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ABSTRACT
Zygotic genome activation (ZGA) is one of the most critical events at the beginning of mammalian
preimplantation embryo development (PED). The mechanisms underlying mouse ZGA remain
unclear although it has been widely studied. In the present study, we identified that tricho-rhino-
phalangeal syndrome 1 (TRPS1), an atypical GATA family member, is an important factor for ZGA
in mouse PED. We found that the Trps1 mRNA level peaked at the one-cell stage while TRPS1
protein did so at the two/four-cell stage. Knockdown of Trps1 by the microinjection of Trps1 siRNA
reduced the developmental rate of mouse preimplantation embryos by approximately 30%, and
increased the expression of ZGA marker genes MuERV-L and Zscan4d via suppressing the expres-
sion of major histone markers H3K4me3 and H3K27me3. Furthermore, Trps1 knockdown
decreased the expression of Sox2 but increased Oct4 expression. We conclude that TRPS1 may
be indispensable for zygotic genome activation during mouse PED.
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Introduction

The terminally differentiated sperm and oocyte unite
at fertilization to form a totipotent zygote that can
differentiate into all kinds of cells and tissues in the
mature individual. Inmammals, the zygote undergoes
several rounds of cleavage to form a multicellular
blastocyst. This process is called preimplantation
embryo development (PED), the very first step in
mammalian development.

During mouse PED, a series of critical events
occur in a strictly controlled fashion. Soon after
fertilization, maternally stored materials promote
the initiation of zygotic genome activation (ZGA),
which appears in two waves: the minor one occurs
at the mid-one-cell stage and the beginning of the
two-cell stage, and the major one occurs at the
mid-to-late two-cell stage [1–4]. Severe ZGA dis-
orders result in two-cell arrest. ZGA emerges with
the degradation of maternal deposits (including
proteins and mRNAs) [5]. Upon reaching the
four/eight-cell stage, products of ZGA have

replaced most of the maternal materials and take
control of further development. This replacement
is an important milestone referred to as the mater-
nal-to-zygote transition (MZT) [6].

Genes activated at the four/eight-cell stage sub-
sequently promote blastocyst formation, which
represents the first cell lineage differentiation.
This is followed by the formation of an inner cell
mass (ICM) from which embryonic stem cells
(ESCs) are derived under in vitro manipulation,
and trophectoderm (TE) which can invade the
uterine wall under appropriate physiological con-
ditions in vivo to take part in placenta formation
[7]. At the late blastocyst stage, ICM further seg-
regates into epiblast (EPI) giving rise to the
embryo proper and primitive endoderm (PrE),
which forms the yolk sac [8]. Thus, early critical
events of PED such as ZGA are closely connected
with the progression of later stages, as well as post-
implantation embryonic development. Although
some key factors in the regulation of ZGA and
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their associated signaling pathways have been
extensively studied, the exact mechanism behind
this regulation remains fully elucidated.

Mouse ZGA is probably controlled by epigenetic
alterations (e.g., DNA demethylation, histone modifi-
cation dynamics, and non-coding RNAs), cell cycle
progression and transcription factors. High-
throughput profiling and ChIP-seq studies have
revealed highly dynamic expression patterns of
numerous putative key factors [6,9]. Investigations of
the functional mechanisms of these factors, by knock-
out or knockdown technologies, have also broadened
our knowledge of ZGA regulation and cell fate deter-
mination. For example, by using ATAC-seq,Wu et al.
investigated the chromatin accessibility landscape of
mouse PED and identified several key transcription
factors for early development, such as SOX2, POU5F1
(also known as OCT4), NANOG, and some GATA
family members. Knocking down the expression of
Gata4 at the one-cell stage by RNA interference
(RNAi) resulted in the downregulation of PrEmarkers
and Sox2, indicating the existence of intimate interplay
between these factors [10]. Although maternal and
zygotic knockout of Sox2 or Oct4 did not result in
PED blockage [11–13], overexpression of either of
them could lead to two-cell blockage and ZGA failure
[14,15], implying the need for tight control of their
expression during early development.

GATA proteins (including GATA1 to GATA6) are
important transcription factors that contain two zinc
fingers and can bind to consensus GATAmotif on the
cis-regulatory regions of target genes [16]. GATA3 is
reported to take part in TE formation by regulating
Cdx2 [17]. GATA4 and GATA6 are markers of PrE
[7]. In mouse ESCs, GATA2 is reported to activate
MuERV-L [18], which is an important retrotranspo-
son highly expressed duringmouse ZGA [19] and acts
as a promoter for multiple neighboring genes includ-
ing Zscan4d (one of the two-cell-specific ZGA mar-
kers) [20]. Both MuERV-L and Zscan4d are required
for mouse preimplantation development [21,22].
However, knockout of Gata2 as well as other GATA
members did not result in ZGA failure or early devel-
opmental blockage until peri-implantation stages,
regardless of the active transcription of most GATA
members during the two-/four-cell stages [16,23].
These results indicate the existence of other critical
factors that control the expression of pluripotent fac-
tors such as Sox2 and Oct4, and restrict the functions

of GATA proteins in early-stage preimplantation
embryos. The nature of such factors has not previously
been elucidated.

