importantly, similar results were
obtained after detection of the kinetochore-specific protein CENP-C
(Fig. 4C). These results indicate that epigenetic asymmetry between
parental genomes during the first mitosis extends to kinetochore
domains at least until the early stages of anaphase. They also provide
the first evidence indicating that post-meiotic kinetochore asymmetry
might provide a unique mechanism for proper segregation of
epigenetically distinct parental chromosome complements during
the first mitosis. Notably, kinetochore size asymmetry persists in
>90% of wild-type embryos at the second mitotic division (#»=34) and
is subsequently lost at the third cleavage division (n=12; supplementary
material Fig. S2). These results indicate that there is a gradual
conversion from meiotic to mitotic kinetochore domains during the
oocyte to embryo transition. Importantly, kinetochore asymmetry
was also detected in ATRX-deficient zygotes (supplementary material
Fig. S3), suggesting that ATRX contributes to pericentric
heterochromatin asymmetry but not to kinetochore size asymmetry.

Loss of ATRX results in abnormal centromeric mitotic
recombination and double-strand DNA breaks

We have previously demonstrated that loss of pericentric
heterochromatin structure in ATRX-deficient oocytes results in high
levels of centromere instability, formation of micronuclei and severe
interstitial chromosome damage arising following the transition to the
first mitosis (Baumann et al., 2010). Therefore, we determined the
chromosomal distribution of double-strand DNA breaks (DSBs) in
ATRX-deficient embryos undergoing the first cleavage division.

Comparison of control (n=13) and transgenic (n=13) zygotes revealed
the presence of basal levels of diffuse YH2AX staining in the
chromosomes of wild-type and transgenic embryos. Double-strand
DNA breaks at interstitial chromosomal regions can be detected at low
frequency (1.7+0.5 foci per metaphase) in 46.5% of wild-type
embryos (Fig. 5C,D). However, YH2AX staining associated with
DSBs can be clearly distinguished as bright irregular foci colocalized
with chromosomal breaks in 91.7% of transgenic zygotes (Fig. SB,D).
In addition, ATR X-deficient embryos revealed a significant (P<0.05)
increase in the frequency of DSBs per metaphase (7.9+3.4) that,
although not exclusively, were found localized at proximal
chromosomal segments exhibiting reduced or negligible CREST
signals (Fig. 5B, insets). These results indicate that loss of ATRX
function induces the formation of DSBs initially at PCH domains in
the majority of transgenic zygotes. However, the presence of DSBs at
interstitial chromosomal segments also revealed the induction of
chromosome-wide DNA damage in transgenic embryos.

Loss of maternal ATRX results in an increased rate of sister
chromatid exchange at PCH in mammalian embryos (Baumann
et al., 2010), and abnormal heterochromatin formation has been
recently shown to induce illegitimate centromeric recombination
in somatic cells (Jaco et al., 2008). Therefore, we determined
whether centromeric instability in ATRX-deficient embryos is due
to abnormal centromeric mitotic recombination events. Use of a
strand-specific minor satellite DNA probe and chromosome
orientation (CO-FISH) to compare the frequency of mitotic
recombination in control and transgenic zygotes revealed that loss
of ATRX induced a significant increase in the number of
centromeric recombination events per chromosome (Fig. 6). As
expected, chromosomes in wild-type embryos showed a single
exclusively centromeric hybridization signal (green) corresponding
to the leading strand of the minor satellite sequence on a single
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Fig. 3. Maternal inheritance of ATRX confers post-meiotic centromere
epigenetic asymmetry during the first mitosis. (A) Zygote stage embryo
during the first mitosis. ATRX protein (red) is present in the pericentric
heterochromatin in the maternal chromosome complement. Kinetochore
domains are stained with CREST (green) and partially colocalize with
centromere ATRX staining in the maternal but not the paternal chromosomes.
(B) FISH analysis showing the localization of the X chromosome (green) on the
maternal genome and the Y chromosome (red) on the paternal chromosomes
of a male zygote. (C,D) ATRX decorates maternal centromeres, while paternal
chromosomes show negligible or absent ATRX staining during the first mitosis
in the female zygote. (E,F) No differences can be detected in ATRX staining in
diploid parthenogenetic embryos in which only maternal chromosomes are
present. (G) The asymmetric chromosomal localization of ATRX (red) clearly
delineates the polar distribution of the maternal (arrowhead) and paternal
genomes during the first mitosis. (H) The unique compartmentalization of
parental genomes during the first mitosis ensures that only a single chromatid
of each maternal (arrowhead) and paternal chromosome is precisely
segregated to daughter cells during anaphase. Arrowheads indicate ATRX-
labeled maternal centromeres. Arrows indicate pole-ward movement of single
chromatids. Scale bars: 10 um.

