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RESEARCH ARTICLE

Maternal expression of the histone demethylase Kdm4a is crucial
for pre-implantation development
Aditya Sankar1,2,3,*,§, Susanne Marije Kooistra1,2,‡,§, Javier Martin Gonzalez4, Claes Ohlsson6,
Matti Poutanen5,6 and Kristian Helin1,2,3,¶

ABSTRACT
Regulation of chromatin composition through post-translational
modifications of histones contributes to transcriptional regulation
and is essential for many cellular processes, including differentiation
and development. KDM4A (JMJD2A) is a lysine demethylase with
specificity towards di- and tri-methylated lysine 9 and lysine 36 of
histone H3 (H3K9me2/me3 and H3K36me2/me3). Here, we report
that Kdm4a as a maternal factor plays a key role in embryo survival
and is vital for female fertility.Kdm4a−/− female mice ovulate normally
with comparable fertilization but poor implantation rates, and cannot
support healthy transplanted embryos to term. This is due to a role for
Kdm4a in uterine function, where its loss causes reduced expression
of key genes involved in ion transport, nutrient supply and cytokine
signalling, which impact embryo survival. In addition, a significant
proportion of Kdm4a-deficient oocytes displays a poor intrinsic ability
to develop into blastocysts. These embryos cannot compete with
healthy embryos for implantation in vivo, highlighting Kdm4a as a
maternal effect gene. Thus, our study dissects an important dual role
for maternal Kdm4a in determining faithful early embryonic
development and the implantation process.

KEY WORDS: Epigenetics, Female fertility, Histone demethylase,
Pre-implantation development, Maternal effect, Transcription

INTRODUCTION
Epigenetic regulation through DNA methylation and modification
of histone proteins is involved in the control and stabilization of gene
expression programmes throughout development and proliferation.
As such, enzymes responsible for the addition and removal
of epigenetic marks on chromatin contribute to a wide variety of
biological processes. Many such enzymes have been identified,
usually with exquisite specificity for substrate and amino acid

residue, as well as type and degree of modification (Greer and Shi,
2012; Kooistra and Helin, 2012; Dimitrova et al., 2015).

Similar to the other members of the JMJD2/KDM4 family of
histone demethylases, KDM4A is capable of removing di- and tri-
methylation from lysines 9 and 36 of histone H3 (Cloos et al., 2006;
Klose et al., 2006; Whetstine et al., 2006; Chen et al., 2006, 2007;
Ng et al., 2007). KDM4A, like KDM4C, binds to tri-methylated
lysine 4 on histone H3 (H3K4me3) through its double Tudor
domain (Huang et al., 2006; Pedersen et al., 2016, 2014). In this
way, the KDM4 proteins provide a failsafe mechanism to prevent
spurious accumulation of H3K9me3 at active promotors, thereby
maintaining transcriptional competence (Pedersen et al., 2016).

KDM4A is overexpressed in several types of cancers (Berry and
Janknecht, 2013; Berry et al., 2012; Li et al., 2012, 2011; Shin and
Janknecht, 2007; Patani et al., 2011; Slee et al., 2012; Cloos et al.,
2006), where it may contribute to cancer cell survival by binding to
hormone receptors (Shin and Janknecht, 2007) or by leading to re-
replication of specific genomic loci (Black et al., 2013). The other
KDM4 family members KDM4B and KDM4C have also been
linked to cancer development and maintenance (Kooistra and Helin,
2012; Agger et al., 2016; Cheung et al., 2016), and the proteins are
therefore considered as attractive targets for the treatment of cancer
patients (Chin and Han, 2015; Hojfeldt et al., 2013).

Injection of KDM4A and Kdm4d mRNAs have been shown to
decrease an H3K9me3 barrier in somatic cell nuclear transfer
(SCNT)-mediated reprogramming of human and mouse oocytes,
respectively, resulting in dramatic improvement of healthy blastocyst-
forming capacity (Chung et al., 2015; Matoba et al., 2014). Similarly,
in mouse, Kdm4b was identified as the key factor for two-cell arrest
of cloned embryos (Liu et al., 2016). Although these findings present
new improved possibilities in reprogramming and fertility research,
the physiological role of the KDM4 proteins during normal
development have so far not been addressed in detail. Recent
studies have shown that individual Kdm4 proteins are dispensable for
embryonic development and postnatal life (Kawazu et al., 2011;
Pedersen et al., 2014, 2016; Iwamori et al., 2011). Functional
redundancy has been described for the Kdm4 family; the combined
functions of Kdm4a and Kdm4c are required for embryonic stem cell
self-renewal and early embryogenesis (Pedersen et al., 2016).

Here, we have investigated the role of Kdm4a in early mouse
development and fertility. We demonstrate that female mice lacking
Kdm4a are infertile, and show that the protein is required both as a
maternal factor in the oocyte, and in the uterus for proper gene
expression during pre-implantation development.

RESULTS
Kdm4a−/− females are infertile
To investigate the physiological role of Kdm4a during normal
development, we generated Kdm4a−/− knockout mice in a C57Bl/6
background as recently described (Pedersen et al., 2016). Owing toReceived 28 May 2017; Accepted 14 August 2017
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excision of exon 3, a critical exon that is upstream of the catalytic JmjC
domain, the knockout allele can only produce a very short truncated
form of Kdm4a (Fig. 1A, Fig. S1A). Thus, a functional Kdm4a
protein is not present in the knockout mice (Pedersen et al., 2016).

Kdm4a+/− animals were fertile; however, upon inter-crossing
heterozygous animals we observed an under-representation of
Kdm4a−/− mice (16-17% homozygotes in lieu of the expected
25%) at the time of weaning that was not gender specific (Fig. S1B)

Fig. 1. Kdm4a knockout females are infertile. (A) Schematics of the Kdm4a allele, the targeting cassette, the generation of the Kdm4a (−) allele and the
resulting wild-type and truncated proteins. (B) Breeding cages with onemale and two females of the indicated genotypes were set up andmonitored for 4 months.
All pups were weaned and removed from the breeding cages at the age of 3 weeks. The total number of pups born per cage (n=5, 4 and 5 for cages having
Kdm4a+/−, Kdm4a+/+ and Kdm4a−/− females) is presented with s.d. and significance determined using an unpaired t-test. (C) Wild-type (n=63) and Kdm4a−/−