In 2000, Momeni et al. found that tricho-rhino-
phalangeal syndrome 1 (TRPS1) is an atypical
GATA protein containing two nuclear localization
signals and zinc fingers including GATA-binding
motifs and Ikaros-like domain (Figure 1(a)) [24].
TRPS1 can bind to GATA motifs and function as
a potent repressor of other GATA members [25]. It
has also been reported that TRPS1 works as an anti-
metastasis factor by inhibiting epithelial-
mesenchymal transition (EMT) in cancer cells [26–
28], and takes part in the regulation of fetal kidney
development [29,30], cartilage differentiation [31,32]
and cell cycle progression [33,34]. Recently, TRPS1
was also reported to affect the histoneH3 lysine 27 tri-
methylation (H3K27me3) levels on the promoter
region of target gene Cdh1 through the direct regula-
tion of Suz12 expression [35]. Besides, TRPS1 is highly
expressed in estrogen receptor-positive (ER+) breast
cancer cells [36,37]. It was also found to recruit histone
deacetylase (HDAC) complexes to enhancers and act
as a key repressor of ERα [38], which was dynamically
expressed duringmouse PED [39–41] and affected the
expression of MuERV-L at ZGA [42]. Furthermore,
through regulating the expression of Gata3, ERα also
functions in blastocyst formation [43]. Despite these
findings, the possible roles of TRPS1 during PED have
not been thoroughly explored.

In the present study, we examined the stage-specific
expression of TRPS1 in mouse preimplantation
embryos and suppressed its expression, by using
Trps1 siRNA microinjection to observe the develop-
mental outcomes. The results demonstrated that
TRPS1 plays indispensable roles during mouse ZGA
through controlling the expression of ZGA markers
MuERV-L and Zscan4d, transcription factors SOX2
and OCT4, and key histone markers H3K4me3 and
H3K27me3.

Materials and methods

Experimental animals

Kunming (KM)mice (female, 4–6w;male > 8w)were
purchased from SLRC Laboratory Animal Co., Ltd.
(Shanghai, China), and housed for 3–5 days under
conditions with controlled temperature (22 ± 1°C)
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and light cycle (07:00–19:00), to regulate the men-
strual cycle of the female mice and acclimate them to
the new environment prior to experimental treatment.
All of the procedures concerning mouse handling
were conducted under the guidance of the
Institutional Animal Care and Use Committee
(IACUC) of Fujian Medical University.

Main reagents

M2 medium, DEPC (Sigma-Aldrich, USA); KSOM
medium (MerckMillipore, Germany); Pregnant mare
serum gonadotropin (PMSG) (2nd Ningbo Hormone
Production Company, China); Human chorionic
gonadotropin (hCG) (ProSpec, Israel); Immunol
Staining Fix Solution, 4ʹ, 6-diamidino-2-phenylindole
(DAPI) (Beyotime, China); glycogen, Quick-RNA™
MicroPrepR1050 Kit and SYBR® Premix ExTaqTM

(Roche, Switzerland); and Reverse Transcription Kit
and dNTPMix (Thermo Fisher Scientific, USA) were
used in this study. The primary antibodies were anti-
TRPS1 rabbit polyclonal antibody (Proteintech
Group, USA); anti-RUNX1 rabbit polyclonal anti-
body (Genetex, USA); anti-SOX2 mouse monoclonal
antibody (Santa Cruz Biotechnology, USA); anti-
OCT4 rabbit polyclonal antibody (Abcam, UK);
anti-H3K4me3 rabbit monoclonal antibody (Cell
Signaling Technology, USA); anti-H3K27me3 rabbit
monoclonal antibody (Cell Signaling Technology,
USA). The secondary antibodies were Alexa Fluor®
488 labeled Donkey anti-Rabbit secondary antibody
(Life Technology, USA); Alexa Fluor® 488 labeled
donkey anti-mouse secondary antibody (Life
Technology, USA); Trps1-siRNA (Santa Cruz, USA);
and negative control siRNA (sense: 5ʹ-UUCUCCG
AACGUGUCACGUTT-3ʹ; antisense: 5ʹ-ACGUGAC
ACGUUCGGAGAATT-3ʹ) (GenePharma, China).