chromatid (Fig. 6A, inset). By contrast, ATRX-deficient embryos
present a high frequency (P<0.05) of chromosomes exhibiting
illegitimate centromeric recombination characterized by a dual
CO-FISH signal (green) corresponding to the leading strand and a
centromeric sister chromatid exchange within the minor satellite
region, confirming the presence of mitotic centromeric
recombination events (Fig. 6B, thick arrow and inset; Fig. 6C).
Importantly, by the two-cell stage, ATRX-deficient embryos
showed a high frequency of interstitial sister chromatid exchanges
(Fig. 6D), resulting in the formation of chromosomal breaks that
frequently involved the sites of abnormal mitotic recombination
events indicated by the presence of chromosomal fragments with
asymmetrical regions of BrdU incorporation (Fig. 6F,G, red).
Genome-wide analysis using spectral karyotyping revealed the
formation of multiple large-scale chromosomal rearrangements in
transgenic embryos by the four-cell stage, such as chromosome
deletions and translocations. The formation of a derivative
chromosome 17 showing centromeric fusion with a fragment of
chromosome 16 is illustrated in Fig. 6H,I (inset and arrowheads).

1810

These results indicate that loss of ATRX induces abnormal
centromeric mitotic recombination events that initially lead to
centromeric breaks and chromosome fusions during subsequent
cleavage division as a mechanism of large-scale chromosomal
rearrangements in ATRX-deficient embryos.

Lack of ATRX function elicits chromosome instability with
overexpression of centromeric cohesion and DNA repair
factors in the cleavage-stage embryo

Analysis of histone H3 phosphorylated at serine 10 (H3S10ph), a
maternal-specific epigenetic mark during the first mitosis (Almouzni
and Probst, 2011; Hayashi-Takanaka et al., 2011), revealed the
presence of abnormal segregation of maternal chromosomes in
ATRX-deficient embryos, as determined by detection of lagging
chromosomes of maternal origin stained with histone H3S10ph
(Fig. 7B, arrowhead). Maternal chromosomes frequently remained
excluded from the newly formed interphase nuclei of the early two-cell
embryo in which the nuclear compartmentalization of paternal and
maternal genomes appeared to be disrupted (Fig. 7B). Notably,
quantitative transcriptional profiling of ATRX-deficient embryos
using pathway-focused PCR arrays revealed a larger than twofold
upregulation in transcript levels for aurora kinase B (P<0.05), DNA
methyltransferase 1 (DNMT1; P<0.01), the ubiquitin-protein ligase
DAZ-interacting zinc finger protein (DZIP3; P<0.01), the histone
methyltransferase (EHMT1; P<0.05), as well as the centromeric
cohesin acetyltransferase ESCO2 (P<0.05) compared with the
transcript levels observed in control wild-type embryos (Fig. 7C,D).
Consistent with our transcript analysis, ATRX-deficient embryos also
exhibit overexpression of centromeric aurora kinase B protein at the
four-cell stage (Fig. 7E, insets). These results provide the first evidence
indicating that loss of ATRX function activates a crucial pathway to
signal the presence of chromosome instability by increasing the
expression of centromeric cohesion and DNA repair proteins.

DISCUSSION
A growing body of evidence obtained in both mouse and human
cells indicates that ATRX 1is essential for maintenance of
chromosome stability during mitosis and meiosis (De La Fuente
et al., 2004; Ritchie et al., 2008; Baumann et al., 2010). A high
frequency of human pancreatic neuroendocrine tumors and pediatric
glioblastomas exhibit loss of ATRX function (Elsasser et al., 2011;
Jiao et al., 2011; Molenaar et al., 2012) and mutations in the human
ATRX gene have been recently detected in aggressive high-stage
neuroblastomas that exhibit complex chromosomal rearrangements
and chromothripsis, an extreme form of chromosome shattering
(Jones and Jallepalli, 2012; Molenaar et al., 2012). However,
the molecular mechanisms of ATRX function and its role in
maintenance of chromosome stability are not known at present.
Here, we provide new evidence indicating that maternal inheritance
of ATRX is essential for centromere stability and transcriptional
heterochromatin silencing at the onset of mammalian development.
Our studies indicate that ATRX is required for transcriptional
repression of major satellite transcripts in the maternal genome and to
prevent deleterious centromeric mitotic recombination events at minor
satellite DNA sequences during the transition to the first mitosis.
Moreover, we provide evidence indicating that loss of ATRX induces
DNA double-strand breaks and large-scale chromosomal
rearrangements by the four-cell stage. The enhanced post-zygotic
centromeric recombination at minor satellites observed in transgenic
embryos activates a pathway that increases the expression of
centromeric cohesion and DNA repair proteins, suggesting a role for
ATRX in regulating a potential functional crosstalk between pericentric