(n=22) females were set up for timed mating with wild-type males. The proportion of females that displayed a successful vaginal plug over one week was noted.
Data are presented as mean with s.d. and unpaired t-test was used to determine statistical significance. (D) β-Galactosidase staining of embryos at the indicated
stages expressing the lacZ reporter gene under control of the endogenous Kdm4a promoter (+/β-gal). Wild-type embryos (+/+) were used as control (not shown).
(E) β-Galactosidase staining of female reproductive organs in which the lacZ reporter gene is under control of the endogenous Kdm4b (EUCOMM) or Kdm4c
(KOMP) promoter. Images are reproduced with permission from data generated by the respective image-producing centres at EUCOMM and KOMP, which are
part of the International Mouse Phenotyping Consortium (IMPC). (F) RT-qPCR for Kdm4a in the highlighted tissues (n=3) normalized to expression of the
housekeeping gene Rplp0. Data are presented as mean with s.d. (G) Normalized expression levels in reads per kilobase of transcript per million mapped reads
(RPKM) of Kdm4 family members in murine oocytes (figure created using published data from Veselovska et al., 2015; GEO accession number GSE70116).
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(Pedersen et al., 2016). By following the general health of postnatal
mice up to 30 weeks of age, we observed no effect ofKdm4a deletion
on general viability with normal mortality rates in Kdm4a−/− animals
(Fig. S1C-E). Kdm4a−/− males showed slightly reduced weight 8
weeks after birth, but this difference was not sustained (Fig. S1F,G).
These results suggest that Kdm4a−/− mice are in general viable and
develop normally.
To analyse the fertility of Kdm4a−/− animals, we set up a

breeding test (one male and two females per cage, five cages per
group, all pups were weaned and removed from the breeding cages
after 3 weeks). During a study period of 4 months, we observed
that all null males were fertile and produced litter sizes comparable
to heterozygous controls. Of the Kdm4a−/− females studied, there
was only one female that delivered five pups in three litters during
this period (litter sizes of one, two and two). Of the five pups, only
two reached weaning age, and the others died within 24 h after
birth (Fig. 1B). This indicates that Kdm4a−/− females are unable
either to mate normally or to sustain pregnancies.
To investigate the lack of fertility in the Kdm4a−/− females, we

set up timed mating of control and Kdm4a−/− females to monitor
their mating behaviour. Using littermate controls and wild-type
males of proven fertility as breeding partners, we could establish
similar numbers of females with vaginal plugs after 5 days
(Fig. 1C). In summary, these results show that Kdm4a can be
deleted from the embryonic genome without consequences for
embryonic development and general viability, but it is required
postnatally as a maternal determinant of embryonic survival.

Kdm4a is abundantly expressed in the female reproductive
tract
Given that female infertility can be the result of alterations in the
mother, the embryo or both, we decided to profile the expression of
Kdm4a in the reproductive tract. Using the β-galactosidase reporter
gene under control of the Kdm4a promoter (Fig. 1A), we determined
that Kdm4a is expressed in several tissues throughout embryonic
development (Fig. S1H). In the adult female reproductive tract,
Kdm4a is highly expressed in the ovary, oviduct and uterus (Fig. 1D).
In comparison, although Kdm4b is expressed at a low level in the
ovary (Fig. 1E) (Brown and Moore, 2012), both male and female
Kdm4b null mice are fully fertile (K. Agger and K.H., unpublished
results). Kdm4c, the functionally redundant homologue of Kdm4a
(Pedersen et al., 2016), shows little to no expression (Fig. 1E) in the
female reproductive system (Brown and Moore, 2012). Additionally,
Kdm4c transcripts are absent in murine oocytes, and only begin to
appear later in cleavage embryos during embryonic genome
activation (Dahl et al., 2016), suggesting that embryos cannot
intrinsically compensate for the loss of Kdm4a during this period.
Gene expression analysis showed that Kdm4a is expressed in all

tissues relevant to the female reproductive system – namely,
hypothalamus, pituitary, ovary, oviduct and uterus (Fig. 1F).
Immunohistochemical studies on the ovary revealed a strong and
specific expression of Kdm4a in oocytes and surrounding
developing follicles (Fig. S1I). In agreement with this, a murine
oocyte transcriptome study showed expression of Kdm4a in
developing and mature oocytes (Veselovska et al., 2015). At these
stages of oocyte development, there is relatively abundant
expression of Kdm4a, but not of Kdm4b/c/d transcripts (Fig. 1G),
suggesting that Kdm4a could impact on embryo survival directly
through its presence in the oocyte. Taken together, these results
show that Kdm4a is expressed throughout the female reproductive
axis and that, of the Kdm4 family, only Kdm4a is expressed in the
oocyte.

Kdm4a−/− females have low embryo implantation rates with
poor developmental potential
Because we observed successful mating behaviour, we wanted to
understandwhether the infertility was a function of poor gametogenesis
or maternal tract defects resulting in loss of pregnancy.We observed no
gross morphological alterations in Kdm4a−/− uterus, ovaries and
oviduct (Fig. S2). Closer immunohistological inspection revealed
reproductive organ structures with normal proliferative capacity and
absence of any excessive cell death through apoptosis (Fig. S3A,B,
Table S1).

Next, we tested ovulation capacity using hormone-induced
superovulation of immature females (4-5 weeks old). We
established that Kdm4a−/− females produced similar numbers
of oocytes compared with littermate controls (Fig. 2A),
suggesting normal gametogenesis. By using timed mating of
young adult females, we screened for the presence of embryos at
mid-gestation [9.5 days post-coitum (dpc)] and found that 75%
of successfully plugged Kdm4a−/− females did not show any
evidence of embryos or decidualization (Fig. 2B). This result
suggests a developmental failure in embryos of Kdm4a−/− females
prior to implantation. Next, we assessed the decidua within the 25%
of females that showed evidence of implantation. These females
contained a comparable number of implantation sites to controls;
however, upon inspecting the decidua in these females, we observed
that 80% contained embryos that were developmentally delayed or
resorbed (Fig. 2C,D).

Because our results demonstrate that embryos do not implant
efficiently in Kdm4a−/− females, we assessed the state of pre-
implantation embryos. To do this, we performed natural timed
mating of mature virgin (7-8 weeks old) Kdm4a−/− females and
littermate controls. Following successful mating, the embryos were
flushed from the oviduct at 2.5 dpc to study their developmental
state. Strikingly, we found that the majority of embryos from
Kdm4a−/− females were developmentally delayed or arrested
already at 2.5 dpc with very few having developed beyond the 2-
to 4-cell stage (Fig. 2E,F). This is despite the production of a similar
number of embryos per female in both groups (Fig. 2F), which is
consistent with our ovulation data (Fig. 2A).

Similarly, embryos isolated at 3.5 dpc that were subsequently
cultured overnight displayed a poor ability to cavitate, a pre-requisite
for successful implantation (Fig. S4A). Only 20% of maternal mutant
Kdm4a embryos hatched to establish embryonic stem cell lines when
transferred to naïve pluripotent mouse embryonic stem cell (mESC)
growth (2i+LIF) conditions (Fig. S4B). These results establish that
Kdm4a−/− females ovulate and fertilize embryos normally but have
low implantation rates with the majority of embryos being defective
during pre-implantation development.

