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A B S T R A C T

Temporally-regulated maternal RNA translation is essential for embryonic development, with defective degra-
dation resulting in stalled 2-cell embryos. We show that DDX1, a DEAD box protein implicated in RNA transport,
may be a key regulator of maternal RNA utilization. DDX1 protein localizes exclusively to cytoplasmic granules in
both oocytes and early stage mouse embryos, with DDX1 requiring RNA for retention at these sites. Homozygous
knockout of Ddx1 causes stalling of mouse embryos at the 2–4 cell stages. These results suggest a maternal RNA-
dependent role for DDX1 in the progression of embryos past the 2–4 cell stage. The change in appearance of
DDX1-containing granules in developing embryos further supports a role in temporally-regulated degradation of
RNAs. We carried out RNA-immunoprecipitations (RNA-IPs) to identify mRNAs bound to DDX1 in 2-cell embryos,
focusing on 16 maternal genes previously shown to be essential for embryonic development past the 1- to 2-cell
stages. Five of these RNAs were preferentially bound by DDX1: Ago2, Zar1, Tle6, Floped and Tif1α.We propose that
DDX1 controls access to subsets of key maternal RNAs required for early embryonic development.
1. Introduction

DEAD box 1 (DDX1) is an RNA helicase involved in cellular processes
ranging from RNA transport to the repair of DNA double-strand breaks
(Chen et al., 2002; Kanai et al., 2004; Li et al., 2017; Lin et al., 2014;
Perez-Gonzalez et al., 2014; Popow et al., 2014; Ribeiro de Almeida et al.,
2018; Robertson-Anderson et al., 2011). DDX1 is most often found in the
nucleus of the cell where it associates with nuclear bodies involved in
RNA processing such as Cajal bodies, gems and cleavage bodies (Bleoo
et al., 2001; Li et al., 2006). DDX1 is also found in RNA granules located
in the cytoplasm of neurons (Kanai et al., 2004; Miller et al., 2009). These
RNA granules are involved in the transport of RNAs in neuronal cell
bodies and processes so that they can be translated where they are
needed.When cells are treated with ionizing radiation, DDX1 co-localizes
with proteins involved in the repair of DNA double-strand breaks (Li
et al., 2008b, 2016, 2017). There is evidence pointing to a role for DDX1
in the clearance of RNA at DNA double-strand breaks located in tran-
scriptionally active genomic regions (Li et al., 2008b, 2016, 2017).
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The biological role of DDX1 remains poorly understood. DDX1 cDNA
was first cloned from retinoblastoma cell lines carrying amplified copies
of the DDX1 and MYCN genes (Godbout and Squire, 1993). DDX1 was
subsequently found to also be amplified and overexpressed in other pe-
diatric cancers such as neuroblastoma and alveolar rhabdomyosarcoma
(Akiyama et al., 1999; Amler et al., 1996; Godbout et al., 1998; Noguchi
et al., 1996; Squire et al., 1995). More recently, elevated levels of cyto-
plasmic DDX1 have been shown to correlate with early recurrence in
breast cancer, regardless of cancer subtype (Germain et al., 2011).
Intriguingly, levels of DDX1 may be predictive of breast cancer response
to chemotherapy and hormone therapy (Balko and Arteaga, 2011; Ger-
main et al., 2011).

Ddx1 knock-out models have been generated in both Mus musculus
and Drosophila melanogaster. Although viable, Ddx1-null flies are smaller
in size than their wild-type counterparts. Males are sterile due to dis-
rupted spermatogenesis, whereas females show much reduced fertility
with egg chambers undergoing autophagy (Germain et al., 2015). In
contrast, loss of Ddx1 function in mice leads to early embryonic lethality,
ualberta.ca (Y. Wang), leil@ualberta.ca (L. Li), lyasmin@ualberta.ca (L. Yasmin),
R. Godbout).
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with embryos dying pre-blastocyst (Hildebrandt et al., 2015). This dif-
ference in phenotype between mice and flies may in part be explained by
the presence of maternal Ddx1 protein in Ddx1-null flies up to the second
instar, at 48 h post-egg laying (Germain et al., 2015). Intriguingly, we
also observe Ddx1 wild-type lethality when crossing second generation
Ddx1 heterozygote mice (Hildebrandt et al., 2015). Our results suggest
that transcription of the wild-type Ddx1 allele is up-regulated in Ddx1þ/�

mice, leading to lethality when these heterozygote mice are subsequently
mated due to overexpression of DDX1 in wild-type mice.

The initial stages of mouse development are dependent on the
maternal complement of transcripts and proteins (Li et al., 2010; Tang
et al., 2007). In mammals, oocytes and surrounding cumulus cells
generate the maternal transcripts required by the oocyte and the fertil-
ized zygote. Maternally transcribed genes such as Zygote arrest 1 (Zar1)
and transcription intermediary factor 1, alpha (Tif1α also known as
Trim24) are important for the progression of the embryo beyond the 1- or
2-cell stage, respectively (Jiao and Woodruff, 2013; Torres-Padilla and
Zernicka-Goetz, 2006; Wu et al., 2003). Zar1 and Tif1α affect pronuclear
syngamy and promote the first wave of zygotic genome activation,
respectively.

For development to proceed past the initial divisions, the zygote has
to undergo genome activation (Nothias et al., 1996; Schultz, 1993; Zeng
and Schultz, 2005). The maternal-to-zygotic transition (MZT) occurs just
after fertilization and is mostly completed by the 2-cell stage in mice and
by the 8-cell stage in humans and bovines (Schultz, 1993, 2002; Telford
et al., 1990). The first component of MZT is the active degradation of
oocyte-specific transcripts, a process believed to trigger embryonic
transcription (Piko and Clegg, 1982; Schultz, 2002). Transcript degra-
dation in the cytoplasm is associated with the ‘RNA induced silencing
complex’ (RISC) (Lykke-Andersen et al., 2008). The endoribonuclease
Argonaute 2 (Ago2) encoded by maternal mRNA is one of the key pro-
teins involved in the degradation of maternal transcripts and the loss of
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the maternal Ago2 transcripts results in embryonic lethality at the 2-cell
stage (Lykke-Andersen et al., 2008). Once oocyte-specific degradation
occurs, embryonic genes are reprogrammed through chromatin remod-
eling and embryonic transcription activated (Clapier and Cairns, 2009;
McLay and Clarke, 2003). The large burst of transcription associated with
zygotic gene activation does not occur until the 2-cell stage, and there is
no delay in the translation of these transcripts (Carter et al., 2003;
Hamatani et al., 2004; Wang et al., 2004).

We have previously shown that Ddx1�/� mouse embryos die prior to
the blastocyst stage (Hildebrandt et al., 2015). Here, we demonstrate that
Ddx1�/� embryonic development stalls at the 2- to 4-cell stages in vitro.
Based on immunostaining data, DDX1 is predominantly found in cyto-
plasmic granules in pre-implantation embryos. Cytoplasmic DDX1
granules are dynamic, changing in size and appearance as development
progresses from the zygote to the blastocyst stages. DDX1 granules
co-localize with two proteins previously associated with stress granules,
TIA-1 and TIAR (Kedersha et al., 1999). Our data suggest that DDX1, but
not TIAR/TIA-1, accumulation in cytoplasmic granules in early embryos
is dependent on the presence of RNA. We propose that DDX1 is part of an
essential complex that controls RNA bioavailability early in embryonic
development by binding to maternal transcripts that are essential for
early embryonic development.