RESEARCH ARTICLE

Development (2015) 142, 1806-1817 doi:10.1242/dev.118927

A CREST/DAPI —

)

paternal

b
51 ]
g
E a
a 10 I
g s |
[
=
i
o4
g 2
o
Yoo
Paternal Maternal
Complement Complement

Merge
maternal

Fig. 4. Post-meiotic kinetochore asymmetry is associated with enrichment of CENP-C in the maternal genome. (A) Zygote-stage embryo during the first
mitosis. The maternal and paternal chromosome complements (DAPI; blue) exhibit significant differences (P<0.0001) in the levels of kinetochore-associated
proteins stained with the CREST anti-serum (green). (B) Quantitative analysis of the average equivalent diameter of CREST signals revealed that the mean
diameter of maternal CREST foci is ~42% larger than those of the paternal chromosome complement. Data represent the meanzs.d. of four independent
replicates. a and b indicate significant differences. (C) In addition to CREST signals (red), the kinetochore-specific protein CENP-C is preferentially enriched on
the maternal chromosome complement (arrowhead), demonstrating the existence of a previously unrecognized asymmetry in the levels of several kinetochore-
associated proteins during the first mitosis in the mammalian embryo. A diagonal line can be easily traced to distinguish the maternal (arrowheads) from the
paternal (thin arrow) chromosome complement based on kinetochore size asymmetry. Scale bars: 10 pm.

heterochromatin and the epigenetic control of centromere function. Our
studies demonstrate that ATRX participates in the establishment of
epigenetic asymmetry of pericentric heterochromatin domains during
the first mitosis and uncover a previously unrecognized kinetochore
size asymmetry established by inheritance of CENP-C from the
maternal genome. Collectively, these results provide novel insight
into the cellular response of the early mammalian conceptus to
chromosome instability and reveal that centromere fission is a
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major mechanism contributing to the formation of large-scale
chromosomal rearrangements and aneuploidy in the cleavage-stage
embryo.

Role of ATRX in heterochromatin formation and
transcriptional silencing of major satellite transcripts

In somatic cells, the chromatin-remodeling complex formed by
DAXX and ATRX is essential for deposition of histone variants to

Fig. 5. Lack of ATRX function results in the formation of
double-strand DNA breaks (DSBs) at pericentric
heterochromatin and interstitial chromosome segments.
(A) Chromosomes from a wild-type zygote during the first
mitosis exhibit sister chromatid cohesion (insets) and only
negligible levels of YH2AX. Centromeres are stained with
CREST (red). (B) Transgenic embryos exhibit a high incidence
of DNA breaks (yH2AX; green). The presence of DSBs in
pericentric heterochromatin is indicated by the localization of
YH2AX signals in chromosomal segments that have lost the
CREST signal due to centromeric breaks (arrowheads; insets).
(C,D) Loss of ATRX function results in a significant increase
(P<0.05) in the number of DSBs per metaphase, as well as the
proportion of embryos that exhibit at least one DSB per
metaphase. Data represent the meants.d. of three
independent replicates. a and b indicate significant
differences. Scale bars: 10 um; 5 pm (insets).
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Fig. 6. Loss of ATRX results in enhanced centromeric mitotic recombination and large-scale chromosomal rearrangements. (A) Chromosome
orientation fluorescence in situ hybridization (CO-FISH) using a strand-specific minor satellite DNA probe (green). Chromosomes were pseudo-colored in red.
Wild-type zygotes exhibit a single centromeric signal (green) corresponding to the leading strand of the minor satellite sequence (see diagram). (B) A centromeric
mitotic recombination event is detected by the presence of two minor satellite signals (thick arrows) in the same chromosome, resulting from an abnormal
centromeric sister chromatid exchange (see diagram). Scale bars: 5 ym (left); 1 um (right). (C) Loss of ATRX results in a significant increase (P<0.05) in the
frequency of illegitimate mitotic recombination events per chromosome. Data represent the meanzs.d. of three replicates. a and b indicate significant differences.
(D) Metaphase spread of a transgenic ATRX two-cell embryo showing a high frequency of interstitial sister chromatid exchanges (SCE; arrowheads).