Kdm4a is required in the maternal reproductive tract to
establish pregnancy
Given that Kdm4a is abundantly expressed in all reproductive
tissues, particularly in the uterus, where expression of its redundant
homologue Kdm4c is largely absent, we used embryo
transplantation to understand whether Kdm4a is required in an
embryo-extrinsic manner to establish pregnancy. Simultaneously,
we transferred wild-type two-cell embryos into wild-type and
Kdm4a−/− pseudo-pregnant recipients. Six out of nine wild-type
recipient mice delivered healthy pups with litter sizes ranging from
four to six pups per female. However, none of the eight Kdm4a−/−

recipient females delivered any pups (Fig. 3A). Importantly, the
Kdm4a−/− recipient mothers did not show any evidence of embryo
implantation.

3266

RESEARCH ARTICLE Development (2017) 144, 3264-3277 doi:10.1242/dev.155473

D
E
V
E
LO

P
M

E
N
T

http://dev.biologists.org/lookup/doi/10.1242/dev.155473.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.155473.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.155473.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.155473.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.155473.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.155473.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.155473.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.155473.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.155473.supplemental


We hypothesized that Kdm4a−/− females do not support early
pregnancy, because of hormonal defects or defective gene
expression related to implantation in the uterus. Reproductive
activity in mice is controlled by the oestrous cycle, which lasts 4-
5 days. During this time, the hypothalamus mediates the release of
gonadotropic hormones from the anterior pituitary that act on the

ovary to control mating, ovulation, fertilization and luteinisation.
This is followed by ovarian secretion of the major pregnancy steroid
hormones oestrogen and progesterone, which support establishment
and maintenance of pregnancy in case of successful fertilization.
They also provide feedback to the hypothalamic-pituitary system to
secrete the appropriate amount of pituitary gonadotropins in a

Fig. 2. See next page for legend.
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rhythmic fashion. Ovarian function is key to early embryonic
development. This HPG (hypothalamic-pituitary-gonad) axis in
females controls all major secondary sexual characteristics and
tightly regulates reproductive fitness (Bachelot and Binart, 2005).
To determine whether hormonal cycles were activated normally

in Kdm4a−/− females, multiple virgin and sexually mature females
were exposed to the dirty bedding material of a stud male (Whitten,
1956) before actually pairing each female with a stud male. We
observed that successful mating took significantly longer in
Kdm4a−/− females (Fig. 3B). Consistent with our previous
observation (Fig. 1C), there was no significant difference in the
total proportion of plugged females. However, there was a clear
difference in the dynamics of mating.
Following successful mating (Fig. 3B), at 2.5 dpc the majority of

the embryos were delayed as observed previously. By then there
should be ample levels of pregnancy steroid hormones secreted by
the ovaries to initiate cross-talk with the uterus in preparation of
implantation (Cha et al., 2012). We extracted blood prior to
sacrificing the mice to prepare serum samples for the analysis of
circulating pituitary (Haavisto et al., 1993; van Casteren et al., 2000)
and steroid (Nilsson et al., 2015) hormones. Additionally, of each
female, one ovary was used for intra-ovarian steroid hormone
profiling by gas chromatography – tandem mass spectrometry (GC-
MS) (Nilsson et al., 2015). In this analysis, we found no significant
difference between wild-type andKdm4a−/− ovary homogenates for
the major ovarian steroid hormones oestrogen (E2) and
progesterone (P4) and oestrone (E1). However, we observed
significantly reduced levels of testosterone (T) in Kdm4a−/−

females (Fig. 3C). The role of testosterone in the development of
male secondary sexual characteristics is better studied, and its
reproductive function in the female is not clear. Nevertheless, the
presence of relatively normal levels of the main pregnancy
hormones suggests normal ovarian function in that aspect.
When we analysed the circulating hormone levels, we found

decreased levels of circulating testosterone and progesterone
(Fig. 3D). Although the decrease in testosterone levels was
consistent with the correspondingly decreased ovarian levels, the
reduced circulating progesterone was in contrast to its normal levels
in the ovary. This could be due to changes in progesterone
metabolism post secretion. Although the role of progesterone in
reproduction is well-known (Lydon et al., 1995), previous work

suggests that even 25% of normal physiological levels is sufficient
to support pre-implantation development and implantation
(Milligan and Finn, 1997), leading us to speculate that Kdm4a−/−

females retain sufficient amounts of progesterone to facilitate
implantation.

Following stimuli from the central nervous system (CNS) through
the hypothalamus, the pituitary secretes gonadotropins destined for
the ovary that play a key role in female fertility. FSH (follicle-
stimulating hormone), which controls folliculogenesis and
ovulation, was not significantly altered (Fig. 3E). This is in
agreement with our observations that Kdm4a−/− ovaries manifested
all stages of folliculogenesis. Kdm4a−/− females had significantly
reduced levels of luteinizing hormone (LH) (Fig. 3E), which in
females regulates timing of oestrous, ovulation, and development
and maintenance of the ovarian corpus luteum in females, thereby
playing a crucial role in establishment of pregnancy (Ma et al.,
2004; Kumar, 2007). Also,Kdm4a−/− females had reduced levels of
prolactin (PRL) (Fig. 3E), which, along with its receptor (Prlr),
plays a key role in female fertility as its absence results in lack of
implantation and termination of pregnancy at the pre-implantation
stage (Horseman et al., 1997; Ormandy et al., 1997).

Finally, we performed gene expression analysis on the frozen
ovaries from these animals for major components of steroidogenesis
pathway members (Hakkarainen et al., 2015). Although there was
widespread biological variation between the animals, we found a
trend towards increased expression of Lhr (Lhcgr), Ar and Prlr, but
not of Fshr (Fig. S5). This upregulation could be a mechanism by
which the mice compensate for the reduced circulating levels of the
respective hormones. Taken together, we have demonstrated that
Kdm4a expression is required for normal implantation despite its
loss leading to only minor changes in the levels of pregnancy-
related steroid hormones in the ovary.

Kdm4a is required to maintain a uterine environment
conducive for embryo implantation
We observed normal hormone synthesis in the ovary post-
fertilization, but altered levels of circulating progesterone and
pituitary hormones. Therefore, we investigated the effect of deleting
Kdm4a on gene expression in the four major tissues of the HPG axis
– the hypothalamus, ovary, oviduct and uterus at 2.5 dpc (Table S2).
In the hypothalamus and pituitary, we found few expression
changes, and none of the altered genes has previously been
associated with fertility defects. Importantly, the expression of the
precursor genes for LH and PRL, Lhb and Prl (expressed and
secreted from discrete cells of the anterior pituitary), were not
significantly altered, suggesting that their lower circulating levels
are not linked to direct transcriptional control by Kdm4a.