Figure 1. Stage-specific dynamic expression of TRPS1 during mouse PED. (a) Schematic diagram of TRPS1 protein. (b and c) Dynamic
expression of Trps1mRNA extracted from DBTMEE (b) and detected by real-time PCR analysis (c) using a log2 scale (-ΔΔCt) method. (d) Stage-
specific localization of TRPS1 protein. At least 3 replicates were conducted for each developmental stage. Abbreviations: SPR, sperm; Oo,
oocyte; 1C, 2C and 4C: one-cell, two-cell and four-cell embryos; ESC, embryonic stem cells; MEF,mouse embryonic fibroblast cells; p1C and p4C:
parthenogenetic 1C and 4C; iPSC, induced pluripotent stem cells. Error bars indicate SEM. Scale bar, 20 μm.
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Mouse oocyte and preimplantation embryo
collection

For the collection of germinal vesicle (GV)
oocytes, female KM mice were intraperitoneally
injected with 10 IU PMSG and sacrificed 48 h
later. Their ovaries were separated and triturated
in M2 medium (supplemented with IBMX) at
room temperature (RT) to release the cumulus–
oocyte complexes; by flushing with a mouth-
controlled pipette, naked GV oocytes with intact
germinal vesicles were obtained.

For the collection of MII oocytes, female KM
mice were injected with PMSG followed by the
injection of 6 IU hCG 46–48 h later, and sacrificed
at 21 h post-hCG injection (p-hCG). The oviducts
were then separated and cut with a syringe needle
at the ampullar region to release cumulus–oocyte
complexes, and granulosa cells were removed by
incubating with hyaluronidase to obtain naked
MII oocytes.

For the collection of embryos at the early and
late one-cell, two-cell, four-cell, eight-cell, morula,
and blastocyst stages, female KM mice were super-
ovulated as mentioned above and mated with
male KM mice at a 1:1 ratio. The female mice
with vaginal plugs were sacrificed at 24, 27, 42,
54, 64, 72, and 90 h p-hCG; the preimplantation
embryos were obtained by flushing oviducts (for
early-stage embryos) or uteri (for morulae and
blastocysts) with M2 medium.

Microinjection of one-cell embryos and in vitro
cultivation

Mouse one-cell embryos were collected at 18 h
p-hCG and pre-incubated in a 37°C, 5% CO2

incubator for 3 h before injection. Stock solution
of Trps1-siRNA was diluted to a final concentra-
tion of 20 μM. The microinjection needles were
pulled on a P-97 micropipette puller (Sutter
Instrument, USA) from borosilicate glass BF100-
78–10 (Sutter Instrument, USA).

The cells were injected using a microinjector
(Nikon, Japan) and a micromanipulator (Nikon,
Japan). Each one-cell embryo was placed in a 10
μL PVP-PBS microdrop. The holding pipette and
the injection needle were descended to the same
height in the same PVP-PBS microdrop; then, the

injection needle was moved to an already prepared
siRNA microdrop and about 5–7 pL of liquid was
drawn into it. The one-cell embryo was held steady
with the holding pipette, and microinjection was
performed by penetrating the injection needle
through the zona pellucida and cell membrane
into the pronuclear region. The oil pressure con-
troller was turned carefully; when the pronucleus
started to swell, the injection needle was
withdrawn.

After manipulation, the surviving cells were
washed three times in KSOM medium and cul-
tured in the incubator until the blastocyst stage
(for continual observation of the developmental
ratio) or until 43 h p-hCG (to recover samples
for real-time PCR analysis).

Immunofluorescence staining

Mouse preimplantation embryos were washed three
timeswith 0.1%PVA-PBS, treatedwith Tyrode’s solu-
tion to remove the zona pellucida, and fixed at RT for
1 h, followed by washing three times with 0.1% PVA-
PBS. They were then permeabilized with 0.5%
TritonX-100 for 30 min, washed with 0.2% BSA
three times, and blocked in 0.2% BSA for 1 h at RT.
After blocking, the cells were incubated with the pri-
mary antibodies at 4°C overnight. The cells were
washed with PBST three times (10 min each time)
and then incubated with secondary antibodies for 1 h
at RT. Next, the cells were washed three times in PBST
and incubated with DAPI (1:5000) for 1 h at RT. After
DAPI counterstaining, the cells were washed three
times with PBST and observed under a confocal
microscope (Leica TCSSP5, Germany). SmartScape
software (Shanghai Furi Science & Technology Co.,
Ltd., China) was used to analyze the gray values of
immunostaining images. Briefly, images containing
about 20 embryos each were normalized by the same
parameter to subtract background staining. Then,
gray values of the nucleus and cytoplasm of each cell
were calculated separately. At least three independent
experiments were conducted (and over 60 embryos
were used) for each group.

