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STUDY QUESTION: What is the role of transcriptional-enhanced associate (TEA) domain family member 4 (TEAD4) in trophectoderm
(TE) differentiation during human embryo preimplantation development in comparison to mouse?

SUMMARY ANSWER: TEAD4 regulates TE lineage differentiation in the human preimplantation embryo acting upstream of caudal-type
homeobox protein 2 (CDX2), but in contrast to the mouse in a GATA-binding protein 3 (GATA3)-independent manner.

WHAT IS KNOWN ALREADY: Tead4 is one of the earliest transcription factors expressed during mouse embryo preimplantation devel-
opment and is required for the expression of TE-associated genes. Functional knock-out studies in mouse, inactivating Tead4 by site-specific
recombination, have shown that Tead4-targeted embryos have compromised development and expression of the TE-specific Cdx2 and Gata3
is downregulated. Cdx2 and Gata3 act in parallel pathways downstream of Tead4 to induce successful TE differentiation. Downstream loss of
Cdx2 expression, compromises TE differentiation and subsequent blastocoel formation and leads to the ectopic expression of inner cell mass
(ICM) genes, including POU Class 5 homeobox 1 (Pou5f1) and SRY-box transcription factor (Sox2). Cdx2 is a more potent regulator of TE
fate in mouse as loss of Cdx2 expression induces more severe phenotypes compared with loss of Gata3 expression. The role of TEAD4 and
its downstream effectors during human preimplantation embryo development has not been investigated yet.

STUDY DESIGN, SIZE, DURATION: The clustered regularly interspaced short palindromic repeats—clustered regularly interspaced
short palindromic repeats (CRISPR)-associated genes (CRISPR-Cas9) system was first introduced in pronuclei (PN)-stage mouse zygotes
aiming to identify a guide RNA (gRNA), yielding high editing efficiency and effective disruption of the Tead4 locus. Three guides were
tested (gRNA1-3), each time targeting a distinct region of Exon 2 of Tead4. The effects of targeting on developmental capacity were stud-
ied in Tead4-targeted embryos (n¼ 164—summarized data from gRNA1-3) and were compared with two control groups; sham-injected
embryos (n¼ 26) and non-injected media-control embryos (n¼ 51). The editing efficiency was determined by next-generation sequencing
(NGS). In total, n¼ 55 (summarized data from gRNA1-3) targeted mouse embryos were analysed by NGS. Immunofluorescence analysis
to confirm successful targeting by gRNA1 was performed in Tead4-targeted embryos, and non-injected media-control embryos. The
downregulation of secondary TE-associated markers Cdx2 and Gata3 was used as an indirect confirmation of successful Tead4-targeting
(previously shown to be expressed downstream of Tead4). Additional groups of gRNA1 Tead4-targeted (n¼ 45) and media control
(n¼ 36) embryos were cultured for an extended period of 8.5 days, to further assess the developmental capacity of the Tead4-targeted
group to develop beyond implantation stages. Following the mouse investigation, human metaphase-II (MII) oocytes obtained by IVM were
microinjected with gRNA-Cas9 during ICSI (n¼ 74) to target TEAD4 or used as media-control (n¼ 33). The editing efficiency was success-
fully assessed in n¼ 25 TEAD4-targeted human embryos. Finally, immunofluorescence analysis for TEAD4, CDX2, GATA3 and the ICM
marker SOX2 was performed in TEAD4-targeted (n¼ 10) and non-injected media-control embryos (n¼ 29).
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PARTICIPANTS/MATERIALS, SETTING, METHODS: A ribonucleoprotein complex consisting of a gRNA-Cas9 mixture, designed
to target Exon 2 of Tead4/TEAD4, was microinjected in mouse PN stage zygotes or human IVM MII oocytes along with sperm. Generated
embryos were cultured in vitro for 4 days in mouse or 6.5 days in human. In mouse, an additional group of Tead4-targeted and media-
control embryos was cultured in vitro for an extended period of 8.5 days. Embryonic development and morphology were assessed daily,
during culture in vitro of mouse and human embryos and was followed by a detailed scoring at late blastocyst stage. Targeting efficiency fol-
lowing gRNA-Cas9 introduction was assessed via immunostaining and NGS analysis.