However, loss of Kdm4a in 2.5 dpc ovaries led to 61
downregulated and 25 upregulated genes. Gene ontology (GO)
analysis revealed that the downregulated genes were enriched for
those involved in reproductive development processes, such as
Fshr, Kit, Taf4b, Oca2 and Akr1c18 (20-alpha-HSD) (Fig. S6A).
However, Kdm4a−/− female mice ovulate and fertilize eggs
normally and normal post-ovulatory production of oestrogen and
progesterone suggests these gene expression changes were not
linked to the observed impact on pre-implantation development.

The uterus is a complex tissue of many cell types including the
epithelium, stroma and myometrium. As the pre-implantation
embryo transits towards the uterus, its first point of contact is the
receptive endometrium, which is composed of luminal epithelium
(LE) and glandular epithelium (GE). Whereas the LE mediates
receptivity and blastocyst attachment, the GE enables synthesis and

Fig. 2.Kdm4a−/− females display low implantation rates and impaired pre-
implantation embryos. (A) The mean number (with s.d.) of oocytes flushed
from Kdm4a+/+ and Kdm4a−/− females (n=3 each group) following PMSG and
hCG treatment. (B) Plugged wild-type (n=43) and Kdm4a−/− (n=14) females
following timed mating were removed from the breeding cages and terminated
at 9.5 dpc. The mean percentage of females with evidence of implantation is
presented with 95% confidence interval. Unpaired t-test was used to determine
statistical significance. (C) Crosses were set up as indicated. The average
percentage of implantation sites is shown (with s.d.) that contained embryos
with normal or delayed development, or where the embryo was resorbed. The
number of litters analysed for each cross is indicated. Statistical significance
was determined using the Holm–Sidak method, without assuming a consistent
s.d. (D) Top panel: Representative images of embryos at 9.5 dpc from wild-
type (+/+) females that were crossed with wild-type or Kdm4a−/− males. The
embryonic genotype is indicated in the top left of each image. Bottom panel: An
entire litter of embryos from a Kdm4a−/− female is depicted (note: this female
had six additional implantation sites containing resorbed embryos). Scale bar:
1 mm. (E) Representative images of embryos that were flushed from the
oviducts of wild-type (+/+) and Kdm4a−/− females at 2.5 dpc. Abnormal
embryos are highlighted with an asterisk. (F) The distribution of embryos
flushed from wild-type (n=10) and Kdm4a−/− (n=9) oviducts at 2.5 dpc is
presented (with s.d.) and significance at each stage determined using unpaired
t-test. n.s., not significant.
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Fig. 3. Kdm4a is required in the
maternal reproductive tract toestablish
pregnancy. (A) Scheme showing the
transfer of 12 wild-type two-cell embryos
into wild-type (n=9) or Kdm4a−/− (n=8)
recipients. The average number (with
s.d.) of pups per recipient is presented.
Statistical significance was determined
with Fisher’s exact test. (B) Wild-type
(n=11) and Kdm4a−/− (n=11) virgin 8- to
10-week-old females were set up for
timed mating with wild-type males
(indicated day 0 with arrow) following
exposure to dirty bedding of stud male.
The time of plug appearance is indicated
with filled black and grey circles for wild-
type (+/+) and Kdm4a knockout (−/−)
females, respectively. Significance for
delay in the number of days (with s.d.)
taken to mate between the two groups
was determined with an unpaired t-test.
(C) Average concentration (with s.d.) of
the indicated intra-ovarian steroid
hormones as measured by GC-MS.
Each measurement from an individual
mouse is represented as an individual
data point. (D) Average concentration
(with s.d.) of the indicated circulating
steroid hormones in serum as measured
by GC-MS. Each measurement from an
individual mouse is represented as an
individual data point. (E) Average
concentration (with s.d.) of circulating
pituitary hormones in serum as
measured by ELISA. Eachmeasurement
from an individual mouse is represented
as an individual data point. Samples for
C-E were collected from wild-type (+/+)
and Kdm4a knockout (−/−) females
during pregnancy at 2.5 dpc and
significance determined with unpaired
t-test. DHT, dihydrotestosterone; E1,
oestrone; E2, oestrogen; P4,
progesterone; T, testosterone.
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transport of biomolecules that complete the implantation process
with stromal decidualization. In Kdm4a−/− uteri, we found 151
downregulated and 169 upregulated genes (log2 FC±0.75,
FDR<0.01). GO analysis revealed that most of the downregulated
genes were predominantly linked to ion transport (including Slc5a5,
Slc13a5, Slc1a1, Fxyd4, Aqp11), metabolic processes (including
Stard5, B3gnt5, Chst10, Cyp11a1, Cyp1b1) and signal receptors
(including Csf2ra, Ptger2, Chrm4, Cadm3) (Fig. 4A, Fig. S6B).
At 2.5 dpc, the uterus is in the pre-receptive stage and expresses

certain genes that are highly enriched in the LE or GE, essentially
forming a gene expression signature for these compartments (Filant
and Spencer, 2013). We found that 35% (53/151) of the top
downregulated genes overlap with those enriched in the LE, but not
in the GE (Fig. 4B, Fig. S6C). On the other hand, only 7.5-8.5% of
upregulated genes were enriched in either the LE or GE (Fig. 4B,
Fig. S6C). This suggests that Kdm4a could have a general function
in the LE. Indeed, loss-of-function studies on LE-enriched genes
that are downregulated in Kdm4a−/− uteri, such as Chst10 and
Ptger2, have shown that they affect female fertility, particularly
implantation rates and pre-implantation development of embryos in
the tract (Suzuki-Anekoji et al., 2013; Kennedy et al., 1999).
Only upon the combined deletion of Kdm4 demethylases, are there

observable changes in the global levels of H3K4me3 and H3K9me3
(Pedersen et al., 2016; Agger et al., 2016). To test whether loss of
Kdm4a in the uterus would lead to changes in H3K4me3 and
H3K9me3 levels, we performed chromatin immunoprecipitation
followed by sequencing (ChIPSeq) in whole uterus at 2.5 dpc. As
previously reported (Pedersen et al., 2016), Kdm4a is localized
primarily to H3K4me3 positive transcription start-sites (TSSs). We
did not observe global changes in H3K9me3 or H3K4me3 levels at
TSSs as a result of Kdm4a deficiency (Fig. 4C), nor at most of the top
downregulated genes. This might be due to dilution of the signal from
more abundant uterine cell types comparedwith the LE cells in which
the gene expression changes occur.
Despite this, we found among the downregulated genes Csf2ra –

