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Abstract 

       WW domain-containing transcription regulator 1 (WWTR1) is one of the 

primary effectors in the Hippo pathway, which plays essential roles in cell 

differentiation into trophectoderm (TE) and inner cell mass cell lineages at the 

blastocyst stage. However, little is known about the roles of WWTR1 in 

preimplantation development. The present study aimed to explore the significance 

of WWTR1 expression in preimplantation development using an mRNA 

knockdown (KD) system in bovine embryos. We first quantitated WWTR1 

expression at protein and mRNA levels from fertilization to blastocyst stage. 

WWTR1 proteins gradually shifted from extranuclear localization during the 16-

cell stage to nuclear localization by morula stage. WWTR1 mRNA expression was 

also transiently upregulated at the 16-cell stage. WWTR1 KD efficiently repressed 

WWTR1 expression at protein and mRNA levels. The WWTR1 KD embryos 

developed to the blastocyst stage at rates equivalent to those of controls, but TE 

cell numbers were significantly decreased. Representative TE-expressed genes, 

including CDX2 and IFNT were also significantly decreased in WWTR1 KD 

blastocysts. These results provide the first demonstration that WWTR1 expression 

is responsible for normal TE cell development in preimplantation embryos. 
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Introduction 

       How one fertilized zygote gives rise to a variety of cell types and becomes a 

complex adult body is one of the most intriguing puzzles in biology. The fertilized 

zygote repeatedly undergoes cleavage, increasing the cell number. Embryonic cells then 

gradually establish characteristic transcriptional profiles adapted to their 

microenvironment, migrating as the mature to play specialized roles in specific tissues 

throughout the complex adult body [1]. Such self-organization is driven by adaptive 

gene regulatory networks. TE cells, a group of cells that undergo the earliest cell-fate 

decision from undifferentiated embryonic cells, express a key transcription factor 

CDX2. The TE cells form the placenta, while the ICM cells that do not express CDX2 

give rise to the embryo proper. This cell lineage specification is called the first cell-fate 

decision. The timing of stabilization of this cell fate varies among species [2,3]. The 

Hippo pathway activates a phosphorylation cascade in response to changes in 

microenvironment surrounding each cell. This pathway appears to be a conserved 

mechanism among many species for orchestrating the first cell-fate decision (to TE or 

ICM cells) of blastocysts [4,5].  

The Hippo pathway components, TEAD4, YAP1, and WWTR1, also called 

TAZ, are expressed in morula and blastocyst stage embryos in many mammals [5–7]. 
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When the Hippo pathway is activated in the ICM, both WWTR1 and YAP1 are 

phosphorylated, preventing translocation into the nucleus, resulting in cytoplasmic 

localization. By contrast, the Hippo pathway is inactivated in the TE. WWTR1 and 

YAP1 are not phosphorylated and can interact with nuclear TEAD4 to induce TE-

specific genes including, CDX2 [8]. Thus, subcellular localization of the last two 

effectors, YAP1 and WWTR1, is critical for producing the asymmetry between TE and 

ICM within a blastocyst through interaction with TEAD4, which is localized to TE 

nuclei [2,4,6]. To date, although YAP1 has been well studied, the functions of WWTR1 

have not been elucidated in mammalian embryos [5,7,9]. 

While YAP1 is highly conserved among species [10], WWTR1 appeared much 

later than YAP1 in vertebrate evolution [11]. Bovine YAP1 (Accession No: 

XP_024831476) and WWTR1 (Accession No: NP_001179976) proteins are 

approximately 60% homologous, spanning multiple functional domains. Both proteins 

contain WW domains that interact with LATS1/2 to phosphorylate WWTR1 and YAP1 

when the Hippo pathway is activated [12]. Each protein also contains several unique 

domains. YAP1 uniquely contains an SH3-binding motif and an N-terminal proline-rich 

region [8] . WWTR1 uniquely contains a phosphodegron that is directly phosphorylated 

by GSK3β [13]. In accord with these structural differences, there are overt differences 
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in the phenotypes of knockout (KO) mice for each gene. YAP1 KO mice display 

embryonic lethal with failure of yolk sac vasculogenesis at day (E) 8.5 [14]. Whereas 

20% of WWTR1 KO remain viable, although they develop renal cysts and lung 

emphysema [15–17]. Nevertheless, WWTR1 and YAP1 have been regarded to be 

functionally redundant in mammalian early embryos, therefore the role of YAP1 in 

preimplantation development has been studied in detail, but that of WWTR1 has not. 