Real-time PCR analysis

Total RNA from 50 mouse preimplantation
embryos from each group was extracted in
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accordance with the manual of the Quick-RNA™
MicroPrepR1050 Kit. The concentration and pur-
ity of RNA were detected by using a NanoDrop
ND-1000 (NanoDrop, USA). The cDNA was
synthesized in accordance with the manual of the
Reverse Transcription Kit using a PCR Amplifier
(AB2720; Gene, USA). Sequence information of
the PCR primers used in the present study is
presented in Table 1. The internal housekeeping
gene H2afz encoding H2A histone family member
Z served as an internal control, as reported pre-
viously [42]. Amplification was performed on
a real-time PCR Amplifier (PikoReal2.2.248;
Thermo, USA) by employing SYBR® Premix Ex
TaqTM with a cycling protocol consisting of an
initial 10 min at 95°C, followed by 40 cycles of
15 s at 95°C and 1 min at 60°C. Samples were
prepared in triplicate with at least three indepen-
dent repeats.

Statistical analysis

The developmental rates of two-, four-, and eight-
cell stage preimplantation embryos, morulae and
blastocysts were calculated based on the total
number of one-cell embryos. SPSS17.0 software
was used to perform chi-square (χ2) test. Real-
time PCR data were analyzed by the 2−ΔΔCt

method to obtain relative mRNA expression levels.
SPSS17.0 software was used to perform Student’s
t-test. GraphPad Prism was used to draw histo-
grams. Differences between experimental groups

and the control groups with a P value < 0.05
were considered to be statistically significant.

Results

TRPS1 was highly expressed during mouse ZGA
in a transcription–translation–uncoupled manner

TRPS1 is an important zinc finger transcription
factor, whose function in mouse PED has not
been disclosed. To reveal the expression of
Trps1 mRNA in mouse preimplantation embryos
at different stages, we first extracted public RNA
sequencing data from DBTMEE [44] (a publicly
accessible database based on large-scale whole-
transcriptome profiling of mouse preimplanta-
tion embryos [45] with the accession number:
DRA001066), which showed relatively high
expression levels of Trps1 during early stages,
especially in one-cell embryos (Figure 1(b)). The
results from real-time PCR analysis confirmed
that, compared with that in MII oocytes, the
expression level of Trps1 mRNA was substantially
elevated in one-cell mouse embryos (27 h
p-hCG), declined sharply at the two-cell stage,
and became almost undetectable at the eight-cell
stage (Figure 1(c)).

Immunofluorescence staining showed that TRPS1
was detectable in the nucleus of GV oocytes, and early
and late one-cell, two-cell, and four-cell embryos. In
contrast to the expression pattern ofTrps1mRNA, the
nuclear localization of TRPS1 was most apparent in
two- and four-cell embryos, consistent with a previous

Table 1. Sequence information of the PCR primers.
Gene Symbol GenBank accession number Primer sequences

H2afz NM_016750 F:5′- GTAAAGCGTATCACCCCTCGT -3′
R:5′- TCAGCGATTTGTGGATGTGT -3′

Trps1 NM_001282903.2 F:5′- GAGATCTCGAGACACTACAG -3′
R:5′- CTCTTCGCCATTAGCAGTAG -3′

ERα NM_007956.4 F:5′- TTCTGATGATTGGTCTCGTCTG -3′
R:5′- ATGCCTTCCACACATTTACCTT -3′

eIF1A NM_010120 F:5′- CCAAAGAATAAAGGCAAAGGAG -3′
R:5′- CTCACACCGTCAAAGCACATT -3′

Zscan4d NM_001100186 F:5′- CCATCTCATAGTTCTGGTGTGC -3′
R:5′- GCTCCTTAGTCTGCTTTTCTGG -3′

MuERV-L Y12713 F:5′- CGCACAGCAGCAGTCTATTAC -3′
R:5′- TCTTCTCCTCTTCGGTCATTG -3′

Hsp70.1 NM_010478 F:5′- AAGAGGAAGCACAAGAAGGACA -3′
R:5′- GCGTGATGGATGTGTAGAAGTC -3′

Sox2 NM_011443.3 F:5′- GAAAGAAAGGAGAGAAGTTTGGAG -3′
R:5′- ATCTGGCGGAGAATAGTTGGG -3′

Oct4 NM_013633.3 F:5′- GAGAAGAGTATGAGGCTACAGGGAC- 3′
R:5′- CAGAGCAGTGACGGGAACAGAG -3′
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observation that the transcription and translation
were uncoupled during early mouse PED [46].
However, at the eight-cell, morula, and blastocyst
stages, TRPS1 expression was almost undetectable
(Figure 1(d)). These results indicate that, unlike typical
GATA proteins that function at the peri-implantation
stages, TRPS1 might have important roles in the early
stages of mouse PED.