2. Results

2.1. DDX1 expression in adult mouse ovaries and maturing oocytes

We examined the subcellular localization of DDX1 in mouse ovaries.
DDX1 was highly expressed in the developing oocytes and the sur-
rounding granulosa cells of the ovaries (Fig. 1A). Stromal cells between
follicles had low to no expression of DDX1, while the cells of the corpus
luteum were positive for nuclear DDX1 with weak diffuse cytoplasmic
Fig. 1. DDX1 expression in mouse ovaries and
oocytes. (A) Sections of adult mouse ovaries were
immunostained with anti-DDX1 antibody. Gr: Gran-
ulosa cells; O: Oocytes; F: Follicles; S: Stromal cells;
CL: Corpus luteum. (B) Germinal vesicle oocytes, MI
(meiosis I) oocytes and MII oocytes were immuno-
stained with anti-DDX1 antibody and counterstained
with DAPI for nucleus detection. Oocytes are dis-
played as 2D projections of Z-stacks imaged by
confocal microscopy. Scale bars¼ 20 μm. (C) Surface
rendering by Imaris software was used to calculate the
number and volume of DDX1 granules. Statistical dif-
ferences were calculated by Welch’s t-test using Prism
software (*P < 0.05; ****P < 0.0001).
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staining. All oocytes examined, regardless of maturation state, showed a
strong DDX1 signal throughout the cytoplasm.

To further examine the subcellular distribution of DDX1 in oocytes,
we collected oocytes at the germinal vesicle (GV) stage (immature oo-
cytes) from both C57BL/6 and FVB mice. GV oocytes were immuno-
stained with anti-DDX1 antibody and z-stacks were used to generate
maximum intensity projections of DDX1 localization. Imaris software
was used to reconstruct 3D structures from the z-stacks. DDX1 granules
averaging 1.2 μm3 in volume were found throughout the cytoplasm with
~7000 granules per GV oocytes (Fig. 1B and C). No DDX1was detected in
the nucleus based on examination of single optical sections. Similar re-
sults were obtained in meiosis I (MI) and meiosis II (MII) oocytes, except
that there were fewer DDX1 granules per oocyte and DDX1 granules were
smaller in size (Fig. 1B and C).
2.2. DDX1 expression in pre-implantation embryos

Analysis of single-cell RNA sequencing data (Biase et al., 2014)
revealed significant increases in Ddx1 RNA levels from the zygote to the
4-cell stage, with an ~2-fold increase from zygote to 2-cell stage, and a
further 3-fold increase from the 2-cell to 4-cell stage (Fig. 2). These re-
sults suggest that Ddx1 is one of the few zygotic genes activated during
the minor wave of the MZT starting at zygote stage. We therefore
examined DDX1 distribution in early stage embryos. In 1-cell stage em-
bryos, the DDX1 immunostaining pattern was similar to that observed in
unfertilized oocytes, with numerous granules found throughout the
cytoplasm of the embryo (Fig. 3A). There was no detectable DDX1 in the
nucleus of 1-cell stage embryos. DDX1 remained abundant in 2-cell and
4-cell embryos, with numerous DDX1-containing granules observed
throughout the cytoplasm. By the 4-cell stage, fewer DDX1 granules were
present; however, they appeared larger and less circular. By the 8-cell
stage, DDX1 granules were variable in size and shape with what
appeared to be aggregates (or clumps) of DDX1 granules throughout the
cytoplasm. This trend towards aggregation was even more obvious in
blastocysts, with fewer, but larger granules observed. Aggregates were
unevenly distributed in blastocyst cells, and were mostly found sur-
rounding the nucleus.

We quantified the gradual decrease in the number of DDX1 granules
from the 1-cell (zygote) stage to the blastocyst stage (Fig. 3B and C). In 1-
cell embryos, there was an average of ~3200 granules per embryo and
the average granule size was 0.9 μm3. In 2-cell embryos, there was an
average of ~1700 granules with an average volume of 2.6 μm3. In 4-cell
stage embryos, there were ~600 DDX1 granules per embryo with an
Fig. 2. Ddx1 RNA in embryos. Single cell sequencing data for zygotes, 2- cell
and 4-cell stage embryos were obtained from Biase et al. (Biase et al., 2014).
Data were merged with custom R scripts and rsqlite package. DDX1 expression
profiles were extracted and plotted with Prism. Unpaired t-test between 2- and
4-cell embryos, Welch’s t-test between zygote and 2-cell, and Welch’s t-test
between zygote and 4-cell were performed with Prism (*P < 0.05; ***P < 0.001;
****P < 0.0001).

422
average volume of ~9 μm3. There was one outlier with elevated granule
numbers in the 4-cell embryo sample group, but this may have been an
early 4-cell embryo in which the smaller DDX1 granules were still tran-
sitioning to larger granules. By the 8-cell stage, DDX1 granules had again
increased in size to ~12 μm3 although there was significant variation in
granule volume. There were only ~200 large granules per 8-cell embryo.
Large DDX1 aggregates with variable appearance were observed at the
early (32-cell) blastocyst stage. While the total number of distinct ag-
gregates was low (~50), these varied in volume from 15 to 60 μm3. There
was no significant difference in either the numbers or appearance of
DDX1 aggregates in the inner cell mass (ICM) and trophoblast cells of
early blastocysts.

As mentioned earlier, DDX1 is primarily found in the nucleus of post-
embryonic cells. To determine when the transition from a primarily
cytoplasmic localization to a primarily nuclear localization takes place
during development, we immunostained later stage blastocysts cultured
from 1-cell embryos. A reduction in cytoplasmic DDX1, accompanied by
an increase in nuclear DDX1, was observed as blastocysts transitioned
from early (Fig. 3A, bottom panels) to late stages (Fig. 4A). DDX1 sub-
cellular distribution was similar in the ICM and trophoblast cells of later
stage embryos (magnified in Fig. 4A). To examine DDX1 subcellular
distribution in hatched blastocysts, we cultured E3.5 blastocysts for 48
and 72 h. Hatched blastocysts at 48 h showed weak DDX1 immuno-
staining in the nucleus of trophoblast cells (Fig. 4B). By 72 h in culture,
the majority of DDX1 was found in the nucleus of trophoblast cells
(Fig. 4B). The thickness of the ICM in hatched embryos precluded
detailed analysis of DDX1 subcellular distribution. Overall, these results
suggest different roles for DDX1 in embryos compared to post-embryonic
tissues.

To determine whether there are different forms of DDX1 in embryos
versus post-embryonic cells, we first examined single-cell RNA
sequencing data (GSE57249) from 1-cell, 2-cell, 4-cell, 8-cell and blas-
tocyst embryos (Biase et al., 2014). All exons were present in these early
stage embryos (data not shown). Although 90% of the single cell
sequencing data from 2- cell and 4-cell stages showed identical DDX1
RNA sequencing patterns to that of post-embryonic RNA, we noted that a
small percentage of 2-cell and 4-cell stage embryos (4/40 embryos), but
not ICM or trophoblast cells (0/7), had sequences that mapped to intron
1. To pursue the possibility of alternative splicing in early stage embryos,
we extracted RNA from 2 sets of 2-cell stage embryos and used RT-PCR
and four sets of primers spanning all known exons of Ddx1 to examine
embryonic Ddx1 RNA. Although the signal intensity was weak using
primers spanning exons 1 and 9, bands were of the expected sizes and
appeared identical to bands obtained using adult mouse brain RNA
(Fig. 5A). Similarly, primers designed to amplify exons 10 to 16, exons 17
to 21 and exons 22 to 26 generated same size bands using 2-cell and adult
mouse brain RNA.