(E) Asynchronous DNA replication between sister chromatids in a normal chromosome showing BrdU incorporation (red) on a single chromatid. Arrow indicates
the non-replicated chromatid, (F) Chromosome fragment (*) with partial BrdU staining (red) indicating that chromosome breaks frequently occur at the site of a
SCE. (G) Sister chromatid exchange at a distal sub-telomeric region (arrowheads). Scale bars: 10 pm in D; 5 ym in E-G. (H) (Top) Spectral karyotyping of
ATRX-deficient embryos at the four-cell stage. Scale bar: 10 ym. (Bottom) Sorted karyotype from a representative diploid male embryo showing 40 chromosomes,
40<2n> X-Y, that exhibit large-scale chromosomal rearrangements (insets). Scale bar: 5 ym. (I) SKY analysis reveals the presence of a partial deletion of
chromosome 16 (Del16; left panel) and formation of a derivative chromosome 17 (Der 17; right panels and arrowheads) formed by the translocation of a fragment
of chromosome 16 with the acrocentric region of chromosome 17: T (16; 17A1). Scale bar: 2.5 ym.

specialized chromatin domains (Drane et al., 2010; Lewis et al.,
2010). Our previous studies indicate that ATRX is required for the
recruitment of DAXX to centromeric heterochromatin in the
mammalian oocyte (Baumann et al., 2010). However, the role of
ATRX during de novo heterochromatin formation in the cleavage-
stage embryo remained to be determined. Our current results reveal
that, together with H3K9me3 and H4K20me3 (Santos et al., 2005;
Puschendorf et al., 2008; Probst and Almouzni, 2011), ATRX
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functions as a transcriptionally repressive chromatin factor that
confers epigenetic asymmetry to maternal centromeric domains.
However, in contrast to other epigenetic marks that exhibit an
exclusive association with the maternal genome, ATRX exhibits a
transient and dynamic nuclear localization in the paternal genome,
switching from a diffuse nucleoplasmic localization during the
initial stages of pronuclear formation to an exclusive association
with pericentric heterochromatin. Here, it is required to recruit
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Fig. 7. ATRX functions to regulate a cellular response to
chromosome instability in the cleavage-stage embryo.

(A) Localization of histone H3 phosphorylation (H3S10ph; red) in
the maternal genome (bold arrow) in wild-type zygotes.
Epigenetic asymmetry results in a distinct nuclear
compartmentalization of the maternal genome (thick arrow)
during the formation of the interphase nucleus at the two-cell
stage. H3S10ph staining is absent in the paternal genome (thin
arrow). (B) Loss of ATRX results in the presence of lagging
maternal chromosomes stained with H3S10ph (arrowhead).
Scale bar: 10 pm. (C) Loss of ATRX results in increased
expression of transcripts for centromere cohesion and DNA
repair factors (**P<0.05, ***P<0.01). Data are from n=100
oocytes per replicate following three independent experiments.
(D) Heat map of a panel of 84 chromatin-modifying enzymes
analyzed at metaphase Il stage. (E) ATRX-deficient embryos
exhibit an overexpression of centromeric aurora kinase B protein
(green) during mitosis at the four-cell stage (insets). Scale bars:
10 ym; 5 pm (inset).
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DAXX to the perinucleolar heterochromatin rim, initially to the
paternal pronucleus, and subsequently to the heterochromatin
domains of both male and female pronuclei prior to syngamy.
Thus, although a protein of maternal origin, ATRX actively
participates in regulating the molecular composition of pericentric
heterochromatin in the paternal genome.

In the pre-implantation embryo, heterochromatin formation takes
place during a period of extensive genome-wide chromatin
remodeling, and histone H3.3 is essential for the establishment of
heterochromatin domains (Puschendorf et al., 2008; Santenard
et al., 2010; Probst and Almouzni, 2011; Lin et al., 2013, 2014).
Previous studies using RNA-FISH and genetic polymorphisms have
demonstrated a preferential expression of major satellite transcripts
from the paternal genome in the zygote stage embryo (Puschendorf
et al., 2008; Probst et al., 2010; Santenard et al., 2010; Casanova
etal., 2013). However, the mechanisms responsible for maintaining
transcriptional repression of major satellite transcripts in the
maternal pronucleus during this crucial developmental transition
remain to be determined. Here, we provide novel evidence
indicating that loss of ATRX function results in the formation of
a transcriptionally permissive chromatin environment and de-
regulated transcription of major satellite transcripts in the
maternal genome. Thus, ATRX is required for silencing of major
satellite transcripts in the maternal pronucleus.