the unique binding receptor for the cytokine Csf2 (Table S1). Upon
dimerization with its beta subunit Csf2rb, the combined signalling
of Csf2, Il3 and Il5 is achieved (Hamilton, 2008). Csf2ra is
expressed on the surface of the early embryo and on the maternal
side expression peaks in the uterine stromal cells surrounding the LE
post-mating. Csf2ra signalling plays a beneficial role in female
fertility and regulates maternal cytokine signalling in the tract
(Sferruzzi-Perri et al., 2009; Robertson et al., 2001, 1999; Jasper
et al., 2000). We observed strong binding of Kdm4a across the
Csf2ra gene, which is in agreement with a broad H3K4me3 ‘peak’
at the large CpG-island. Consistent with a role for Kdm4a in
maintaining sufficient levels of Csf2ra expression, loss of Kdm4a
led to an increase in H3K9me3 levels and reduction of H3K4me3
(Fig. 4D). These changes were validated by ChIP-qPCR (Fig. 4E)
and gene expression analysis by qPCR (Fig. 4F). Probably, the
higher abundance of stromal cells allowed us to observe the changes
of H3K4me3 and H3K9me3 associated with Csf2ra. These results
suggest thatCsf2ra is an example of a Kdm4a target gene that has an
important role in regulating the normal uterine function. In
summary, our results show that Kdm4a is important for normal
uterine function, providing a maternal environment conducive for
timely development and progression of early embryos.

Kdm4a intrinsically exerts maternal-effect lethality on
embryos
As Kdm4a is highly expressed in the oocyte, we wanted to
investigate whether it could operate as a maternal effect gene

influencing development of the early embryo. However, as loss of
Kdm4a gives a clear maternal tract phenotype, we chose to address
this hypothesis first in vitro by taking advantage of the fact that pre-
implantation embryos can be easily cultured in vitro in simple media
conditions until the blastocyst is ready for implantation (Richter,
2008). In particular, we wanted to understand how we could
separate the roles of inherited mRNA/protein and endogenous
embryonic Kdm4a in aiding normal pre-implantation development.

To address the role of Kdm4a in early embryogenesis, we set up
different genetic combinations (Fig. 5A): (1) wild-type female mice
paired with wild-type or Kdm4a−/− male mice (controls for normal
development); (2) Kdm4a−/− female mice paired with wild-type
male mice (maternal mutants – no inherited protein but endogenous
copy of Kdm4a from father); and (3) Kdm4a−/− female mice paired
with Kdm4a−/− male mice (maternal zygotic mutant – no inherited
or endogenous copy of Kdm4a).

In the first instance, we set up natural timed mating of at least
three females per condition with males of the appropriate
genotype. Zygotes were isolated at 0.5 dpc upon observation of
vaginal plug. Then we cultured embryos in vitro until 4.5 dpc in
standard conditions to observe whether they formed cavitated
blastocysts (Fig. 5B). As expected, a similar proportion (∼80%)
of wild-type oocytes fertilized with wild-type or Kdm4a−/−

sperm proceeded to form healthy-looking blastocysts (Fig. 5B,
left top and bottom panels; Fig. 5C). Maternal zygotic mutants
had the lowest rate (∼30%) of blastocyst development with a
majority of resulting blastocysts of poor quality (Fig. 5B, lower
right panel; Fig. 5C). Interestingly, the presence of a functional
Kdm4a allele in the sperm improved the outcome with 50% of
embryos forming blastocysts (Fig. 5B, upper right panel;
Fig. 5C). These results indicate that Kdm4a can intrinsically
affect the pre-implantation developmental potential of embryos
through a maternal-zygotic effect.

In a second approach, we cultured control and maternal
zygotic mutant embryos following in vitro fertilization
(Fig. 5D). As the mutants undergo developmental defects, we
wanted to quantify the cellularity of embryos. Both groups had
comparable fertilization rates. For each day of culture, between
10 and 20 randomly picked embryos were fixed and stained with
DAPI to visualize nuclei. Mutant embryos develop
synchronously until the morula stage, after which there was
extensive developmental arrest. Whereas control embryos
progressed to form blastocysts on day 4, the majority of
mutants had arrested between the 8- and 16-cell stage
(Fig. 5D,E).

We next sought to validate our results in vivo. Wild-type and
Kdm4a−/− oocytes were fertilized with Kdm4a−/− sperm as we have
established normal fertility in these males. The resultant two-cell
embryos were equally mixed and bilaterally transferred into
pseudopregnant recipient mice (Fig. 5F, Fig. S7A,B). At 17 dpc,
we performed a Caesarean section and genotyped the resultant
foetuses. All seven recipient mice were pregnant with five of them
harbouring at least six late-stage foetuses. Of the 45 foetuses
retrieved in total, we identified only 13 mutants, which included
four dead foetuses (mortality rate of 25%). The 32 control foetuses
included three dead (mortality rate of 9%). Hence, Kdm4amaternal
zygotic knockout embryos displayed a higher mortality rate and
could not compete effectively with healthy embryos for
implantation, establishing Kdm4a as a maternal effect gene.
Taken together, our results show that the low implantation rates
observed in Kdm4a−/− females are the result of deficiencies in both
the mother and in the embryo.
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Fig. 4. See next page for legend.

3271

RESEARCH ARTICLE Development (2017) 144, 3264-3277 doi:10.1242/dev.155473

D
E
V
E
LO

P
M

E
N
T



DISCUSSION
Here, we have demonstrated that the histone demethylase Kdm4a is
essential for female, but not male, fertility. Mutant females produce
similar numbers of embryos, but display poor implantation rates
despite normal ovarian production of major pregnancy hormones
oestrogen and progesterone. A comprehensive gene expression
analysis revealed maximal gene expression changes in the uterus,
suggesting a general uterine function for Kdm4a. Among
downregulated genes, there was an overlap with genes enriched in
the LE, which mediates uterine receptivity and blastocyst
attachment. The identification of this strong association despite
the complexity of the tissue present in the sample suggests that
Kdm4a has an important role in regulating LE function. Owing to
the overall contribution of the LE to the uterus, the changes in
histone states at affected genes are diluted by more abundant uterine
cell types. Although we did not observe global changes in H3K4 or
H3K9 tri-methylation upon deletion of Kdm4a, we identified the
cytokine receptor Csf2ra as being under direct control of Kdm4a.
Csf2ra dimerizes with Csf2rb to mediate Csf2 (GM-CSF), Il3 and
Il5 signalling (Hamilton, 2008). Csf2ra expression peaks post-
mating within the stromal compartment of the uterus just
surrounding the LE (Robertson et al., 2000b). As Csf2 is known
to be secreted by endometrial cells in the uterus in response to
mating stimuli (Sanford et al., 1992), reduced Csf2ra expression can
locally impact maternal cytokine signalling in the tract. For instance,
Il5-deficient mice have abnormal oestrous cycles and placental
weights, even if no impact on implantation has been reported
(Robertson et al., 2000a). As Csf2ra can mediate Il5 signalling, this
could contribute in part to the delay in mating observed in Kdm4a
null mice. Presently, Csf2ra knockout mice have not been
described, and it is therefore not possible to make a side-by-side
comparison of the functional consequences of losing Kdm4a and
Csf2ra. However, we speculate that the reduced expression of
Csf2ra through its effect on several signalling pathways at least
partly contributes to the strong impact on female reproductive
outcomes in the Kdm4a−/− mice.
Our results also show that Kdm4a has an intrinsic function in