To further investigate the possibility of different forms of DDX1 being
expressed in early stage embryos versus post-embryonic cells, we carried
out western blotting using lysates prepared from two hundred 2-cell
stage embryos, R1 mouse embryonic stem cells (E3.5), and adult
mouse brain. Similar size DDX1 protein bands were observed in all three
samples using two different anti-DDX1 antibodies recognizing the N-
terminus (aa 1–186) or C-terminus (aa 187–740) of DDX1 (Fig. 5B and
C). Thus, based on combined RNA sequencing, RT-PCR and Western blot
analyses, we were unable to find evidence of different forms of DDX1 in
early stage embryos versus post-embryonic cells.

2.3. DDX1 granules do not co-localize with proteins associated with RNA
decay and RNA processing bodies

As DEAD box proteins are known to be involved in RNA transport,
RNA processing and RNA degradation, we co-immunostained 2-cell
embryos using antibodies that detect proteins associated with various
RNA-related processes: DDX3 (Fig. 6; with magnification in Fig. S1),
involved in RNA transport and translational control, and associated with



Fig. 3. DDX1 localization in pre-implantation embryos. (A) Embryos at stages E0.5 (zygote or 1-cell), 1.5 (2-cell), 2 (4-cell), 2.5 (8-cell) and 3.5 (blastocyst) were
immunostained with anti-DDX1 antibody and counterstained with DAPI for nucleus detection. DDX1 granules were observed exclusively in the cytoplasm. Embryos
are displayed as 2D projections of Z-stacks imaged by confocal microscopy. Scale bars ¼ 20 μm. (B, C) Surface rendering by Imaris software was used to calculate the
number (B) and volume (C) of DDX1 granules at each embryonic stage. Statistical differences were calculated by one-way ANOVA using Prism software. (**** in-
dicates P < 0.0001).
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processing (P)-bodies (Chahar et al., 2013; Lai et al., 2008; Soto-Rifo
et al., 2012); EXOSC5 (Fig. 6; with magnification in Fig. S2), a component
of the exosome associated with RNA processing and degradation (Mae-
kawa et al., 2015; Zinder and Lima, 2017); GW182 (Fig. 6; with
magnification in Fig. S3), associated with miRNA silencing and
GW-bodies or P-bodies (Serman et al., 2007); and p54/RCK (DDX6)
(Fig. 6; with magnification in Fig. S4), associated with P-bodies (Ayache
et al., 2015; Chahar et al., 2013; Tritschler et al., 2009). There was no
co-localization of DDX1 granules with any of these proteins. Similarities
in the localization of DDX3, GW182 and DDX6 suggest focused RNA
processing/degradation activity at opposite poles near the outer edge of
2-cell embryos. We also examined whether DDX1 was associated with
either mitochondria or endoplasmic reticulum (ER). No co-localization
was observed between DDX1 granules and either MitoTracker Deep
Red, a mitochondria staining dye (Fig. S5) or calnexin, an ER marker
(Fig. S6).

2.4. DDX1 granules co-localize with TIA-1 and TIAR, proteins normally
found in stress granules of somatic cells

DDX1 aggregates in nuclear bodies of mammalian (non-embryonic)
cell lines cultured under normal growth conditions. Exposure to stressors
such as heat shock and oxidative stress results in aggregation of DDX1 in
cytoplasmic stress granules (Kunde et al., 2011; Onishi et al., 2008). We
therefore co-immunostained early stage embryos with anti-DDX1
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antibody as well as antibodies to stress granule markers including TIA-1
and TIAR (Kedersha et al., 1999). Co-localization of TIA-1 with DDX1
granules was not observed in 1-cell stage embryos; however, significant
co-localization was observed from the 2-cell to blastocyst stages (Fig. 7).
Co-immunostaining of TIAR with DDX1 granules was also observed in
embryos, but only from late 2-cell to 8-cell stages (Fig. S7). In contrast to
DDX1 and TIA-1, TIAR expression was restricted to the nucleus at the
blastocyst stage. We also examined co-localization of SMN with DDX1
granules, as DDX1 nuclear bodies reside adjacent to or co-localize with
gems (SMN-containing nuclear bodies) (Bleoo et al., 2001; Li et al.,
2006), and SMN is observed in stress granules when mammalian cells are
exposed to stress-inducing agents. There was no clear co-localization of
SMN with DDX1 granules in 2-cell stage embryos (Fig. S8). Similarly,
co-immunofluorescence analysis using two other markers of stress
granules, FXR1 and RACK1 (Arimoto et al., 2008; Gareau et al., 2013;
Herman et al., 2018; Mazroui et al., 2002; Ohn et al., 2008), showed no
co-localization with DDX1 granules (Fig. S9). These results suggest that
co-localization of TIA-1 and TIAR with DDX1 granules does not simply
represent a reconstruction of stress granule-like structures in embryos but
reflects an embryo-specific association between DDX1 granules and
TIA-1/TIAR proteins.

As TIA-1 and TIAR are both associated with stress granules in
mammalian cell lines, we were interested to see if the number and
appearance of DDX1 granules were affected by stress. Embryos were
collected and either heat-shocked at 43 �C for 45min or incubated at



Fig. 4. DDX1 relocates to the nucleus in late blas-
tocysts. (A) 1-cell stage embryos were cultured in
M16 medium to the blastocyst stage. Mid and late pre-
hatched blastocyst stages were selected based on
blastocyst size and cell numbers, and immunostained
with anti-DDX1 antibody. Cytoplasmic DDX1 granules
gradually disappeared with blastocyst development.
The DDX1 signal is purposely saturated to more clearly
show the presence of DDX1 in the nucleus. A magni-
fication of the inner cell mass (ICM) and trophoblast
cells is shown on the right. (B) E3.5 embryos were
cultured for either 48 h or 72 h and hatched blasto-
cysts immunostained with anti-DDX1 antibody. DAPI
was used to stain the nuclei. An increase in the relative
amount of DDX1 in the nucleus of trophoblasts in
hatched blastocysts was observed at 48 h compared to
pre-hatched blastocysts. By 72 h, most of the DDX1
was found in the nucleus of trophoblasts. The ICM of
hatched blastocysts was too thick to allow accurate
visualization of DDX1 subcellular patterns. Scale
bars¼ 20 μm.
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37 �C in KMSO medium for 45min. Embryos were then fixed and
immunostained with anti-DDX1 and either anti-TIA-1 or TIAR anti-
bodies. There was no difference between control and heat-shocked em-
bryos in either the immunostaining patterns of DDX1 and TIA-1 or that of
DDX1 and TIAR (Fig. S10). Similar results were observed when we
treated 2-cell embryos with 1mM H2O2 for 4 h (data not shown). These
results suggest that early stage embryos do not form classic-style stress
granules in response to environmental stress.

2.5. DDX1 granule formation is dependent on RNA and transcription but
not translation

We next asked whether RNA is required for DDX1 granule formation
in early embryos. We first stained 2-cell stage embryos with acridine
orange (2 μM for 20min) to see if acridine orange could be used to detect
RNAs in DDX1 granules. Although numerous small foci, along with a few
large foci, were observed in acridine orange-stained cells, there was no
apparent co-localization of acridine orange with DDX1 granules
(Fig. 8A). One possibility is that acridine orange is not able to access the
RNAs bound by DDX1.