Studies in somatic cells reveal that major satellite transcripts are
under a tight transcriptional regulation. Basal levels of expression of

non-coding centromeric RNAs are essential for chromosome stability
and the establishment of crucial epigenetic marks required for
centromere function (Bouzinba-Segard et al., 2006; Ferri et al.,
2009; Chan and Wong, 2012). However, the excessive accumulation
of these transcripts induces changes in heterochromatin formation
and results in abnormal epigenetic modifications at both PCH and
kinetochore domains disrupting chromosome segregation (Bouzinba-
Segard et al., 2006; Ferri et al., 2009; Chan and Wong, 2012).
Consistent with these studies, abnormal major satellite transcription in
ATRX-deficient embryos is associated with centromere instability
through a mechanism involving enhanced centromeric mitotic
recombination leading to the formation of sister chromatid
exchanges. Our results indicate that major satellite transcripts might
be involved in the epigenetic control of centromere function during
this crucial period of genome reprogramming, as indicated by the
presence of lagging chromosomes of maternal origin observed in
ATRX-deficient embryos. These results also demonstrate that
silencing of centromeric transcripts in the maternal pronucleus is
required for the maintenance of chromosome stability during the
transition to the first mitosis.

Post-meiotic epigenetic asymmetry in the mammalian
centromere

The kinetics of ATRX nuclear localization in the one-cell embryo
suggests a role in heterochromatin formation in both the male and
female pronucleus. However, during the first mitosis of the zygote, the
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association of ATRX with pericentric heterochromatin in the paternal
chromosome complement is drastically reduced. These results indicate
that the chromosomal localization of ATR X is highly dynamic and that
a developmentally programmed removal of ATRX from the paternal
chromosomes, as well as the resulting centromere epigenetic
asymmetry, might be of functional significance for de novo
heterochromatin formation in the cleavage-stage embryo.

Importantly, our studies also revealed that the differences between
the paternal and maternal chromosome complements extend not
only to transcriptionally repressive heterochromatin marks (Santos
et al., 2005; Puschendorf et al., 2008; Probst and Almouzni, 2011)
but also to a striking kinetochore size asymmetry resulting from
maternal inheritance and enrichment of the kinetochore-specific
protein CENP-C on maternal chromosomes. CENP-C is essential for
kinetochore assembly and accurate chromosome-microtubule
interactions (Gopalakrishnan et al., 2009; Przewloka et al., 2011).
Establishment and maintenance of kinetochore size in somatic cells is
determined by deposition of CENP-C (Tomkiel et al., 1994) and
studies using Xenopus oocyte extracts indicate that, in contrast to most
kinetochore proteins, CENP-C is assembled at paternal kinetochores
only shortly after fertilization (Milks et al., 2009).

Asymmetry in kinetochore components has been recently described
in diploid yeast S. cerevisiae (Thorpe et al., 2009), where kinetochore
proteins such as MTW1, NDC10 and CTF19 are twice as abundant in
the kinetochore of mother cells, demonstrating that this is a feature of the
whole kinetochore and not only a particular protein (Thorpe et al.,
2009). In yeast, this unique form of post-meiotic kinetochore
asymmetry was observed only in the first division immediately after
meiosis, where it may be required to segregate chromosomes in a
specific pattern (Thorpe et al., 2009). In the mammalian embryo,
differences in maternal and paternal kinetochores persist until the
second mitotic division, suggesting a requirement for progressive
changes in kinetochore domains during the oocyte to embryo transition.
The function of kinetochore asymmetry is not yet known but it might be
involved in facilitating the segregation of sister chromatids to daughter
cells during the first mitosis to allow for the conservation of epigenetic
differences at maternal and paternal chromosomes. Importantly, this
mechanism might contribute to maintaining the spatial separation of
parental genomes at the two-cell stage by ensuring the co-segregation of
paternal and or maternal chromosomes on the basis of distinctive
epigenetic marks and parental origin. In the interphase nuclei of the
two-cell embryo, distinct chromatin marks as well as major satellite
transcripts reveal the polar distribution of paternal and maternal
genomes (Mayer et al., 2000a; Santos et al., 2005; Puschendorf et al.,
2008; Probst and Almouzni, 2011; Casanova et al., 2013). Maintaining
this unique type of nuclear organization may be crucial to allow for
parent-specific reprogramming and chromatin remodeling processes to
take place during subsequent cell divisions until epigenetic equivalency
is established in the pre-implantation embryo. Our results indicate that
post-meiotic kinetochore asymmetry may be required to co-segregate
the full complement of paternal and maternal chromatids as separate
units to each daughter cell during the first cleavage division.
Importantly, both epigenetic and kinetochore asymmetry during the
first mitosis may impose unique requirements for the establishment of
accurate chromosome-microtubule interactions that render the first
cleavage division susceptible to chromosome segregation defects.