Knockdown of Trps1 impaired TRPS1 function

Viable early stage one-cell mouse embryos were
collected and microinjected with different concen-
trations of Trps1-siRNA. Twenty-four hours later,
two-cell embryos were used to examine the effect
and function of Trps1 knockdown (Figure 2(a)).
The results showed that the injection of Trps1-
siRNA effectively decreased the Trps1 mRNA
level (Figure 2(b)) and significantly reduced the
TRPS1 protein level as well (Figure 2(c,d)).
Furthermore, Trps1-siRNA significantly increased
the expression level of RUNX1 (Figure 2(e,f)),
which was reported to be negatively regulated by
TRPS1 [47], confirming the efficiency of RNA
interference (RNAi) in the present study.

Trps1 knockdown decreased the development
potential of mouse preimplantation embryos

After Trps1-siRNA injection, the development
rates of two-cell embryos (43 h p-hCG), four-cell
embryos (66 h p-hCG), eight-cell embryos (90 h
p-hCG) and blastocysts (120 h p-hCG) were deter-
mined. As expected, the blastocyst formation rate
of the Trps1-siRNA group was significantly lower
than that of the negative control siRNA group.
Specifically, the development from one-cell
embryos to two-cell embryos was relatively normal
(91.60% versus 94.83% in the negative control
siRNA group); however, the four-cell rate was sig-
nificantly reduced in the RNAi group (72.27%
versus 93.10% in the negative control siRNA
group); while almost all of the embryos in the
RNAi group that survived until the eight-cell
stage could develop further to the blastocyst stage
(74/76) (Figure 3 and Table 2). Furthermore, by
injecting anti-TRPS1 antibody into mouse zygotes,
the rate of two-cell to four-cell embryo transition
was decreased to 28% or lower compared with that

in the negative control group (non-specific normal
rabbit IgG) (Figure S1). Thus, the most significant
developmental blockage caused by Trps1-RNAi
occurs at the two-cell stage, indicating the impor-
tant roles of TRPS1 during mouse ZGA.

Knockdown of Trps1 elevated the expression
levels of Zscan4d and MuERV-L

To investigate the connections between TRPS1
and ERα during mouse PED, we evaluated the
changes in ERα mRNA expression after Trps1-
siRNA injection. As shown in Figure 4(a), ERα
mRNA expression level in the experimental
group did not change significantly relative to con-
trol groups, whereas coinjection of ERα-siRNA
with Trps1-siRNA into zygotes significantly ele-
vated the rate of developmental blockage (Figure
S2), suggesting that ERα may not work down-
stream of TRPS1, but cooperatively with it.

Several genes such asMuERV-L, Zscan4d, Hsp70.1
and eIF1A are regarded as “marker” genes in studies
assessing ZGA status [42,48–53]. To investigate
whether the observed two-cell blockage correlated
with ZGA, alterations in the expression of these
ZGA markers in two-cell embryos after Trps1-
siRNA were examined. Trps1 knockdown signifi-
cantly increased the expression levels of MuERV-L
and Zscan4d mRNA while the levels of eIF1A and
Hsp70.1 did not change significantly (Figure 4(a)). In
addition, JASPAR [54] motif analysis identified both
ESR1 (i.e., ERα) motifs and GATAmotifs (which can
be potently bound by TRPS1) on the promoter
region of Zscan4d, but not on that of eIF1A and
Hsp70.1 (Table S1-3 and Figure S3). TRPS1 was
recently reported to be able to affect the expression
of the H3K27me3 regulator Suz12 [35] and recruit
the HDAC complex [38] (both of which are regula-
tors of local chromatin conditions), indicating that in
mouse two-cell embryos, TRPS1 restrains the expres-
sion levels of Zscan4d and MuERV-L possibly by
regulating histone modifications.

Trps1-siRNA downregulated the levels of both
H3K4me3 and H3K27me3 at the two-cell stage

MuERV-L repeats have been reported to closely
associate with histone modifications such as H3K4
methylation [55,56], which leads to gene activation,
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and H3K27me3, which is associated with gene silen-
cing [57]. However, their dynamic enrichment on
Zscan4d during mouse PED has not been addressed
in detail. According to public ChIP-seq data
(GSE73952), at the two-cell stage the promoter region
of Zscan4d is modified by a slightly higher level of
broad H3K4me3, which also appears at the MII stage
and almost completely disappears at later stages.

Notably, increased enrichment of H3K4me3 was
observed on the intron of Zscan4d at the four-cell
stage (shaded area of Figure S4A). In combination
with finding in a previous report [22], Zscan4d is
highly specifically expressed at the late two-cell stage
(Figure S4B, extracted from GSE71434). Thus, pro-
moter enrichment (but not the overall expression
level) of H3K4me3 partially explains the expression