       In the present study, we first determined WWTR1 expression dynamics at 

protein and mRNA levels during bovine preimplantation development. We then 

performed WWTR1 knockdown (KD) by microinjection of WWTR1 short-hairpin RNA 

into presumptive zygotes, and assessed the effects of WWTR1 KD on blastocyst 

formation. The TE cell number of the WWTR1 KD blastocysts was significantly 

decreased compared with control embryos. Thus, these results provide first 

demonstration that WWTR1 plays significant roles particular to TE development in 

bovine embryos in mammalian blastocysts. 
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Materials and Methods 

Preparation of in vitro fertilized embryos 

Bovine embryos were prepared via in vitro fertilization as previously described 

[18,19]. Briefly, cumulus-oocyte complexes (COCs) were aspirated from 3–8-mm 

follicles in ovaries retrieved from a slaughterhouse. COCs including intact cumulus 

cells were cultured at 38.5°C in a humidified atmosphere with 5% CO2 and air for 20 to 

22 h in 100-mL droplets of TCM199 (Gibco, Grand Island, NY) containing 10 mM 

cysteamine (Sigma-Aldrich, St. Louis, MO), 10% (v/v) fetal bovine serum (PAA 

Laboratories, Pasching, Austria), 0.5 mg/mL follicle-stimulating hormone (Kyoritsu 

Seiyaku Corp., Tokyo, Japan), 100 U/mL penicillin (Nacalai Tesque, Inc., Kyoto, 

Japan), and 100 U/mL streptomycin (Nacalai Tesque, Inc.) covered with liquid paraffin 

oil. Oocytes were then transferred to Brackett and Oliphant (BO) medium [20] 

containing 2.5 mM theophylline (Wako Pure Chemical Industries, Ltd., Osaka, Japan). 

Frozen-thawed semen was centrifuged at 600 X g for 7 min in BO medium, and 

spermatozoa were added to the COCs at a final concentration of 5  106 cells/mL. After 

12 h of incubation, presumptive in vitro-fertilized zygotes were denuded by pipetting, 

and cultured at 38.5°C in a humidified atmosphere with 5% CO2 using synthetic oviduct 

fluid (SOF) medium supplemented with 10 mg/mL insulin (Sigma-Aldrich), 1 mg/mL 
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polyvinyl alcohol (Sigma-Aldrich), and 10 mM cysteamine. Embryos were used for 

microinjection immediately after denuding. Rates of cleavage and blastocyst formation 

were assessed on days 2 and 8 of in vitro culture, respectively. 

 

Immunofluorescence and confocal microscopy  

Primary antibodies included rabbit anti-WWTR1 (V386) (1:300, CAT 

No.#4883, Cell Signaling Technology, USA), rabbit anti-CDX2 (1:200, ab76541; 

Abcam), and rabbit anti-SOX2 (1:1500, ab92494; Abcam). The secondary antibodies 

used were as follows: Alexa Fluor 488 Goat anti-rabbit IgG Cross-Adsorbed (A11008, 

polyclonal, 1:400, Invitrogen Tokyo, Japan)�and Alexa Fluor 555 goat anti-rabbit IgG 

(A21428, polyclonal, 1:400, Invitrogen). Oocytes and embryos were fixed with 4% 

(w/v) paraformaldehyde (PFA; Wako Pure Chemical Industries) in PBS for 60 min, 

then permeabilized for 60 min with 0.2% (v/v) Triton X-100 in PBS. Next, oocytes and 

embryos were blocked for 45 min with blocking buffer; Blocking One (1:5; Nacalai 

Tesque, Inc.) diluted in 0.05% (v/v) Tween 20 in PBS. Thereafter, oocytes or embryos 

were incubated in blocking buffer containing the primary antibody for 8 h at 20–22°C. 