As a second approach, we treated 2-cell stage embryos with ribonu-
clease A (RNase A) to examine the effect of RNA removal on the number
and appearance of DDX1 granules. Embryos were pre-treated with 0.1%
saponin prior to fixation followed by treatment with 150 μg/ml RNase A
in PBS. Saponin-treated embryos followed by incubation in PBS served as
the negative control. Embryos were then fixed, co-immunostained with
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anti-DDX1 and anti-TIA-1 antibody, and imaged. Although detergent
treatment caused some cell shrinkage, DDX1/TIA-1 granules were still
present in control embryos (Fig. 8B). However, upon RNase A treatment,
a significant portion of DDX1 granules disappeared resulting in mostly
diffuse cytoplasmic DDX1 immunostaining. Intriguingly, TIA-1 localiza-
tion to granules was unaffected by RNase A treatment (Fig. 8B). These
data suggest that DDX1 forms a complex with RNA during early em-
bryonic stages, and that RNA is required for retention of DDX1, but not
TIA-1, within granules.

We then examined the effect of transcription and translation in-
hibitors on DDX1 granules. Treatment of 2-cell stage embryos with
100 μg/ml cycloheximide for 8 h (to inhibit translation) had no effect on
either the number or appearance of DDX1 granules (Fig. 9A). However,
treatment of 2-cell stage embryos with 200 μM cordycepin for 8 h (to
inhibit transcription) resulted in some disruption/clumping of DDX1
granules (Fig. 9B). These results suggest a role for newly-synthesized
RNA but not newly-synthesized protein in maintenance of the DDX1
granules typically observed in 2-cell stage embryos.

2.6. Ddx1�/� embryos stall at the 2- to 4-cell stage

Genotyping analysis revealed loss of Ddx1�/� embryo prior to the
blastocyst stage. To further address when Ddx1�/� embryos die, E0.5
embryos from either wild-type or first generation Ddx1þ/� X Ddx1þ/�

intercrosses were collected and allowed to develop in vitro in microdrops
of KMSO culture medium. The embryos were examined for their



Fig. 5. DDX1 RNA and protein in 2-cell embryos, R1 cells and mouse brain.
(A) Total RNAs were prepared from either seven or eight 2-cell embryos (ob-
tained from two mice), or adult mouse brain tissue. RT-PCR analysis was carried
out using 4 sets of primers covering all Ddx1 exons. The signal obtained for
exons 1 to 9 was saturated in order to visualize the bands in 2-cell embryos. (B)
Whole cell lysates were prepared from 2-cell embryos and R1 cells. Different
amounts of R1 cell lysate (2.5 μg, 5 μg and 10 μg per lane) were loaded to allow
comparison with 2-cell embryos. (C) Forty μg whole cell lysates from either
adult mouse brain or R1 cells were loaded in each lane. (B, C) Cell lysates were
electrophoresed in SDS-PAGE gels and immunoblotted using two different anti-
DDX1 antibodies targeting different parts of DDX1 [N-terminal DDX1 (aa 1–186)
and C-terminal DDX1 (aa 187–740)]. Size markers are indicated on the left of
each blot.
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developmental progression every 24 h. For wild-type crosses, we found
the expected progression from 2- to 4- to 8-cell stages at 24 h, 48 h and
72 h, respectively. Of the 17 wild-type embryos analysed, 94% (16/17)
reached the 8-cell stage by 72 h, with one embryo stalled at the 1-cell
stage for the duration of the experiment (Table 1). For heterozygous
intercrosses, 92% (134/146) of the embryos reached 2-cell stage by 24 h.
However, only 99 embryos (68%) and 94 embryos (64%) reached 4- and
8-cell stages by 48 h and 72 h, respectively (Table 1). Thirty-five embryos
(24%) were still at the 2-cell stage at 48 h, while 24 embryos (16%) and
16 embryos (11%) were at the 2-cell and 4-cell stage, respectively, at
72 h. Thus, 16% of intercross embryos failed to progress past the 2-cell
stage, and an additional 11% failed to progress past the 4-cell stage
after 72 h. Twelve embryos (8%) remained at the one-cell stage
throughout the time analysed. In comparison, 1/17 (5%) of wild-type
embryos remained at the one-cell stage.

To determine whether the stalled embryos were Ddx1�/�, we
cultured embryos from both wild-type and first generation Ddx1þ/� in-
tercrosses for 72 h, fixed and immunostained the embryos with anti-
DDX1 antibody. 2- and 4-cell stage embryos from wild-type crosses
showed abundant DDX1 granules throughout the cytoplasm (Fig. 10A).
In contrast, stalled 2-cell and 4-cell stage embryos from Ddx1þ/�
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intercrosses had an abnormal number of nuclei and virtually no DDX1
immunostaining (Fig. 10B).

2.7. DDX1 RNA-immunoprecipitation of 2-cell stage embryos

Like other members of the DEAD box family, DDX1 binds RNA (Chen
et al., 2002; Han et al., 2014; Li et al., 2008b, 2016). To address DDX1’s
role in embryonic development, we carried out RNA-DDX1 immuno-
precipitation to identify RNAs bound to DDX1. We collected three hun-
dred 2-cell stage embryos and divided them into 2 groups: control
immunoprecipitation with IgG and experimental immunoprecipitation
with DDX1 antibody. To identify potential RNA targets of DDX1, we
carried out RT-qPCR of 16 genes whose maternal absence causes stalling
of embryo development at 1- to 2- or 2- to 4-cell stages. Included in our
set of 16 genes were Ago2 (Lykke-Andersen et al., 2008), Bnc1 (Ma et al.,
2006), Brg1 (Griffin et al., 2008; Singh et al., 2016), Brwd1 (Pattabiraman
et al., 2015; Philipps et al., 2008), Dicer1 (Murchison et al., 2007; Tang
et al., 2007), Floped (Li et al., 2008a), Hr6α (Roest et al., 2004), Mater
(Tong et al., 2000), Padi6 (Xu et al., 2016; Yurttas et al., 2008), Tle6 (Li
et al., 2008a), Tif1α (Torres-Padilla and Zernicka-Goetz, 2006), Zar1 (Wu
et al., 2003), Filia (Ohsugi et al., 2008), Hsf1 (Bierkamp et al., 2010;
Christians et al., 2000), Npm2 (Kim and Lee, 2014; Ogushi et al., 2017),
Zfp36l2 (Li et al., 2010; Ramos et al., 2004).

Three independent pre-amplifications from each of the IgG and DDX1
immunoprecipitations were carried out to generate sufficient material for
RT-qPCR analysis. Although a significant amount of variation was
observed between the three technical replicates, 8/16 RNAs (Ago2,
Brwd1, Dicer1, Floped, Tle6, Tif1α, Zar1 and Zfp3612) showed close to 10-
fold increases compared to IgG control. Of these 8 RNAs, 2 RNAs (Ago2
and Zar1) showed differences of 2-fold or higher in 2 pre-amplifications
and 3 (Tle6, Floped and Tif1α) showed differences of 2-fold or higher in all
3 pre-amplifications (Fig. 11).

3. Discussion

DDX1 is widely expressed in cell lines and tissues, with a primarily
nuclear distribution (Bleoo et al., 2001; Godbout et al., 2002, 2007). In
general, proliferating cells and cells of neuroectodermal origin express
the highest levels of DDX1 (Fagerberg et al., 2014). We observed dif-
ferences in the localization of DDX1 within ovaries, with cortical stroma
cells and granulosa cells in follicles showing both nuclear and cyto-
plasmic DDX1. Cells of the theca externa (cells directly surrounding the
follicles) showed either low or no DDX1 expression. Oocytes within each
follicle also had very high levels of DDX1, but in contrast to granulosa
cells, DDX1 was exclusively found in the cytoplasm. The cytoplasmic
distribution of DDX1 observed after fertilization (1-cell to blastocyst
stages) suggests related roles for DDX1 in oocytes and early stage
embryos.