Figure 2. Trps1-siRNA injection efficiently disturbed the function of TRPS1. (a) Illustration of experimental groups. (b) Trps1-
siRNA injection effectively knocked down the expression of Trps1 mRNA. (c and d) Immunostaining study show decreased expression
level of TRPS1 protein under Trps1-siRNA injection. (e and f) Trps1-siRNA injection increased the expression level of RUNX1 in mouse
two-cell embryos. N = 3, ***P < 0.001, Student’s t-test. Error bars indicate SEM. Scale bar, 20 μm.
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pattern of Zscan4d. While almost no H3K27me3 peak
was observed on Zscan4d promoter, the region
upstream of Zscan4d contains a long (over 5 kb)
regulatory MuERV-L element [57] that is modified
by stage-specific H3K27me3 peaks and broad
H3K4me3 (Figure S4A); this region also contains
multiple GATA binding sites (Table S1 and Figure
S3). This indicates that the binding of TRPS1 on
GATAmotifs might affect the local histone modifica-
tion feature of target genes. Consistent with this,
knockdown of Trps1 led to global downregulation of

both H3K4me3 (Figure 4(b,c)) and H3K27me3
(Figure 4(d,e)) in two-cell embryos.

In breast cancer cells, TRPS1 is reported to affect
the expression of histone lysine 27 acetylation
(H3K27ac) [38], which is known for activating gene
expression. According to the public ChIP-seq data
(GSE72784), the stage-specific expression of Zscan4d
is highly correlated with H3K27ac modification
(Figure S5A). However, Trps1-siRNA did not alter
the expression levels of H3K27ac in both mid- and
late two-cell stages (Figure S5B and S5C). Besides,

Figure 3. Representative images of stage-specific development rate in each group. Arrowheads indicate blocked embryos observed
at blastocyst stage. Scale bar, 150 μm.

Table 2. Effects of Trps1-siRNA micro-injection on mouse preimplantation embryo development.
Group 1-cell (%) 2-cell (%) 4-cell (%) 8-cell (%) Bl (%)

KSOM 131 129(98.47) 127(96.95) 127(96.95) 124(94.90)
negative siRNA 116 110(94.83) 108(93.10) 107(92.24) 105(90.52)
Trps1 siRNA 119 109(91.60) 86(72.27) * 76(63.87) * 74(62.18) *

Chi-square (χ2)-test, *P < 0.001. Bl: Blastocysts.
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Trps1-siRNA did not change the expression levels of
H3K36me3, which is also associated with active gene
transcription (Figure S5D and S5E). Noncanonical
broad H3K4me3 has also been reported to silence
gene expression before the two-cell stage [58,59].
Thus, TRPS1 might work through maintaining the
enrichment of broad H3K4me3 and H3K27me3 to
prevent the overexpression of Zscan4d andMuERV-L
at the two-cell stage.

Trps1-siRNA decreased Sox2 expression but
increased Oct4 expression in two-cell embryos

Sox2 and Oct4 are important regulators of
pluripotency in ESCs; their overexpression in

mouse zygotes has been shown to result in
ZGA failure [14,15]. To this end, we further
examined the changes of Sox2 and Oct4 expres-
sion after Trps1 knockdown to address whether
TRPS1 plays a part in controlling these two
critical factors. As shown in Figure 5(a,b),
Trps1 siRNA halved the expression of Sox2
mRNA, whereas Oct4 mRNA levels were sig-
nificantly increased by over threefold at the
mid-two-cell stage. However, at this time
point, the expression of SOX2 protein (mainly
cytoplasm-localized) did not change markedly
(Figure 5(c,d)). Interestingly, at the late two-
cell stage, SOX2 translocated into the nucleus,
and a significant decrease of nuclear SOX2

Figure 4. TRPS1 regulated mouse ZGA and histone H3 trimethylation in two-cell embryos. (a) Effects of Trps1-siRNA on themRNA expression
of ERα, eIF1A, MuERV-L, Zscan4d and Hsp70.1. About 140 embryos were used in each experimental group (N = 6). (b and d) Trps1 knockdown
resulted in down-regulation of H3K4me3 (b) and H3K27me3 (d) in bothmid and late two-cell embryos. (c and e) Gray value analysis results for
(b) and (d), respectively. Mid two-cell, 20 h post injection; late two-cell, 29 h post injection. About 80 embryos were used in each experimental
group (N = 3). * P < 0.05, ** P < 0.01, ***P < 0.001, Student’s t-test. Error bars indicate SEM. Scale bar, 20 μm.
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expression level was observed after Trps1
knockdown (Figure 5(c,e)). Consistent with
the elevated expression of Oct4 mRNA, Trps1-
siRNA injection increased cytoplasmic OCT4
protein levels at both mid- and late two-cell
stages, while the nuclear expression levels of
OCT4 protein did not change significantly
(Figure 5(f,h)). Moreover, the expression of
another key pluripotent factor, NANOG, was
not changed by Trps1 RNAi (Figure S6A and
S6B). These results indicate that TRPS1 can

restrain the expression of Oct4 in two-cell
embryos while sustaining the level of Sox2.