After washing 5 X 10 minutes in PBS containing 0.1% (v/v) Triton X-100 and 0.3% 

(w/v) bovine serum albumin (Sigma-Aldrich), oocytes and embryos were incubated for 
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30 min at room temperature with secondary antibody diluted to 1:400 in 0.01%(v/v) 

Tween 20 in PBS. Nuclei were counterstained with 25 mg/mL Hoechst 33342 (Sigma-

Aldrich) prepared in 0.2% (w/v) polyvinyl alcohol in PBS. Fluorescence signals were 

visualized using a Leica: TCS SP5 confocal laser-scanning microscope (Leica, Wetzlar, 

Germany). 

 

Quantitative PCR 

Total RNA from five oocytes or embryos per biological replicate was isolated 

using a ReliaPrep RNA Cell Miniprep System (Promega Corporation, Madison, WI, 

USA), following the manufacturer’s instructions. Syntheses of embryonic cDNA were 

conducted using a ReverTra Ace qPCR RT Master Mix (Toyobo, Osaka, Japan). 

Quantitative PCR (qPCR) was performed after preparing reaction mixtures in 

THUNDERBIRD SYBR qPCR Mix (Toyobo). Primer sets used for analyses are listed 

in Table 1. Relative expression levels of WWTR1 and YAP1 were determined after 

normalization using the geometric mean of internal standard genes (GAPDH, ACTB, 

and YWHAZ) to eliminate differences among developmental stages in expression of 

internal standard genes. WWTR1 expression in WWTR1 KD experiments was calculated 

relative to transcription of one internal control, H2AFZ (H2A histone family member Z) 
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in each sample, in accord with a previous study [19]. The experiments were performed 

in triplicate. 

 

Microinjection of the WWTR1 shRNA expression vector 

Construct preparation for RNA interference by microinjection into presumptive 

zygotes was performed as previously described [21]. An shRNA containing 

antisense/sense regions, a 23-bp loop (5- AAGTTAAACATGAATAAACATTT) and a 

6-bp terminator element (5-TTTTTT), was designed to target nucleotides 1679-1701 of 

WWTR1 mRNA (Accession No.; XM_005201825.4). The dsDNA was ligated 

downstream of the U6 promoter into the pBAsi/mU6 Neo vector (Stratagene, CA, 

USA). The WWTR1 mRNA-targeting shRNA (WWTR1 shRNA) expression vector 

(pBAsi/mU6/WWTR1) was prepared using an EZgene EndoFree Plasmid Miniprep Kit 

II (Biomiga, Inc., San Diego, CA). pBAsi/mU6 Neo plasmid lacking the WWTR1 

shRNA insert (empty vector) [21–23] was used as a control for embryo injection. 

Twelve hours after insemination, synthesized WWTR1 shRNA or empty-vector control 

DNA (diluted to a final concentration of 10 ng/mL with SOF medium) was injected into 

the cytoplasm of denuded zygotes using a FemtoJet injection device (Eppendorf, 

Hamburg, Germany). These presumptive zygotes were cultured to examine the effect of 
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KD on embryonic development from 12 hours post fertilization to blastocyst stage. 

 

Statistical Analysis 

All experimental data are presented as mean ± standard errors of the mean 

(SEM). In the data on both WWTR1 expression levels and rates of development to the 

blastocyst stage, statistically significant differences were compared using repeated-

measures ANOVA followed by Tukey’s post hoc tests. All other data were statistically 

analyzed using unpaired Student’s t test. R software (Comprehensive R Archive 

Network, https://cran.r-project.org/) was used for all statistical analyses. P< 0.05 was 

considered statistically significant. 
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Results 

Bovine WWTR1 expression at protein and mRNA levels during early embryonic 

development. 

We first determined WWTR1 protein expression patterns by immunostaining 

GV oocytes and embryos ranging from 12 hours post fertilization to blastocyst stage (Fig. 

1A). WWTR1 proteins were predominantly localized to the cytoplasm in GV and MII 

oocytes, and in 2C embryos. At 4C and 8C stages, WWTR1 proteins were present in the 

cytoplasm and in the nuclei. At 16C stage, fluorescent staining of WWTR1 protein was 

observed more strongly in the nuclei than in the cytoplasm in some blastomeres. At both 

the morula and blastocyst stages, WWTR1 proteins were exclusively localized to the 

nuclei in the outer cells.  