the oocyte and pre-determines the fate of a significant proportion
of embryos as a maternal effect protein. Intriguingly, multiple
studies recently revealed that murine oocytes uniquely harbour
broad H3K4me3 domains in both promotors and intergenic regions
that are actively remodelled as early embryo development proceeds
(Vaquerizas and Torres-Padilla, 2016). As our current understanding
of Kdm4a function places the protein at H3K4me3-positive

promotors in somatic cells, this might in oocytes extend to
intergenic regions to prevent widespread H3K9me3 gain. First,
Kdm4a may be necessary in oocytes for sufficient transcription of
key genes that are part of the build-up of maternal factors and
RNAs prior to transcriptional arrest during meiotic prophase. For
example, the maternal effect gene Khdc3 (also known as FILIA)
(Zheng andDean, 2009) is among the top downregulated genes upon
combined loss of Kdm4a/c in mESCs (Pedersen et al., 2016). Khdc3
is known to regulate genomic stability in mESCs (Zhao et al., 2015)
and similar de-regulation in the oocyte could contribute to the
developmental arrest we observe following Kdm4a deletion.
Moreover, Csf2ra is expressed on the surface of early pre-
implantation embryos, where it promotes glucose transport and
blastomere viability by binding to Csf2 secreted from the uterus
(Robertson et al., 2001). Apart from transcription, Kdm4amight also
have a less-defined role in chromatin compaction, which is important
for meiotic segregation and mitotic DNA replication timing during
cleavage divisions in embryos and eventual embryonic genome
activation (ZGA). Future studies are required to obtain further
insights into Kdm4a function, which should include single-cell
analysis and sequencing of wild-type and Kdm4a mutant cells.
Interestingly, increased levels of Kdm4a have been shown to affect
replication timing in an enzyme-dependent manner (Black et al.,
2010), whereas it regulates DNA-damage response (DDR) in an
enzyme-independent manner (Mallette et al., 2012). Both processes
present conceptually important mechanisms to ensure early cell
identity in the absence of anymajor transcription such as in an oocyte
or early embryo (Egli and LeBin, 2013). Recently, overexpression of
KDM4 demethylase mRNAs dramatically rescued major embryonic
developmental arrest following SCNTof murine and human oocytes
(Chung et al., 2015; Matoba et al., 2014), pointing to a rate-limiting
role in transcriptionally silent oocytes for increased H3K9me3 in
ensuring efficient cell division and DNA replication.

In conclusion, our data demonstrate a dual requirement of
Kdm4a: (1) as a maternal effect gene in ensuring proper early pre-
implantation embryo development, and (2) in maintenance of a
proper uterine environment conducive for embryonic progression
and implantation.

MATERIALS AND METHODS
Generation of Kdm4a null mice
The generation of Kdm4a null mice was recently described (Pedersen et al.,
2016). Mice were maintained on a C57Bl/6 background. χ2 tests were used
to obtain P-values for the observed genotypic distributions. Analysis of
survival curves was performed with a log-rank test in GraphPad Prism.
Mouse breeding pairs were housed in conventional cages behind a specific
pathogen-free barrier and experimental mice were housed in groups at the
University of Copenhagen in individually ventilated cages. All animals were
exposed to 12 h of light (06:00 to 18:00 h) and had free access to water and a
standard mouse chow diet. All mouse work was approved by the Danish
Animal Ethical Committee (Dyreforsøgstilsynet).

Timed matings and embryo analysis
All males used for breeding were previously confirmed to be fertile. Weaned
control and knockout females were housed together until 8 weeks of age to
control for pheromone exposures. Oestrus cycle was activated by exposing
females to male hormones by moving the animals for 2 days into a cage with
dirty bedding material from a cage where a stud male had been housed.
Afterwards, 1:1 breeding with stud males was set up and females were
monitored every morning for vaginal plug formation. For super-ovulation,
immature females of 4 weeks of age were treated following a standard
protocol: intra-peritoneal administration of 5 IU pregnant mare’s serum
gonadotropin (PMSG) per female and, 47 h later, 5 IU human chorionic
gonadotrophin (hCG) per female. Afterwards, they were crossed 1:1 with

Fig. 4. Kdm4a affects maternal cytokine signalling in the uterus during
early development. (A) Gene ontology (GO) analysis for processes affected
by loss of Kdm4a in the uterus focusing on downregulated genes identified by
RNASeq betweenwild-type andKdm4a−/− animals (n=3/group). (B) Overlap of
published uterine luminal epithelium (LE)-enriched genes at 2.5 dpc with
genes that were downregulated or upregulated in the Kdm4a−/− uterus as
revealed in A. (C) ChIPSeq heatmap of Kdm4a, H3K4me3 and H3K9me3
binding in control and Kdm4a−/− uterus. A window size of 10,000 bp was
chosen, centred around transcription start sites (TSSs). The regions were
sorted in descending order of size and generated using EaSeq software.
(D) Screen shots of Kdm4a, H3K4me3 and H3K9me3 enrichments at the
Csf2ra locus. CpG islands are highlighted as green bars and the region
evaluated by ChIP-qPCR is indicated with a black bar. (E) ChIP-qPCR
experiments of H3K4me3, H3K9me3 and IgG (negative control) enrichments
atCsf2ra in wild-type and Kdm4a−/− uterine tissue (with s.d.). (F) RT-qPCR for
mean Csf2ra mRNA (with s.d.) in the 2.5 dpc uterus showing significant
downregulation in the Kdm4a−/− females. Each data point represents one
animal and is the average of technical replicates. Significance was determined
using unpaired t-test.
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stud males. The morning of vaginal plug detection was always considered
0.5 dpc. Zygotes for in vitro culture were isolated at 0.5 dpc, cultured in
KSOMaa Evolve medium (LifeGlobal group) micro-drops covered by

mineral oil (Sigma-Aldrich) and imaged every day. Morulae were flushed
out of the oviduct at 2.5 dpc using M2 medium (Sigma-Aldrich). For
embryo transfer experiments, two-cell embryos were isolated at 1.5 dpc and

Fig. 5. See next page for legend.
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transferred into the oviduct of 0.5 dpc pseudo-pregnant recipient females the
same day, according to standard procedure. For analysis of mid- to late
gestation embryos, plugged females were sacrificed through cervical
dislocation and embryos dissected in cold PBS before imaging with a
dissection light microscope (Leica). All animals were re-genotyped after
sacrifice to confirm identity.