Discussion

The preimplantation stage is one of the most critical
periods during mammalian development. However,
the underlying mechanisms remain unclear. TRPS1 is
an important atypical GATA transcription factor. Its
possible functions inmouse preimplantation embryos
have not been reported previously. In the present

Figure 5. TRPS1 differentially regulated the expression of Sox2 and Oct4. (a and b) Trps1-siRNA significantly changed the mRNA expression
level of Sox2 (a) and Oct4 (b). About 60 embryos were used in each experimental group (N = 3). (c, d and e) Trps1 knockdown resulted in less
nuclear localization of SOX2 protein at late two-cell stage (C and E), but no changewas observed in early two-cell embryos (c and d). (f, g and h)
Trps1 knockdown resulted in elevated cytoplasmexpression level of OCT4 protein atmid (f and g) and late (f and h) two-cell stage.Mid two-cell,
20 h post injection; late two-cell, 29 h post injection. About 80 embryos were used in each experimental group (N = 3). * P < 0.05, ** P < 0.01,
***P < 0.001, Student’s t-test. Error bars indicate SEM. Scale bar, 20 μm.
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study, we found the unique high expression of Trps1
mRNA in one-cell embryos, an increase of TRPS1
nuclear localization in two/four-cell embryos, and
that Trps1 knockdown induced effects that include
partial blockage of mouse PED at the two-cell stage,
increased expression of ZGA markers (Zscan4d and
MuERV-L), decreased expression of H3K4me3 and
H3K27me3, downregulation of Sox2 and up-
regulation of Oct4mRNA levels. These results clearly
suggest that TRPS1 plays important roles in the early
stages of mouse preimplantation development.

Mouse ZGA occurs in two waves. Minor ZGA that
occurs at the one-cell stage is promiscuous and over
90% of genes (including extensive intergenic regions)
are transcribed, mainly with poor splicing and 3ʹ
processing. Major ZGA takes place at the two-cell
stage, where less than 80% of genes are selectively
transcribed, probably due to a condensed chromatin
state [60]. Recently, it was confirmed that minor ZGA
is critical formouse PED [61]. In the present study, we
showed that the expression level of Trps1 mRNA is
relatively high in MII oocytes and highest in one-cell
embryos. After this stage, theTrps1mRNAexpression
level decreased markedly and it became almost unde-
tectable at the eight-cell stage (Figure 1(b)). These
results indicate that, while Trps1mRNA is maternally
stored, it is also transcribed during minor ZGA and is
cleared at later stages of PED. However, TRPS1 pro-
tein was intensely stained in two- and four-cell
embryos (Figure 1(d)), suggesting its importance dur-
ing early PED, especially around major ZGA.

Trps1-siRNA injection was applied in the present
study to knock down bothmaternal and zygotic Trps1
mRNA, leading to blockage of the development of
about 30% of preimplantation embryos (Figure 3
and Table 1). Maternally inherited TRPS1 protein in
early PEDmaymask its roles in preimplantation stage
when applying traditional knockout technologies that
caused neonatal death of homogeneous Trps1-KO
mice from respiratory failure [62]. (Thus Trps1-KO
preimplantation embryos cannot be obtained through
mating of homogeneous mice). In line with this
assumption, the injection of anti-TRPS1 antibody sig-
nificantly increased the arrest rate of mouse PED
(Figure S1). Haploinsufficiency of the Trps1 gene is
responsible for tricho-rhino-phalangeal syndrome,
which is extremely rare [63]. In addition, Trps1 gene
amplification occurs in 28% of human breast cancer
cases [38]. Thus, the level of Trps1 should also be

tightly controlled. Naturally, about half of the mam-
malian preimplantation embryos fail to implant
[64,65], which suggests the existence of a protective
surveillance mechanism during PED that prevents
possible developmental defects, possibly by setting
the responsible developmental genes as gears of the
“zygotic clock.”

In the present study, we found that Trps1 knock-
down significantly elevated the expression levels of
MuERV-L and Zscan4d (Figure 4(a)). Both
MuERV-L and Zscan4d are highly expressed in two-
cell embryos, and decline sharply at later stages
[19,22]. Active MuERV-L in two-cell embryos is
reported to be closely connected with open chromatin
[10], and promotes the expression of hundreds of
neighboring genes including Zscan4d [20]. In addi-
tion, Zscan4 cluster also activates MuERV-L expres-
sion [53]. Furthermore, expression of Zscan4 and
MuERV-L in ESCs can promote the activation of
many two-cell-specific genes and turn mouse ESCs
into a “two-cell like” state that is transiently totipotent
and important for cell potency [55,66]. Thus, the
increased expression of these two markers implies
the elevated expression of multiple ZGA genes
induced by Trps1 knockdown. TRPS1 is an important
repressor of other GAGA familymembers [25] as well
as ERα [38]. Inhibition of ERα was previously shown
to decrease the expression of MuERV-L in two-cell
embryos [42]. Hence, the functional mechanisms of
TRPS1 during early development might be associated
with negative gene regulation, which restricts the
expression of stage-specific genes to an appropriate
level and within the correct time window.