We next investigated WWTR1 mRNA expression dynamics in GV oocytes 

through blastocyst stage embryos (Fig. 1B). Until the 8C stage, WWTR1 expression 

remained at low levels. By contrast, WWTR1 expression was transiently upregulated at 

the 16C stage (P < 0.05). WWTR1 expression was again downregulated at morula and 

blastocyst stages. This transient increase in WWTR1 expression might be associated with 

a shift in WWTR1 protein localization from cytoplasm to nucleus at the 16C stage.  
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Effect of WWTR1 KD on bovine preimplantation development 

We examined the significance of WWTR1 expression during bovine 

preimplantation development by KD of WWTR1 mRNA expression. Relative WWTR1 

mRNA abundance was significantly lower in WWTR1 KD blastocysts than in controls (P 

< 0.05) (Fig. 2A). Furthermore, an obvious reduction in WWTR1 protein throughout 

WWTR1 KD blastocysts was confirmed by immunostaining (Fig. 2B). Cleavage and 

blastocyst formation rates in WWTR1 KD embryos were similar to those of the controls 

(Fig. 2C). These results demonstrate that WWTR1 KD does not affect rates of 

preimplantation development in cattle. 

 

Effect of WWTR1 KD on bovine TE formation. 

To explore the effect of WWTR1 KD on bovine TE formation, we performed 

CDX2 immunostaining (Fig. 3A). A clear reduction in fluorescent signal detecting CDX2 

protein was observed in WWTR1 KD blastocysts (Fig. 3A). We next carried out SOX2 

immunostaining to discriminate ICM cells from the other cells in the blastocysts. The 

SOX2 expression pattern in WWTR1 KD blastocysts was similar to that in control 

blastocyst (Fig. 3B). The number of SOX2 negative TE cells was significantly decreased 

in the WWTR1 KD blastocysts (Fig. 3C). However, the number of SOX2 positive ICM 
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cells did not differ between WWTR1 KD and control blastocysts (Fig. 3C). These results 

indicate that the reduction in total cell number in WWTR1 KD blastocysts is due to failure 

of TE formation rather than that of ICM formation. 

 

Effect of WWTR1 KD on TE/ICM differentiation-associated genes. 

We next examined the effect of WWTR1 KD on differentiation-associated gene 

expression to genetically characterize TE and ICM [20]. According to qPCR analyses, 

expression levels of four representative TE-expressed genes, CDX2, TEAD4, IFNT and 

CCN2 were significantly decreased in WWTR1 KD blastocysts (P < 0.05) (Fig. 4). No 

significant differences were observed in expression levels of the ICM-expressed genes, 

NANOG and OCT3/4 (Fig. 4). Hence, these results reinforced failure to form the TE in 

WWTR1 KD blastocysts (Fig. 3C).  
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Discussion 

Formations of TE and ICM cell lineages requires inactivated and activated states 

of the Hippo pathway in the inner and outer cells, respectively. In the outer cells, YAP1 

and WWTR1 enter the nucleus, activating TE-expressed genes through interaction with 

TEAD4. Thus, the presence or absence of nuclear localization for these two effectors 

determines the TE vs ICM cell fate in early embryos. Expression of WWTR1 during 

preimplantation development has not been as well characterized that of its paralog, YAP1 

[5,7,9]. Here, we attempted to clarify WWTR1 expression dynamics at protein and 

mRNA levels, and the role of WWTR1 expression in TE development toward blastocyst 

formation using a gene-expression KD system. 

      WWTR1 proteins were detectable throughout preimplantation development. In 

stages from GV oocyte to 2C embryo, WWTR1 proteins were predominantly localized to 

the cytoplasm. At 4C and 8C stages, equivalent amounts of WWTR1 protein were 

localized to both the cytoplasm and the nucleus. From the 16C stage, the outer 

blastomeres showed nuclear WWTR1 localization. According to previous study, YAP1 

protein localization patterns were different from those of WWTR1 protein. In the 16C 

stage, YAP1 protein started to localize to the nucleus in a part of the cells [9]. As nuclear 

localization of YAP1 proteins is required for their intervention in transcriptional 
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regulation, nuclear YAP1 localization might play role in early development prior to the 

8C stage, differing from WWTR1 protein [9].  

WWTR1 mRNA expression was transiently upregulated at the 16C stage, when 

an obvious translocation of protein into the nucleus was observed. As activation of zygotic 

genome transcription starts around the 16C stage in bovine embryos [24], activation of 

WWTR1 expression at mRNA and protein levels during embryonic development might 

be coordinated with zygotic genome activation.  