β-Galactosidase assay
Embryos and tissues were subjected to whole mount β-galactosidase
staining. Samples were fixed in 0.25% glutaraldehyde in PBS for 5-30 min
(with longer incubation times for larger samples), washed in PBS
and stained in 20 mM Tris-HCl pH 7.4, 2 mM MgCl2, 0.02% Igepal
CA-630, 0.01% sodium deoxycholate, 5 mM potassium ferrocyanide
and 5 mM potassium ferricyanide. Following overnight post-fixation
with 4% paraformaldehyde (PFA) at 4°C, embryos and tissues were
cleared with 1% KOH containing an increasing glycerol gradient (Schatz
et al., 2005).

Establishment of mouse embryonic stem cells
Tissue culture grade 24-well plates (Fisher Scientific, 142475) were coated
with 0.1% gelatin (Sigma, G9391) at 37°C. Pre-implantation embryos
from control and Kdm4a−/− mice were isolated at 3.5 dpc and cultured
overnight in KSOMaa Evolve medium (LifeGlobal group) to generate
blastocysts. At 4.5 dpc, embryos were placed in individual wells of the
gelatin-coated plates in mESC medium (2i-LIF condition) as described by
Pedersen et al. (2016) to allow hatching and establishment of mESC lines.
The generated cells lines were then tested to be negative for mycoplasma
contamination.

Gonadotropin and steroid measurements
Females were weighed and anaesthetized using an intra-peritoneal dose of
20 µg/µl Avertin (25 µl/g body weight). Blood was withdrawn from the
retro-orbital sinus using heparinized capillaries and transferred to 2 ml
protein low-bind tubes (Eppendorf ). Serum was prepared from blood as
described previously (Hakkarainen et al., 2015). For intra-ovarian steroid
profiling, one ovary per female was collected and immediately flash frozen
in liquid nitrogen. LH, PRL and FSH were measured by dissociation-
enhanced lanthanide fluorescence immunoassay (DELFIA) and intra-
tissue ovarian steroid measurements were performed using gas
chromatography tandem mass spectrometry method. Both methods were
performed as described previously (Hakkarainen et al., 2015; Nilsson
et al., 2015; Haavisto et al., 1993; van Casteren et al., 2000). Animals were
re-genotyped post-sacrifice and the investigators measuring hormones
were completely blinded to the genotypes until post-experiment data
analysis.

RNA extraction, RT-qPCR and gene expression analysis
Tissues were collected, flash frozen in liquid nitrogen and stored at −80°C.
Tissues were homogenized using a Fisherbrand Disposable Pestle system in
RLT+ buffer and RNA was extracted using RNeasy Plus Mini kit (Qiagen,
74136). Reverse transcription was performed with random hexamers using
TaqMan RT reagents (Life Technologies, N8080234). For qPCR,
Lightcycler 480 Sybr Green I Master mix (Roche, 04887352001) was
used with 0.5 µM of each primer in a total volume of 10 µl/reaction. Primer
sequences are listed in Table S3. The housekeeping gene Rplp0was used for
normalization and all data are presented as mean±s.d. for biological
replicates. For RNASeq, only RNA samples with a RIN quality score of
eight or above were used to prepare libraries.

RNASeq
For RNASeq analysis, tissue RNA quality was measured using an Agilent
2100 Bioanalyzer system (Agilent, G2940CA) and RNA 6000 Nano
reagents (Agilent, 5067-1511). RIN scores were at least eight for samples
used in the RNASeq with three biological replicates for each tissue.
RNASeq libraries were generated using the TruSeq RNA Sample Prep Kit
v2 (Illumina, RS-122-2001) and quantified using Qubit (Thermo Fisher
Scientific, Q32851) and the Agilent 2100 Bioanalyzer system (Agilent,
G2940CA). Libraries generated from each individual tissue were pooled to a
final library of 1.8 picomolar (pM) concentration. This pooled library was
subjected to 75 base pair (bp) single-end sequencing on an Illumina
NextSeq500 platform followed by downstream analysis as described below.
In the analysis of data, we used the following cut-offs: absolute fold change
log2(|FC|)>0.75, P<0.05 and FDR<0.1.

RNASeq differential expression analysis pipeline
RNASeq data were analysed using a Galaxy pipeline. Three biological
replicates were used per tissue sample each from an independent animal at
2.5 dpc. Each animal was re-genotyped post-sacrifice to confirm its genetic
identity. Briefly, sequenced files of each sample from multiple lanes were
concatenated into one file using the ‘concatenate’ command. Concatenated
files were converted into fastqsanger format and sequencing quality reports
generated using FastQC tool. After confirming high sequencing quality,
each sample was subjected to sliding window adaptor trimming using the
Trimmomatic tool with an Illuminaclip step specific for TruSeq3 adaptor
sequences. The output file was then aligned to the mm10 reference genome
using RNA-STAR tool for single end sequencing using default parameters to
generate the aligned *.bam file output. The uniquely mapped reads were
counted using htseq-count tool in union mode against the mm10 reference
genome annotation using default parameters to generate the read counts with
features. Finally, we measured differently expressed features from count
tables between the three knockouts (Factor level 1) and controls (Factor
level 2) samples using the DeSeq2 tool using default parameters. This
generated the list of differentially expressed genes with mean normalized read
counts. Thresholds were placed for log2 fold change of 0.75 and adjusted
P-value below 0.1 and the output files for all tissues is presented in Table S2.

Chromatin immunoprecipitation
For tissue ChIP, ovaries from five mice were pooled for preparing
chromatin. In the case of uteri, tissue from females aged 8-12 weeks were
harvested and cut into halves. Fixation was performed for 10 min using 1%
formaldehyde in PBS. Fixation was stopped using 0.125 M glycine and
samples were washed twice with PBS. Chromatin preparation,
immunoprecipitation (IP) and wash and elution were performed as
described previously (Pedersen et al., 2016). For Kdm4a IP, 750 µg -1 mg
chromatin was used per IP (300-1500 bp average size). For H3K4me3 and
H3K9me3 histone IP, 40-100 µg chromatin was used per IP (100-300 bp
average size). All steps were performed in conditions containing HALT
protease inhibitor cocktail (Thermo Fisher Scientific, 78430). Two
nanograms of IP DNA was used to generate ChiPSeq libraries using the
NEBNext Ultra II DNA library prep kit (Illumina, E7645S) and quantified
using Qubit (Thermo Fisher Scientific, Q32851) and the Agilent 2100
Bioanalyzer system (Agilent, G2940CA). Input DNAwas used as negative
control as IgG did not yield enough starting material to generate libraries.