Chromatin state is important for the control of
selective gene expression. Recent studies have revealed
that preimplantation stage-specific broad H3K4me3
domains are enriched in genes highly expressed at the
specific stage, and correlate with ZGA [67]. Other
studies revealed that ~22% of the oocyte genome is
modified with “noncanonical” broad H3K4me3,
which is associated with gene silencing in late-stage
oocytes, zygotes, and early two-cell embryos. Broad
H3K4me3 domains are erased at the late two-cell stage
when H3K4me3 is confined to promoter regions and
distal peaks of these genes [58,59]. These results
revealed that the regulatory effects of H3K4me3
enrichment during maternal-to-zygotic transition are
specific to the cell context and rely on the transcription
of critical genes. H3K4me3 and other kinds of histone
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modifications such as H3K27me3 (whose occupation
is resisted by broad H3K4me3 [67]) and H3K27ac
(which correlates with open chromatin [10]) coop-
erate in a tightly regulated manner to determine spe-
cific gene expression during major ZGA. Key factors
that regulate their synchronous actions have not been
addressed. In the present study, we showed that Trps1
knockdown resulted in decreased expression levels of
both H3K4me3 and H3K27me3 (Figure 4), while
H3K27ac (and H3K36me3) did not change signifi-
cantly (Figure S5), suggesting that TRPS1 might
work through maintaining H3K27me3 and noncano-
nical H3K4me3 on target genes (e.g., Zscan4d and
MuERV-L) and prevent their overexpression.

ZGA failure was observed when mouse two-
cell embryos were overexpressed with Sox2 or
Oct4, both of which are key pluripotency regula-
tors that can interact with each other to form

a SOX2–OCT4 complex and are absent in
Zscan4+/MERVL+ ESCs [55,66]. It has been
reported that the long-lived SOX2 predicts the
cell fate of mouse four-cell embryos because blas-
tomeres with more stable SOX2-DNA binding led
to inner cell allocation, during the first lineage
specification [68]. Another study revealed that
heterogeneity in OCT4 and SOX2 targets (like
Sox21) also predicts four-cell embryo fate [69].
Thus, the transcription, translation, and nuclear
translocation of Sox2 and Oct4 during two-cell to
four-cell transition are critical. Our results
showed that the expression level of Sox2 mRNA
was decreased by Trps1 knockdown, while Oct4
expression increased significantly (Figure 5).
Notably, SOX2 translocated from cytoplasm to
nucleus at the late two-cell stage, which could
be blocked by Trps1 knockdown. These results

Figure 6. Regulatory model of TRPS1 during mouse early embryogenesis. During mouse preimplantation embryonic development,
nuclear localization of TRPS1 (green) was most apparent in two-cell and four-cell embryos and regulated the expression of Zscan4d,
MuERV-L, H3K4me3, H3K27me3, Sox2 and Oct4. The effects of TRPS1 on each of them are indicated by solid arrows (results of the
present study). Dotted arrows indicate the roles of SOX2 and OCT4 that determine four-cell fate, and the roles of Zscan4d and MuERV-
L in establishing two-cell like (“2C”) state in mouse embryonic stem (ES) cells.
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suggest the differential regulation of these two
genes by TRPS1. The precise levels of Sox2 and
Oct4 are critical for the maintenance of pluripo-
tency during embryogenesis after blastocyst for-
mation. Complicated crosstalk may occur
between Sox2 and Oct4, although negative feed-
back loops have been shown to delicately balance
their expression [70]. It is reasonable to assert
that the differential regulation of Sox2 and Oct4
by TRPS1 might block the function of the SOX2–
OCT4-centered signaling network of pluripotency
in two-cell embryos, maintain the totipotent state
during this stage, and also determine the long-
lived DNA binding of SOX2 (but not OCT4) for
cell fate at the four-cell stage [68], when TRPS1
expression is maintained at a high level.

Taking these findings together, elevated nuclear
localization of TRPS1 exclusively during two-cell
to four-cell embryo transition plays an indispen-
sable role in controlling the expression of three
highly correlated critical pairs: (1) repeat element
MuERV-L with its associated two-cell-specific gene
Zscan4d; (2) bivalent histone modifiers, H3K4me3
and H3K27me3; and (3) core regulatory partners
of pluripotency, Sox2 and Oct4. We propose that
through maintaining the occupation of H3K27me3
and H3K4me3 on cis-regulatory regions of
Zscan4d and MuERV-L, TRPS1 restrains their
expression to a narrow time window important
for further development and blocks the function
of the SOX2–OCT4-centered signaling network of
pluripotency critical for totipotency establishment
during the mouse two-cell stage, thus regulating
the progression of ZGA (Figure 6).
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