       To explore the role(s) of WWTR1 expression in preimplantation development, 

we investigated development rates and TE/ICM cell allocation in WWTR1 KD embryos. 

Knockdown of WWTR1 mRNA did not impair preimplantation development up to the 

blastocyst stage, as did TEAD4 KD [25]. WWTR1 KD blastocysts formed 

morphologically normal blastocoel; however, their TE cell numbers were reduced 

compared with those of controls. As WWTR1 is one of the primary effectors (as is YAP1) 

in the Hippo pathway that regulates the first cell segregation decision, cell differentiation 

toward the TE cell lineage might be inhibitted during blastocyst formation. YAP1 KD 

blastocysts also show decreased TE cell numbers [10]. Unlike WWTR1 KD, YAP1 KD 

decreased ICM cell numbers. Although the procedure for KD was different from that in 

the present study, this dissimilarity in KD effects on each cell lineage possibly reflects a 
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functional difference between WWTR1 and YAP1. WWTR1 expression would be 

specifically essential for TE proliferation. 

In addition to TE cell proliferation, expression levels of representative TE-

expressed genes, CDX2, TEAD4, CCN2, and IFNT, were downregulated in WWTR1 KD 

blastocysts. Reduced TE cell number is probably not the reason for reduced TE-expressed 

gene expression because CDX2 protein expression was clearly repressed in WWTR1 KD 

blastocysts (Fig. 3A). Initiation of CDX2 gene expression requires inactivation of the 

Hippo pathway by localization of WWTR1 to the TE nuclei where it interacts with 

TEAD4, as does YAP1 [4]. This WWTR1-TEAD4 interaction is quantitatively reduced 

by WWTR1 KD. Consequently, the TE cells in WWTR1 KD blastocysts could not maintain 

a TE cell-specific transcriptional profile, as evidenced by downregulation of the 

pregnancy recognition factor IFNT specific to ruminant TE cells [26]. CCN2 is reported 

to be a direct WWTR1 target gene in human cells [27]. CCN2 downregulation in WWTR1 

KD blastocysts indicates that CCN2 is also a WWTR1 target genes in bovine embryos. 

This might downregulate TEAD4 because CCN2 and TEAD4 reciprocally regulate each 

other’s expression in bovine blastocysts [25]. TEAD4 downregulation might be due to 

CDX2 downregulation in WWTR1 KD blastocysts because TEAD4 is an essential 

transcription factor for CDX2 expression [7]. 
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There was no significant difference in ICM cell numbers between control and 

WWTR1 KD blastocysts (Fig. 3C). Furthermore, the expression levels of two potent ICM 

markers, OCT3/4 and NANOG, in WWTR1 blastocysts were also equivalent to those in 

controls (Fig. 4). Notably, YAP1 KD blastocysts displayed NANOG downregulation but 

did not display significant decrease in CDX2 expression, unlike WWTR1 KD blastocysts 

[10]. Interaction between YAP1 and TEAD family proteins also contributes to mouse 

embryonic stem cell pluripotency [28]. Therefore, our results suggest that bovine 

WWTR1 and YAP1 regulate significantly overlapping transcription programs in 

preimplantation development but WWTR1 also mediates more specific functions 

underlying TE differentiation in bovine embryos.  

In conclusion, the present study has elucidated WWTR1 expression dynamics at 

protein and mRNA levels and the significance of WWTR1 expression during 

preimplantation development. Unlike YAP1, WWTR1 specifically directs TE cell 

differentiation in bovine blastocysts. Further analyses of how WWTR1 contributes to the 

first cell-fate decision would help understand more precise molecular mechanisms in 

preimplantation development. 
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Figure legends 

Figure 1. Bovine WWTR1 expression at the protein and mRNA levels during 

preimplantation development. A: Immunostaining for the WWTR1 proteins in 

germinal vesicle (GV), MⅡ oocytes (MⅡ), 2-cell (2C), 8C, 16C, morula (M) and 

blastocyst (B) embryos. Nuclear DNA was counterstained by Hoechst staining. Green: 

WWTR1; blue: DNA. Scale bar = 50 µm. B: Relative expression levels of the WWTR1 

mRNA from the GV oocyte stage to the blastocyst stage. Three housekeeping genes, 

GAPDH, ACTB and YWHAZ, were used as internal controls for quantitative PCR. Values 

are represented as means ± SEM. An asterisk means statistically significant difference (P 

< 0.05). 