Fig. 5. Kdm4a intrinsically affects embryo development as a maternal-
zygotic gene. (A) Mating scheme and strategy to compare developmental
outcomes in culture between control and maternal Kdm4a knockout embryos.
(B) Representative images of embryos at 4.5 dpc after culture for 4 days
following isolation at 0.5 dpc. The genotypes of the sperm and oocyte are
highlighted along the y- and x-axes, respectively. Delayed/poor quality
embryos are highlighted with asterisks. (C) Comparison of the mean
percentage of zygotes (with s.d.) resulting in healthy-looking blastocysts in
culture. Statistical significance between the experimental group with control
(m+/p+) was performed using t-test. Each data point represents one female
with at least three females per group (n=number of total embryos derived per
group). (D) Scheme for in vitro fertilization and culture of wild-type andKdm4a−/−

oocytes with appropriate sperm genotype (left panel). (E) The mean number of
nuclei (with s.d.) observed per embryo following each day of culture is
compared betweenm+/p+ andm−/p− embryos using an unpaired t-test where
each data point represents one embryo. (F) Bilateral two-cell embryo transfer of
wild-type (control) and Kdm4a knockout eggs fertilized in vitro by knockout
sperm into wild-type recipient mice (7 in all) delivered at 17.5 dpc by C-section.
Control and mutant embryos were mixed in 1:1 ratio and 12 embryos were
transplanted into each oviduct. Graphs represent the number of live embryos
found per recipient as well as cumulative genotype distribution as a percentage
with mutants in black and controls in grey. n.s., not significant.
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1.8 pM of single end pooled library was loaded onto an Illumina
NextSeq500 sequencing platform. For ChiP-RT qPCR, 1 μl of eluate IP
DNA from two biological samples were measured in technical replicates.

ChIPSeq data analysis pipeline
As for RNASeq, sequenced files of each sample were concatenated into one
file using the ‘concatenate’ command. Concatenated files were converted
into fastqsanger format and sequencing quality reports generated using
FastQC tool. After confirming high sequencing quality, input samples were
converted to Sanger formatting through FastQ Groomer tool. Files were
adaptor trimmed using the Cutadapt tool. The output files were mapped to
mm9 mouse genome build using Bowtie for single end Illumina sequencing
to generate aligned *.bam files. Bam files were converted into bedgraph files
using BAM to BED tool. Bedgraph files were used as input files for ChIPSeq
analysis using the open access EaSeq software (Lerdrup et al., 2016).

TSSs were extracted as a region set from the ‘refFlat_mm9_2017-02-10’
gene set based on the annotated positions ranging from the start of 0 with an
offset of −1500 bp to start of 0 with an offset of 500 bp. Regions larger than
100 million bp or smaller than 100 were set to those sizes. Non-canonical
genes (those containing ‘_’ in their name) were excluded.

For H3K4me3 and H3K9me3 ChIPSeq, unique reads from two biological
replicates for each genotype were pooled and shrunk to 25 and 12.9 million
randomly selected reads, respectively, for comparison. For Kdm4a
ChIPSeq, unique reads from wild-type (pooled from two biological
replicates) and knockout (one sample) samples were shrunk to 13.6
million randomly selected reads and compared directly. Heat maps and filled
tracks were generated as described in the software tutorials available online
http://easeq.net/.

Immunohistochemistry
After harvesting, tissues were immediately placed in 4% PFA overnight and
transferred to 70% ethanol the next morning. The tissues were then
embedded in paraffin blocks and 4 µm sections transferred to
SuperFrostPlus slides (Thermo Fisher Scientific). For each experiment,
slides were de-paraffinized, hydrated and subjected to antigen retrieval
using freshly prepared 10 mM sodium citrate with 0.05% Tween (pH 6),
following primary antibody incubation according to the supplier’s
instructions. Sections were then quenched with 0.3% hydrogen peroxide,
incubated with polyclonal goat anti-rabbit immunoglobulins/HRP (DAKO,
P0448) antibody, and the colour development was performed using
NovaRed (Vector Laboratories, SK-4800). Quantification of Ki67- and
Caspase 3-positive staining across whole tissue sections was performed
using ImageJ software as described under http://imagej.net/Particle_
Analysis. Control and knockout tissue samples were subjected to the
same threshold values in all cases.

Nuclei counts of in vitro cultured embryos
Embryos were fixed in 4% PFA at room temperature for 20 min. They
were then blocked and permeabilized in PBS supplemented with 1%
bovine serum albumin (BSA) and 0.5% Triton X-100 for 1 h and washed
three times in PBS supplemented with 1% BSA. Then the embryos were
incubated for 5 min in DAPI (50 μg/ml) and washed again three times in
PBS supplemented with 1% BSA. After a final wash in miliQ water, the
embryos were mounted in Vectashield mounting medium with DAPI
with a coverslip and sealed with nail varnish. Slides were kept overnight
at room temperature in the dark and transferred to 4°C for storage until
imaging. z-stack images were acquired using Leica SP8 confocal
microscope covering the entire embryo and were used to count nuclei
present in each embryo. For each day of culture, at least 15-20 embryos
were fixed and analysed.

Antibodies
Antibodies used in immunohistochemistry: anti-Caspase 3 (1:200, Cell
Signaling Technology, 9661), anti-Ki67 (1:200 Leica, NCL-Ki67p), anti-
Kdm4a (1:100, Cell Signaling Technology, 5328). Antibodies used in
ChipSeq: the Kdm4a (5 μg/ml IP, Cell Signaling Technology, 5328),
H3K4me3 (5 μg/ml IP, Cell Signaling Technology, 9751) and H3K9me3

(2 μg/ml IP, Abcam, ab8898) antibodies used were the same as reported
previously (Pedersen et al., 2016). The substrate specificity of antibodies
recognizing modified histones was confirmed previously with an ELISA
assay using a histone peptide library (Pedersen et al., 2014).

Statistical analyses
Experiments were performed at least twice and with at least five or more
biological samples included per experiment to allow for good sample size
and statistics with individual data points plotted. Graphs are represented
with individual data points in most cases and all error bars representing
mean with standard deviation as a measure of indicating biological data
variability. For qPCR data, only the average of technical replicates is plotted.
Statistical analysis was performed using GraphPad Prism 6. The majority of
the experiments involves two sample one-sided comparisons using t-tests to
assess significant phenotypic differences between wild-type and Kdm4a−/−

animals. Other methods to assess significance have been stated in the
relevant figure legends. Differences with a P-value <0.05 or <0.01 were
considered to be significant and highly significant, respectively.
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