The appearance of cytoplasmic DDX1 granules underwent a dramatic
change over time. In oocytes and 1-cell embryos, DDX1 was found in
small granules throughout the cytoplasm, in keeping with the reported
uniform distribution of maternal RNAs in oocytes and early embryos (Xie
et al., 2018). After fertilization, the number of DDX1 granules gradually
decreased while increasing in size, seemingly aggregating with each
other in blastocysts. As DDX1 granules are already present in maturing
oocytes, and RNA is required for DDX1 aggregation in granules, an
explanation for the changes in DDX1 distribution patterns is that DDX1’s
binding targets are maternal RNAs which are progressively getting
degraded. It has been estimated that ~100 picograms of maternal RNAs
are stored in developing oocytes (Clarke, 2012; Eckersley-Maslin et al.,
2018; Piko and Clegg, 1982). These RNAs play key roles in embryonic
development and undergo highly-regulated programs of translational
activation and degradation. Mechanisms underlying their protection
versus translation versus degradation remain poorly understood. We
propose that DDX1 either protects or regulates the availability of
maternal mRNAs during early embryonic development. As the need for



Fig. 6. DDX1 does not co-localize with RNA processing bodies. Two cell stage embryos were co-immunostained with DDX1 and the following antibodies: anti-
DDX3 (P-bodies), anti-EXOSC5 (exosome), anti-GW182 (P-body), and anti-DDX6 (P-body). There was no co-immunostaining of DDX1 with any of these proteins.
Embryos are displayed as 2D projections of Z-stacks imaged by confocal microscopy. Scale bar¼ 20 μm.
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maternal RNAs decreases and maternal RNAs are degraded, DDX1 binds
to fewer RNAs resulting in larger aggregates as the result of clustering of
DDX1 with the remaining maternal RNAs. In this regard, it is interesting
that the localization of DDX1 granules within embryos changes over
time, shifting from throughout the cytoplasm to large aggregates pri-
marily located on one side of the nucleus. The latter may represent
positioning of DDX1 for rapid entry into the nucleus once the proper
signals are in place. In keeping with this idea, analysis of DDX1 subcel-
lular localization in cultured blastocysts shows that DDX1 begins to move
into the nucleus of ICM and trophoblast cells at the later blastocyst stages.

Development-dependent alterations in the subcellular localization of
DDX1 could be driven by a number of factors, including alternative
splicing giving rise to different DDX1 isoforms, post-translational modi-
fications such as phosphorylation, as well as DDX1 protein interactors. To
our knowledge, there are no reports of DDX1 alternative splicing in the
literature although RNA sequencing databases reveal the presence of
intronic regions in some cell types. Of specific relevance to our study,
single cell sequencing of early stage mouse embryos (Biase et al., 2014)
indicates the presence of DDX1 intron 1 sequences in a small percentage
(~10%) of embryos. However, we were not able to confirm the presence
of intron 1 sequences, or obtain evidence of alternative splicing, in 2-cell
stage embryos based on RT-PCR. Similarly, there are a number of reports
indicating that DDX1 can be phosphorylated (Han et al., 2014; Li et al.,
2008b) as well as ubiquitinated (Oshikawa et al., 2012). Again, we were
not able to obtain evidence of post-translational modification of 2-cell
stage embryos based on western blotting. As not all post-translational
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modifications cause a shift detectable by western blotting, additional
strategies (e.g. 2D gel electrophoresis) will be required to further inves-
tigate the nature of DDX1 in early stage embryos compared to later-stage
cells. Whether DDX1 is post-translationally modified or not in early stage
embryos, it seems likely that protein interactors play a key role in the
mobilization and subcellular localization of DDX1 during development.

DDX1 has previously been reported to associate with cytoplasmic
RNA-containing granules, including RNA transport granules in neuronal
cells and stress granules in mammalian cells exposed to environmental
stressors such as heat shock (Kanai et al., 2004; Miller et al., 2009; Onishi
et al., 2008). Although various RNA-binding protein (RNP) complexes
have been described in early stage mouse embryos, including P-bodies
(Chuma et al., 2006; Clark and Eddy, 1975; Flemr et al., 2010; Kim et al.,
2012; Lue et al., 1999; Pepling et al., 2007; Spiegelman and Bennett,
1973; Voronina et al., 2011), DDX1 granules appear to be distinct from
these as we observed no co-immunostaining of DDX1with DDX3, GW182
or DDX6 (markers for P-bodies and germ cell granules). Intriguingly, we
found co-localization of DDX1 granules with two RNA-binding proteins,
TIA-1 and TIAR, normally associated with stress granules in mammalian
cells exposed to environmental stressors such as heat-shock and oxidative
stress (Arimoto-Matsuzaki et al., 2016; Gilks et al., 2004; Kedersha et al.,
1999; McDonald et al., 2011). This association was found as early as
2-cell stage embryos.

Stress granules are sites of RNA triage, and contain messenger ribo-
nucleoproteins stalled in translation initiation (Anderson and Kedersha,
2008; Protter and Parker, 2016). TIA-1 and TIAR play structural and



Fig. 7. DDX1 co-localizes with TIA-1 in pre-implantation embryos. DDX1 co-immunostaining with anti-TIA-1 antibody revealed co-localization of TIA-1 with
DDX1 granules from the zygote to the blastocyst stages. Arrows point to DDX1 granules that co-localize with TIA-1. Embryos are displayed as 2D projections of Z-stacks
imaged by confocal microscopy. Scale bar¼ 20 μm.
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functional roles in stress granules, acting as recruitment sites for other
proteins as well as transcripts (Bley et al., 2015; Gilks et al., 2004;
Kedersha et al., 1999). DDX1 and TIA-1 co-immunostaining was
observed from the 2-cell to blastocyst stages, as well as in cultured
blastocysts. In contrast, there was little co-immunostaining between
DDX1 and TIAR by the 8-cell stage, with TIAR showing a primarily nu-
clear distribution pattern in 8-cell embryos and blastocysts. Unlike DDX1
granules which were affected by RNase A treatment, the distribution
pattern of TIA-1 in granules did not change when 2-cell embryos were
treated with RNase A. These results suggest that whereas RNA is required
for the retention of DDX1 in granules, this is not the case for TIA-1. As
TIA-1 has previously been associated with transport of RNAs to stress
granules (Gilks et al., 2004), it’s possible that TIA-1 is also involved in the
transport of RNAs within the early stage embryos. Of note, none of the
other components of stress granules tested, including FXR1 and RACK1
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co-localized with DDX1 granules. Therefore, although they contain RNA,
DDX1 granule formation in embryos may not be related to stress granule
formation per se, but may co-opt components of stress granules for their
specialized roles in embryos.

Ddx1 knockout embryos die pre-blastocyst, whereas both Tia-1 and
Tiar knockout mice display lethality post-blastocyst, with some knockout
mice surviving to adulthood with normal lifespans (Beck et al., 1998;
Piecyk et al., 2000). Based on our embryo cultures, Ddx1�/� embryo die
between the 2- and 4-cell stages. Our results thus suggest an essential
cytoplasmic role for DDX1 in pre-implantation development, likely
involving maternal RNAs. Upon fertilization, embryos must shift from
reliance on maternal RNAs and protein to zygotic transcription and
translation. One of the key processes in this transition is the controlled
degradation of maternal RNAs (Li et al., 2010; Nothias et al., 1995;
Schultz, 2002). The absence of certain maternal mRNAs such as Zar1,



Fig. 8. DDX1 localization to DDX1 granules depends
on the presence of RNA. (A) Embryos were incubated
with 2 μM acridine orange for 20min prior to immu-
nostaining with DDX1 antibody. Immunofluorescence
analysis revealed no clear pattern of co-localization
between RNA detected with acridine orange (red)
and DDX1 granules (green). (B) 2-cell stage embryos
were treated with 150 μg/ml RNAse A, then immu-
nostained with anti-DDX1 antibody. Fewer DDX1
granules were observed after RNase A treatment. In
contrast, the distribution of TIA-1 was not substan-
tially different in control versus RNase A-treated em-
bryos. Embryos are displayed as 2D projections of Z-
stacks imaged by confocal microscopy. Scale
bar¼ 20 μm.
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Ago2 and Tif1α results in embryonic lethality at the 1 to 2 cell stages
(Lykke-Andersen et al., 2008; Stein et al., 2015; Torres-Padilla and
Zernicka-Goetz, 2006; Wu et al., 2003).