 

Figure 2. Validation of WWTR1 KD by shRNA microinjection and its effect on 

developmental rates until the blastocyst stage. A: WWTR1 mRNA abundance was 

determined using quantitative PCR. Three independent experiments were performed. 

Empty: Embryos that the parent vector without the WWTR1 shRNA insert was 

microinjected. Approximately 20–40 embryos were used for WWTR1 KD and control 

(Empty) in each experiment. Values are represented as means± SEM. An asterisk means 

statistically significant difference (P < 0.05). B: Immunostaining for WWTR1 at the 
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blastocyst stage. Nuclear DNA was counterstained by Hoechst staining. Green: WWTR1; 

blue: DNA. Scale bar = 100 µm. C: Effect of WWTR1 KD on embryonic development 

until the blastocyst stage. Uninjected: n = 87 (white); Empty: n = 163 (gray); WWTR1 

KD: n = 166 (green). Three independent experiments were performed. Values are 

represented as means ± SEM. 

 

Figure 3. Effect of WWTR1 KD on bovine TE and ICM formations. A: 

Immunostaining for CDX2 at the blastocyst stage. CDX2 protein is displayed in green; 

nuclei are in blue. Scale bar = 100 µm. B: Immunostaining for SOX2 at the blastocyst 

stage. SOX2 protein is displayed in red; nuclei are in blue. Scale bar = 100 µm. C: 

Allocations to the ICM and TE in the WWTR1 KD and control blastocysts. SOX2 was 

used as a ICM marker and SOX2 negative cells were counted as TE cells. The number of 

cells positive for each cell marker was counted. Values are represented as means ± SEM. 

An asterisk means statistically significant difference (P < 0.05). 

 

Figure 4. Effect of WWTR1 KD on TE/ICM-associated gene expression. The relative 

expression levels of 4 TE-associated genes, CDX2, IFNT, TEAD4, and CCN2, and 2 ICM-

associated genes, NANOG and OCT3/4, were compared between the WWTR1 KD and 
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control blastocysts. Data were normalized to H2AFZ (H2A histone family member Z) 

mRNA abundance as an internal control. Three independent experiments were replicated. 

Values are represented as means ± SEM. An asterisk means statistically significant 

difference (P <0.05). 
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F: TATCATTCGAGGGAGCAGAG

R: TCAAGAAAATCAGGGAAACG

F: GGCAAGATGTATGGTCGGAA

R: TGCCTGATCCTTTAGCTTGG

F: GCCACCATGTACGTGAGCTAC

R: ACATGGTATCCGCCGTAGTC

F: CAAGCAGCTGAGCGAGTTGT

R: TGGTACACAGTTCCTCCGAAA

F: CTACTGATGGCCTTGGTGCT

R: GTCCTTCTGGAGCTGGTCAC

F: CTCGCAGACCCAGCTGTGTG

R: CCCTGAGGCATGCCATTGCT

F: ACATGTGTAAGCTGCGGCCC

R: CTTTCGGGCCTGCACAAGGG

F: AGAGCCGGTTTGCAGTTCCCG

R: TACTCCAGGATGGCTGCGCTGT

F: ATGCTGGTGCTGAGTATGTAGTGG

R: AGAAGCAGGGATGATATTCTGGGC

F: GGGACGACATGGAGAAGATC

 R: CCAGAGGCATACAGGGACAG

F: TTGGAGGGTCGTCTCCAGTA

R: TGCAACCTCAGCCAAGTAGC
YWHAZ NM_174814.2 65 226

GAPDH NM_001034034.2 53 365

ACTB NM_173979.3 51 202

OCT3/4 NM_174580.3 58 107

H2AFZ NM_174809.2 58 116

IFNT NM_001031765.1 52 204

NANOG XM_024992001.1 58 198

CDX2 NM_001206299.1 58 140

CCN2 NM_174030.2 62 150

 WWTR1 NM_001193047.1 67 175

TEAD4 XM_010805630.3 62 150

Table 1. Primer sets for the quantitative RT-PCR analysis

Gene Accession number Primer sequence (5'-3')
Annealing

temperture

Product

length (bp)
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