Centromere mitotic recombination and chromosome
instability in the cleavage-stage embryo

We have previously demonstrated that loss of ATRX function
induces centromeric breaks and micronuclei formation during the
transition to the first mitosis in the mouse embryo (Baumann et al.,
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2010). However, the molecular mechanisms of centromere
instability remained to be determined. Here, we provide evidence
that centromeric breaks in ATRX-deficient embryos are due to
enhanced centromeric mitotic recombination events at minor
satellite sequences during the first cleavage division. Notably,
unresolved double-strand DNA breaks lead to the formation of both
centromeric and interstitial chromosome breaks, and micronuclei,
resulting in large-scale chromosomal rearrangements in the form of
deletions and translocations detectable by the four-cell stage.
Elegant studies conducted in mouse embryonic stem cells have
recently demonstrated that loss of the DNA methyltransferases
DNMT3A/3B and DNA methylation at PCH results in an increased
rate of centromeric mitotic recombination (Jaco et al., 2008). Our
results indicate that abnormal pericentric heterochromatin formation
due to loss of ATRX function induced increased mitotic
recombination at minor satellite sequences and suggest a crosstalk
between PCH and the epigenetic control of centromere function.

In somatic cells, DNA damage at PCH elicits a relocation of DSBs
to the periphery of heterochromatin domains to facilitate repair of
DNA lesions at this nuclear domain and mitigate illegitimate mitotic
recombination at highly repetitive sequences (Jakob et al., 2011;
Chioloetal.,2011). However, persistent DNA damage has been found
localized at both heterochromatin and euchromatin regions where the
presence of unrepaired DNA lesions result in the generation of
chromosomal breaks (Asaithamby et al., 2011). Similar mechanisms
might be responsible for the spreading of chromosomal breaks to the
interstitial segments of chromosomes at the four-cell stage. The
resulting large-scale chromosomal rearrangements lead to the
formation of non-recurrent translocations that are consistent with the
presence of chromosome breakage-fusion-bridge cycles in ATRX-
deficient embryos and inform the mechanisms inducing segmental
chromosome aberrations in the pre-implantation embryo.

How the embryo responds to chromosomal breaks and DNA
damage is unknown. However, our results reveal novel molecular
pathways activated by chromosome instability during pre-
implantation development. It is possible that the increase in ESCO2
transcript levels in ATRX-deficient zygotes is a consequence of DNA
damage at heterochromatin domains. In addition to their well-
characterized role in sister chromatid cohesion (Losada and Hirano,
2005), cohesin proteins are also required for post-replicative repair of
DSBs (Unal et al., 2007; Caron et al., 2012). For example, the yeast
cohesin acetyl transferase ECO1 is loaded around centromeres and
chromosome arms, and is overexpressed in response to unresolved
DSBs to activate cohesion in broken centromeres and to prevent
large-scale chromosome rearrangements (Unal et al., 2007; Watrin
and Peters, 2009). Consistent with this notion, overexpression of
Dnmtl and Dzip3 transcripts in ATRX-deficient zygotes may be part
of'a cellular response to DNA damage, as DNMT1 has been recently
implicated in the recruitment of DNA damage repair factors
independently of its methyltransferase activity, and both DNMT1
and DZIP3 are essential for mounting an early response to DNA
damage (Zhou et al., 2009; Ha et al, 2011). The striking
accumulation of aurora kinase B protein at centromeric domains
might be part of a global response to improper chromosome-
microtubule interactions. Previous studies indicate that aurora kinase
B can be enriched up to threefold at the centromeres of misaligned
chromosomes in human somatic cells (Knowlton et al., 2006). In
addition, abnormal chromosome segregation induced by loss of
Suv39hl-dependent H3K9 methylation results in increased aurora
kinase B activity in somatic cells where centromeric enrichment
of aurora B may function to increase the efficiency of error
correction (Chu et al.,, 2012). Our results demonstrate that the
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aurora B-dependent mechanisms to sense misaligned chromosomes
are present in the cleavage-stage embryo.