Analysis of DDX1-bound RNAs in 2-cell embryos reveal preferential
binding of DDX1 to Tle6, Floped and Tif1α., and likely Ago2 and Zar1.
These maternal mRNAs have all been shown to play essential roles in
early embryonic development. AGO2 is required for degradation of
maternal RNAs prior to transcriptional activation of the zygotic genome.
TIF1α has been identified as one of a few factors responsible for acti-
vating zygotic genes (Torres-Padilla and Zernicka-Goetz, 2006). FLOPED
and TLE6 are two of the four proteins found in the subcortical maternal
complex (SCMC) (Li et al., 2008a). The SCMC is essential for embryonic
development beyond the 2-cell stage. In mice, ZAR1 is known to be
critical for pronuclear syngamy of the embryo (Wu et al., 2003). In
Xenopus, Zar1 regulates the translation of mRNAs involved in the cell
cycle of oocytes (Yamamoto et al., 2013). We propose that
spatial-temporal dysregulation of these maternal mRNAs resulting from
loss of DDX1 underlies embryonic stalling at the 2- to 4-cell stages.

In summary, we show that DDX1 is an essential protein in embryonic
development, with DDX1 knockout causing embryos to stall at the 2- to 4-
cell stages. DDX1 forms large granules in the cytoplasm of early-stage
embryos, with stress granule markers TIA-1 and TIAR co-localizing
with DDX1 in these granules. RNA is required for retention of DDX1,
but not TIA-1, in these granules. RNA-DDX1 immunoprecipitation anal-
ysis indicates that DDX1 binds to maternal RNAs previously shown to
play key roles in embryonic development beyond the 2-cell stage. We
postulate that DDX1 plays a critical role in the temporal-spatial protec-
tion of maternal RNAs required for early embryonic development.

4. Materials and methods

4.1. Embryo and oocyte collection

The generation of a Ddx1 knockout line has been described previously
(Hildebrandt et al., 2015). Naturally mated heterozygote Ddx1þ/� and
C57BL/6 or FVB mice were checked for the presence of a vaginal plug,
with plug date designated as embryonic day (E) 0.5. For collection of
E0.5 to E2.5 embryos, the oviducts and uterus were removed and placed
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in prewarmed (37 �C) M2 flush medium (Sigma-Aldrich). Oviducts were
flushed using a capillary tube to collect E0.5 to E2.5 embryos. The uterine
horns were flushed to collect E3.5 embryos. E0.5 single cell embryos
were treated with 300 μg/ml hyaluronidase (Sigma-Aldrich) for 30 s to
1min to remove the cumulus cells.

To obtain germinal vesical (GV) stage oocytes, ovaries were dissected
from adult female mice. Ovaries were placed in prewarmed (37 �C) M2
medium. The ovaries were poked extensively with a fine needle under a
dissecting microscope to release oocytes. Cumulus cells were removed
with hyaluronidase as described above. For immunostaining, oocytes
were placed in PBS and processed as described below for preimplantation
embryos. For in vitromaturation to meiosis I (MI) (Kidder, 2014), oocytes
were allowed to mature to meiosis I (MI) by culturing in previously
prepared drops of KSOM medium under oil for 24–48 h at 37 �C in 5%
CO2. To obtain MII-arrested oocytes, FVB/N wild-type females were
injected with 5 IU pregnant mare serum gonadotropin (Intervet) fol-
lowed by 5 IU chorionic gonadotropin (Intervet) approximately 46 h later
(Luo et al., 2011). Females were euthanized by cervical dislocation. The
oviducts were flushed using a capillary tube to release the oocytes into
M2 medium (Sigma-Aldrich) containing 300 μg/ml hyaluronidase to
remove the cumulus cells. Oocytes were then rinsed in M2 medium and
immunostained as described below for embryos.
4.2. Culturing pre-implantation embryos and hatching blastocysts

At least 30min before collecting embryos, M16 or KSOM medium
(Sigma-Aldrich) was prepared by placing 25 μl drops covered with
embryo-tested mineral oil (Sigma-Aldrich) in a 24-well dish. Three larger
(100 μl) drops of medium covered with mineral oil were also prepared for
washing the embryos following flushing. The dish was placed in a 5%
CO2 incubator for equilibration. Embryos were collected, rinsed 3X in
M16 medium, placed in the 25 μl M16 or KSOM droplets and cultured for
the designated times.

For hatching blastocysts, embryos were cultured in high glucose
DMEM supplemented with 15% FCS, 0.1mM β�mercaptoethanol
(β-ME), 1X sodium pyruvate (Gibco), 1X non-essential amino acids
(Gibco) and penicillin and streptomycin on gelatin-coated wells or
coverslips.



Fig. 9. Effects of transcription or translation inhi-
bition on DDX1 granules in E1.5 embryos. (A) 2-
cell embryos were treated with either 150 μg/ml
cycloheximide (inhibition of translation) or (B)
200 μM cordycepin (inhibition of transcription) for
8 h. Untreated 2-cell stage embryos were used as
control. The numbers and appearance of DDX1 gran-
ules were affected by inhibition of transcription but
not inhibition of translation. Embryos are displayed as
2D projections of Z-stacks imaged by confocal micro-
scopy. Scale bar¼ 20 μm.

Table 1
Stalling of embryos generated from heterozygous intercrosses prior to blastocyst
stage.

Starting material
E0.5 embryos

24 h 48 h 72 h

Wild-type intercrosses (2
crosses)

1-cell 2 (12%) 1 (5%) 1 (5%)
2-cell 15 (88%) 0 0
4-cell – 16

(94%)
0

8-cell – – 16
(94%)

Total
embryos

17 17 17

Heterozygote intercrosses (17
crosses)

1-cell 12 (8%) 12 (8%) 12 (8%)
2-cell 134

(92%)
35
(24%)

24
(16%)

4-cell – 99
(68%)

16
(11%)

8-cell – – 94
(64%)

Total
embryos

146 146 146
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4.3. Immunostaining embryos

Embryos were transferred from flush medium to PBS and washed 2X
in PBS. Embryos were fixed in 4% paraformaldehyde for 15 min. The
embryos were then washed 3X in PBS þ0.01% Triton-X-100 (PBST),
followed by permeabilization in PBS þ 0.5% Triton-X-100 for 10 min.
The embryos were washed 3X in PBST and incubated in primary antibody
containing PBST for a minimum of 1 h at room temperature. Following
primary antibody incubation, embryos were washed 3X in PBST and
transferred to secondary antibody containing PBST for 1 h at room
temperature. The plate was wrapped with foil to minimize exposure to
light. After washing 3X in PBST, embryos were placed on a slide and
mounted in Mowiol (Calbiochem) containing 1 μg/ml 40,6-diamidino-2-
phenylindole (DAPI) to stain the DNA. The primary and secondary an-
tibodies used for immunostaining are listed in Table 2. Anti-DDX1 (2910)
was used for all embryo immunostaining. For mitochondria staining,
embryos were transferred to M16 droplets containing 100 μM Mito-
Tracker Deep Red (Cell Signaling Technology) and incubated at 37 �C for
30min. Embryos were then fixed and permeabilized in methanol:acetone
(1:1 ratio) at 4 �C for 5min and rehydrated for 30min with PBST. DDX1
immunostaining after permeabilization in methanol:acetone was as
described above.