In conclusion, our results reveal the functional activation of an
ATRX-dependent epigenetic response to cope with abnormal
chromosome-microtubule interactions during the first mitosis and
allow DNA repair mechanisms at heterochromatin domains. This
process requires an exquisite coordination of dynamic epigenetic
modifications and DNA repair in response to chromosome breaks at
pericentric heterochromatin. The unique nature of chromosome
microtubule interactions imposed by epigenetic and kinetochore
asymmetry may impose additional requirements to chromosome
segregation during the first mitosis and render this transition
susceptible to CIN. Importantly, our studies provide new insight
into the molecular mechanisms of centromere instability that lead to
complex chromosomal rearrangements and provide direct evidence
that centromere fission is an important cause of chromosome
instability in the mammalian cleavage-stage embryo.

Note added in proof

While this manuscript was under revision, Noh et al. reported a role
for ATRX in the silencing of satellite transcripts in mammalian
primary neurons (Noh et al., 2014).

MATERIALS AND METHODS

Oocyte collection and culture

This study was approved by and performed in accordance to guidelines of
The University of Georgia Institutional Animal Care and Use Committee
(IACUC). Generation of a transgenic RNAi model with an oocyte
conditional deletion of Atrx has been previously described (Baumann
et al., 2010). Oocyte collection, in vitro fertilization and embryo culture
were conducted as described previously (Baumann et al., 2010). Briefly,
matured metaphase I oocytes were collected from super ovulated F1 hybrid
(C57BL/6/DBA) wild-type and transgenic Afrx-RNAi females (B6SJL/
CF1), 13-15 h after injection with 5 IU of human chorionic gonadotropin
(HCG; Gibco). Oocytes were fertilized using epididymal sperm obtained
from C57BL/6/DBA males in 500 ul drops of minimal essential medium
MEM (Gibco) supplemented with 3 mg/ml BSA (Sigma) under mineral oil
(Sigma). Alternatively, oocytes were parthenogenetically activated in Ca**-free
M16 medium containing 10 mM SrCI2 and 5 pg/ml cytochalasin B (Sigma)
for 6 h.

Fluorescence in situ hybridization and spectral karyotyping
Antibodies used for chromosome immunofluorescence are described in
methods in the supplementary material. Following image acquisition, slides
were processed for fluorescence in situ hybridization analyses using mouse
DNA probes specific for the X and Y chromosome (Cambio) as previously
described (Baumann et al., 2010). Spectral karyotyping was conducted on
surface spread chromosomes fixed with methanol:glacial acetic acid (3:1)
using the SkyPaint DNA probes for mouse chromosomes [Applied Spectral
Imaging (ASI)]. Image acquisition was performed with a COOL-1300
SpectraCube camera (ASI) mounted on an Olympus BX43 microscope
using a spectral karyotyping (SKY) optical filter (ASI). Metaphase
chromosomes were analyzed using HiSKY v6.0 software.

RNA-FISH

RNA-FISH (fluorescence in situ hybridization) experiments were
conducted using a directly labeled Cy3 pan-centromeric probe (Cambio)
(Kanellopoulou et al, 2005) with minor modifications. Zona-free
pronuclear-stage zygotes (14 hpf) were melted onto glass slides in a
solution of 1% PFA, 0.15% Triton X-100 in DEPC-H,O and fixed in 4%
PFA/PBS for 20 min. Pronuclei were then permeabilized with a solution of
0.5% Triton X-100 in DEPC-PBS for 2 min at room temperature and
washed three times in 2xSSC. Control slides were treated with 100 pg/ml
RNase A (Roche) for 1 h at 37°C and subsequently washed extensively in
2x SSC. Major satellite transcripts were detected using a Cy3-conjugated

Pan-centromeric probe (Cambio) at a dilution of 1:10 in manufacturer-
supplied hybridization buffer following probe denaturation at 80°C for
8 min. Sample hybridization was carried out under non-denaturing
conditions overnight at 37°C in a humidified chamber prior to two post-
hybridization washes in 1x SSC in DEPC-H,O for 5min at room
temperature and mounting in Vectashield plus DAPIL.

RNA isolation and quantitative RT-PCR

Total RNA was isolated from groups of 70 diploid wild type and A#rx-RNAi
transgenic parthenotes (14 hpf) using the miRNeasy kit (Qiagen) and
subsequently subjected to reverse transcription using random hexamer
primers and the Superscript III first-strand synthesis system (Invitrogen).
The resulting cDNA was used for quantitative expression analysis of major
satellite transcripts (Probst et al., 2010) by real-time PCR using 2x Brilliant
I real-time PCR reagents (Agilent) and Agilent MX3005p equipment. Real-
time PCR results were normalized against B-actin transcript levels as a
housekeeping control (primers: B-actin-Fwd, 5’-gat atc gct geg ctg gte gte-3';
B-actin-Rev, 5'-acg cag ctc att gta gaa ggt gtg g-3').

Chromatin-modifying enzyme PCR array

Pathway-focused PCR arrays (RT? Profiler PCR Array Mouse Epigenetic
Chromatin Modification, Qiagen) were conducted to compare mRNA
expression profiles of a panel of 84 chromatin-modifying enzymes in
metaphase Il oocytes obtained from A#x-RNAI transgenic and wild-type
littermate females in three experimental replicates. Groups of 100 oocytes
were used for mRNA extraction using the Micro-FastTrack 2.0 kit
(Invitrogen), pre-amplified using RT?> PreAMP ¢cDNA synthesis reagents
and a pathway-specific primer mix (Qiagen). Expression profiles were
established on a Roche LightCycler 480 system using RT> SYBR Green
gqPCR Mastermix reagents (Qiagen). Raw threshold cycle data were
compared using RT? Profiler PCR Array Data Analysis software Version
3.5 (SA Biosciences) to perform all AACt-based fold-change calculations.
Pairwise comparison (#-test) between groups of experimental replicates was
conducted to define the fold up- or downregulation and statistical significant
thresholds (P<0.05).

Chromosome orientation-FISH (CO-FISH) for minor satellite
sequences

CO-FISH analyses were conducted using strand-specific FITC-labeled minor
satellite PNA probes, as previously described (Jaco et al., 2008) with minor
modifications. Briefly, zygotes were cultured in MEM/BSA medium containing
10 uM BrdU at 4 hpf'to ensure BrdU incorporation during S phase. Metaphase
chromosome complements were then surface spread as described above.
Samples were stained with 500 pg/ml Hoechst 33258 for 15 min at room
temperature and BrdU-incorporated DNA was subsequently UV-nicked for
30 min in 2% SSC and digested using 3 U/ul Exonuclease III (NEB Biolabs)
for 30 min at 37°C before denaturation at 75°C for 15 min. Hybridization with
the FITC-labeled leading strand probes was conducted at room temperature for
48 h. Stringency washes were conducted in 50% formamide in 2x SSC buffer
for 5 min at room temperature, followed by incubation in 2x SSC for 5 min at
room temperature before DNA counterstaining and mounting.

Image analysis and laser scanning confocal microscopy

Quantitative scoring of kinetochore foci was conducted following evaluation
of statistical image descriptors (Urani et al., 2013). Immunochemical detection
of kinetochores was conducted in 3% BSA in PBT buffer overnight at 4°C,
using CREST antiserum (Europa Bioproducts; 1:100) and rabbit anti-CENP-C
[1:1000 (Pluta and Earnshaw, 1996)]. Confocal z-stack images were recorded
at 0.5 um intervals over a range of 5 um using identical image acquisition
parameters for all zygote metaphase spreads before computing maximum
projection images for quantitative analysis. To quantify kinetochore size,
identical thresholds were established for all zygote metaphases (#=10) before
transformation to binary layers and analysis using the NIS Elements 4.0
Automated Measurements Module (Advanced Research; Nikon Instruments)
with multi-dimensional imaging software. The Equivalent Diameter
(EqDiameter), a measure of the diameter of a circle with the same area as
the measured object [EqDia = /(4 X Area/w)], was recorded for each
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individual maternal (n=40) and paternal (»=40) CREST signal per metaphase
spread, as distinguished by differential H3S10ph staining. Values were
subjected to statistical analysis following calculation of the average
EqDiameter per metaphase complement and corresponding standard
deviations. In addition, average CREST signal intensities of the maternal
and paternal complements were compared. Statistical significance testing was
performed using Student’s #-test with P<0.05.

Statistical analysis

Data presented as percentage values were analyzed by one-way analysis of
variance (ANOVA) following arcsine transformation. Comparison of all
pairs was conducted by the Tukey-Kramer HSD or Student’s #-test using
JMP Start Statistics (SAS Institute). Variation among individual replicates is
indicated as the s.d. Differences were considered significant when P<0.05
and are indicated by different letters in the figures.
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