Embryos were imaged by confocal microscopy using a Zeiss LSM710



Fig. 10. Embryos from Ddx1þ/¡ intercrosses stall at the 2- to 4-cell stages.
(A) Wild-type embryos were collected and immunostained with anti-DDX1
antibody. Nuclei were visualized with DAPI. (B) Embryos from first genera-
tion heterozygote intercrosses were collected at E0.5 and cultured at 37 �C for
72 h. After 72 h, embryos should be at the 8–16 cell stages. Instead, some of the
embryos were stalled at the 2- and 4-cell stages. DDX1 immunostaining of these
stalled embryos revealed significantly reduced DDX1 levels throughout the
cytoplasm. Embryos are displayed as 2D projections of Z-stacks imaged by
confocal microscopy. Scale bar¼ 20 μm.

Fig. 11. DDX1-bound RNAs in 2-cell mouse embryos. DDX1 with its bound
RNAs was immunoprecipitated from 2-cell stage embryos using anti-DDX1
antibody (or IgG as control). RT-qPCR analysis was carried out using primers
to 16 genes essential for mouse embryo development. Pre-amplifications (n¼ 3)
were carried out to generate sufficient cDNA for analysis. The average fold
enrichment (anti-DDX1 antibody over IgG) in 3 pre-amplification reactions is
shown for each gene.

Table 2
Antibodies used for immunohistochemistry and immunofluorescence.

Antibody Host Dilution Source

anti-DDX1 (2910) Rabbit 1:800 In house (batch 2910) (Bleoo et al.,
2001)

anti-DDX1 (2290) Rabbit 1:500 In house (batch 2290)
anti-CstF64 Mouse 1:100 Dr. James Manley, Columbia

University
anti-SMN Mouse 1:1000 ImmuQuest, Cat. # IQ202
anti-DDX3 Mouse 1:200 Santa Cruz, Cat. # sc-81247
anti-EXOSC5 Mouse 1:100 Abcam, Cat. # ab69699
anti-GW182 Mouse 1:50 Dr. Marvin Fritzler, University of

Calgary
anti-RACK1 Mouse 1:400 Transduction Laboratories, Cat.

#R20620
anti-FXR1 Goat 1:100 Santa Cruz, Cat. # sc-10554
anti-TIAR Goat 1:400 Santa Cruz, Cat. # sc-1749
anti-TIA-1 Goat 1:400 Santa Cruz, Cat. # sc-1751
anti-DDX6 Mouse 1:300 Abnova, Cat. #H00001656-M01
anti-Calnexin Mouse 1:200 Santa Cruz, Cat. # sc-6465
anti-Rabbit Alexa-
488

Donkey 1:400 Molecular Probes, Thermofisher

anti-Goat Alexa-
488

Donkey 1:400 Molecular Probes, Thermofisher

anti-Mouse Alexa-
555

Donkey 1:400 Molecular Probes, Thermofisher

anti-Goat Alexa-
555

Donkey 1:400 Molecular Probes, Thermofisher

anti-Rabbit Alexa-
555

Donkey 1:400 Molecular Probes, Thermofisher
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laser scanning microscope and a plan-apochromat 40X/1.4 lens to cap-
ture single sections. Z-stacks were taken at 0.35 μm intervals. Cyto-
plasmic DDX1 granules were analysed with Imaris software v7.7.0
(Bitplane). All images were processed with a 3� 3� 1 median filter
followed by surface analysis. Surfaces were not smoothed and an abso-
lute threshold of 200 voxels (3D pixels) was used to define surfaces. A
minimum threshold of 200 voxels was used to define the minimum
aggregate size. Six to ten embryos were analysed for each developmental
stage and the volumes of the DDX1 granules were compared using a box
and whisker plot (Prism). Statistical analysis was by one-way ANOVA.

4.4. Acridine orange staining embryos and RNase a treatment

Acridine orange (2 μM; Sigma-Aldrich) was used to stain RNA in
embryos. For RNase treatment, embryos were collected and transferred
to warm DMEM þ5 mM HEPES (pH 7.5) in a 24 well dish. The embryos
were transferred to PBS þ0.1% saponin for 6 min at room temperature
then incubated in PBS containing 150 μg/ml RNase A for 30 min at 37 �C.
Embryos were then washed in PBS twice before immunofluorescence
staining. This method was adapted from Li et al. (2008b).

4.5. Transcription and translation inhibition

M16 medium (25 μl) containing either 200 μM cordycepin (Sigma-
Aldrich) or 150 μg/ml cycloheximide (Sigma-Aldrich) was used for
transcription or translation inhibition, respectively. Untreated 2-cell
stage embryos served as controls. M16 medium droplets were covered
with mineral oil and incubated at 37 �C at least 30min before the transfer
of embryos. E1.5 embryos were collected from flush medium and washed
3X in M16 medium before transferring to the 25 μl M16 medium
droplets.

4.6. Immunohistochemistry

OCT and paraffin-embedded tissues were sectioned. OCT-embedded
tissue sections were processed for antigen retrieval by heating tissue
sections covered with 10mM citrate buffer containing 0.05% Tween-20
at pH 6.0–100 �C, followed by microwaving at 750W for 6min. For



Table 3
Primers used for RT-qPCR.

Zar1 Fwd CGATCGGGTTCCTGTCAAC

Zar1 Rev GAGAGGCCACAGAAGGTCA
Ago2 Fwd AGAATACGGGTCTGTGGTGAT
Ago2 Rev GAAGCAGGTCACAAGAAGCG
Tif1α Fwd TGCTTCTGAGGAAACCGTGT
Tif1α Rev CATGCACAGGGGACTTCTG
Dicer1 Fwd TTGCCTGCATTTTCCCGTTG
Dicer1 Rev AAGCTCTCCTGTGTGTCGG
Brwd1 Fwd TGCAGTTGGGAAGCTGTGTA
Brwd1 Rev AGGACCCATCAAGCACATGG
Hr6a Fwd CCATCCTAACGTCTATGCAG
Hr6a Rev CCGCTTGTTCTCCTGGTAC
Brg1 Fwd CCAGCGGGTATGTCAGTGT
Brg1 Rev CATACACCTGGCAAGGCAA
Bnc1 Fwd GCAGGATGGCTGAGGCTAT
Bnc1 Rev TCGAACACCACATTGGACTG
Mater Fwd AGCAGACATCAGATAATGGAG
Mater Rev GGTGTGAGGCTGGAAGGTT
Floped Fwd GCCTGGCACAAAGAAAACGA
Floped Rev GCCAGCCAGTTTTAGCCCT
Padi6 Fwd CAACCAGCAGAGCACCAAAC
Padi6 Rev GGGGCTCCAGTAATCCACA
Tle6 Fwd GGGGCCTCCCTAACCTCA
Tle6 Rev ATTTCAGAGACGACGCTGCT
Filia Fwd AGCTTGGGCTGAGTAAGGC
Filia Rev CTCTACTCTGTTCTTCCCGA
Zfp36l2 Fwd AAGCACAACTTTCCGTCCCT
Zfp36l2 Rev TTTGCCAGGGATTTCTCCGT
Npm2 Fwd GCAGCGCAAACACAGTGATA
Npm2 Rev TGTGGCGACTCATGTCGATT
Hsf1 Fwd TGCTGGACATTCAGGAGCTT
Hsf1 Rev CTCCCTGTGTCCACAGCAT
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paraffin-embedded tissue sections, tissues were first de-waxed by dipping
in xylene 3X for 10min each. Tissue sections were then hydrated through
a series of ethanol, from 100% ethanol to ddH2O and TBS. Antigen
retrieval was as described above and the slides washed with TBST (0.05%
Tween 20) for 5min. From this point, OCT- and paraffin-embedded tissue
sections were treated the same. Tissue sections were blocked for 30min
to 1 h in 0.5% fish gelatin in TBST (0.1% Tween 20), followed by an
overnight incubation at 4 �C with primary antibody diluted in Dako
Antibody Diluent. After a series of washes in TBS and TBST (0.05%
Tween 20), background peroxidase activity was removed by incubating
slides in 3% H2O2 in TBS for 15 min. Dakocytomation Envisionþ System
Labelled Polymer HRP secondary antibody was added for 1–2 h. Tissue
sections were washed in TBST and DAB chromagen in TBS added, fol-
lowed by DAKO Liquid DAB þ Substrate Chromagen System. The DAB
signal was darkened by incubating the slides in 1% copper (II) sulphate.
For counterstaining, slides were incubated in hematoxylin for 1–5 min,
washed, and incubated in saturated lithium carbonate for ~2 min (to
obtain a light blue color). Slides were coverslipped with VectaMount AG
(Vector Laboratories). Images were captured with an Axioskop 2 Plus
microscope with Zeiss 10X/0.3, 20X/0.75 and 40X/1.3 lenses.

4.7. RNA isolation and RT-PCR

Total RNA from adult mouse brain tissue was isolated using the
TRIzol reagent (Thermo Fisher Scientific). Total RNAs were extracted
from either seven (mouse 1) or eight (mouse 2) 2-cell embryos using the
RNeasy Plus Micro Kit (Qiagen) following the manufacturer’s protocol.
RNAs were reverse transcribed using SuperScript IV (Invitrogen) and
oligodT. PCR reactions were carried out using the following primers and
conditions. For exons 1 to 9 amplification, nested PCR was carried out
using forward primer 50-CCCGCAGCGGAGGAGTG-30 and reverse primer
50-TAATTATCAAATTGTTTATTATGAGA-3 for the first round of PCR, and
forward primer 50-AAGATGGCGGCCTTCTCC-30 and reverse primer 50-
TAATTATCAAATTGTTTATTATGAGA-30 for nested PCR. For exons 10 to
16 amplification, we used forward primer 50-AATTCACTATGCATGA-
TACCATT-30 and reverse primer 50-AAGTCTTTTCCCATCACACGT-3’. For
exons 17 to 21, we used forward primer 50-TGATTGTTTGCTCTGC-
TACTC-30 and reverse primer 50-CATAAGGAACGCCATGGATAT-3’. For
exons 22 to 26, we used forward primer 50-ACCCTGCCTGATGAGAAGC-
30 and reverse primer 50-TATAGTTGTCAAGTTTATTTTCATT-3’. All PCR
reactions (including nested PCRs) were performed under the following
conditions: pre-PCR (94 �C 5min), 40 cycles (94 �C 30s, 58 �C 30s, 72 �C
30s) with a final extension (72 �C 7min).

4.8. Western blotting

Whole cell lysates were prepared from two hundred 2-cell embryos,
mouse R1 embryonic stem cells and adult mouse brain tissue. Embryos
were first treated with Acidic Tyrode’s solution (Sigma) to dissolve the
zona pellucida. They were then washed with 2X PBS and frozen in liquid
nitrogen. Embryos, R1 cells and brain tissue were lysed in lysis buffer
[50mM Tris-HCl pH 7.5, 150mM NaCl, 1% sodium deoxycholate, 1%
Triton-X-100, 1mM EDTA, 0.1% SDS, 1mM DTT, 1X PhosStop (Roche)
phosphatase inhibitors and 1X Complete (Roche) protease inhibitors].
The entire 2-cell embryo lysate was mixed with loading buffer, boiled
and loaded onto a SDS-PAGE gel. For R1 cells, we loaded 2.5, 5, 10 μg of
lysate. For comparison of R1 cells and brain tissue, 40 μg of proteins was
loaded in each lane. Proteins were transferred to a PVDF membrane and
immunoblotted with two different anti-DDX1 antibodies: anti-DDX1
(2910), targeting aa 1–186, and anti-DDX1 (2290), targeting aa
187–740. R1 and mouse brain blots were also immunoblotted with anti-
actin antibody.

4.9. RNA immunoprecipitation, pre-amplification and RT-qPCR

Embryos were collected in PBS and frozen in liquid N2 before storing
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at �80 �C. Three hundred embryos were pooled together and divided
into 2 groups (IgG, DDX1). 150 embryos per group were lysed in lysis
buffer [50mM Tris-HCl, pH 7.5, 150mM NaCl, 1% NP-40, 0.5% deoxy-
cholate, 5 mM EDTA, 2mMDTT, 1X Complete protease inhibitor (Roche)
and 200 unit/ml RNase inhibitor (Invitrogen)]. Lysates were pre-cleared
with Protein A beads (GE Healthcare), followed by incubation with either
IgG-purified rabbit-anti-DDX1 antibody or pre-immune serum at 4 �C for
90min with rotation. Protein A beads were then added and samples were
incubated for another 45min. Immunoprecipitates were washed 5 times
in wash buffer [50mM Tris-HCl, pH 7.5, 1M NaCl, 1% NP-40, 1%
deoxycholate and 5mM EDTA], followed by one wash in 1X RQ1 DNase
buffer (40mM Tris-HCl, pH 8.0, 10mM MgSO4, 1 mM CaCl2). Immu-
noprecipitates were digested with 8 unit/ml of RQ1 DNase (Promega) at
37 �C for 30min, followed by digestion with 250 μg/ml of Proteinase K
(Roche) at 37 �C for 30min. Co-immunoprecipitated RNAs were extrac-
ted with sodium acetate (pH 5.2)-equilibrated phenol (Roche) and
precipitated with ethanol. Precipitated RNAs were resuspended in H2O
and reverse-transcribed to cDNA using random hexamers and Superscript
IV reverse transcriptase (Invitrogen) following the manufacturer’s in-
structions. cDNAs were then pre-amplified using 16 different primer sets
(Table 3) at a final concentration of 36 nM for each primer. The pre-
amplification PCR reaction was using Phusion DNA polymerase (NEB)
at 60 �C and 14 cycles of PCR amplification. The pre-amplification steps
were adapted and modified from (Andersson et al., 2015) and the pro-
tocol of Cell-to-CT kits (Thermo Fisher Scientific). The cDNA products
were then diluted 8-fold with nuclease-free water. For RT-qPCR, 1 μl of
diluted cDNA was used for each 10 μl reaction containing BrightGreen
2X-qPCR MasterMix-ROX (Applied Biological Materials). PCR was per-
formed in 96-well plates using the QuantStudio 6 Flex Real-Time PCR
system (Applied Biosystems). The runmethod was customized as follows:
Pre-PCR (Ramp rate 1.9 �C/s, 95 �C for 10min), 40 cycles PCR (Ramp
rate 1.9 �C/s, 95 �C 15s, Ramp rate 1.9 �C/s, 58 �C 30s, Ramp rate
1.6 �C/s, 72 �C 1min). Results were exported in Excel, and analysed with
Prism. Ct values above 36 were considered as 36.
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