MAIN RESULTS AND THE ROLE OF CHANCE: NGS analysis of the Tead4-targeted locus revealed very high editing efficiencies for
all three guides, with 100% of the mouse embryos (55 out of 55) carrying genetic modifications resulting from CRISPR-Cas9 genome edit-
ing. More specifically, 65.22% (15 out 23) of the PN zygotes microinjected with gRNA1-Cas9, which exhibited the highest efficiency, car-
ried exclusively mutated alleles. The developmental capacity of targeted embryos was significantly reduced (data from gRNA1), as 44.17%
of the embryos arrested at the morula stage (2.5 days post coitum), coincident with the initiation of TE lineage differentiation, compared
with 8.51% in control and 12.50% in sham control groups. High-quality blastocyst formation rates (Grade 3) were 8.97% in the gRNA1-
targeted group, compared with 87.23% in the media-control and 87.50% in the sham group. Immunofluorescence analysis in targeted em-
bryos confirmed downregulation of Tead4, Cdx2, and Gata3 expression, which resulted from successful targeting of the Tead4 locus.
Tead4-targeted mouse embryos stained positive for the ICM markers Pou5f1 and Sox2, indicating that expression of ICM lineage markers
is not affected. Tead4-targeted embryos were able to cavitate and form a blastocoel without being able to hatch. Extended embryo culture
following zona pellucida removal, revealed that the targeted embryos can attach and form egg-cylinder-like structures in the absence of tro-
phoblast giant cells. In human embryos, Exon 2 of TEAD4 was successfully targeted by CRISPR-Cas9 (n¼ 74). In total, 25 embryos from
various developmental stages were analysed by NGS and 96.00% (24 out of 25) of the embryos carried genetic modifications because of
gRNA-Cas9 editing. In the subgroup of the 24 edited embryos, 17 (70.83%) carried only mutant alleles and 11 out of these 17 (64.70%)
carried exclusively frameshift mutations. Six out of 11 embryos reached the blastocyst stage. In contrast to mice, human-targeted embryos
formed blastocysts at a rate (25.00%) that did not differ significantly from the control group (23.81%). However, blastocyst morphology
and TE quality were significantly compromised following TEAD4-targeting, showing grade C TE scores, with TE containing very few cells.
Immunofluorescence analysis of TEAD4-targeted embryos (n¼ 10) confirmed successful editing by the complete absence of TEAD4 and its
downstream TE marker CDX2, but the embryos generated retained expression of GATA3, which is in contrast to what we have observed
and has previously been reported in mouse. In this regard, our results indicate that GATA3 acts in parallel with TEAD4/CDX2 towards
TE differentiation in human.

LARGE SCALE DATA: N/A.

LIMITATIONS, REASONS FOR CAUTION: CRISPR-Cas9 germline genome editing, in some cases, induces mosaic genotypes. These
genotypes are a result of inefficient and delayed editing, and complicate the phenotypic analysis and developmental assessment of the
injected embryos. We cannot exclude the possibility that the observed differences between mouse and human are the result of variable
effects triggered by the culture conditions, which were however similar for both mouse and human embryos in this study. Furthermore,
this study utilized human oocytes obtained by IVM, which may not fully recapitulate the developmental behaviour of in vivo matured
oocytes.

WIDER IMPLICATIONS OF THE FINDINGS: Elucidation of the evolutionary conservation of molecular mechanisms that regulate the
differentiation and formation of the trophoblast lineage can give us fundamental insights into early implantation failure, which accounts for
�15% of human conceptions.

STUDY FUNDING/COMPETING INTEREST(S): The research was funded by the FWO-Vlaanderen (Flemish fund for scientific re-
search, Grant no. G051516N), and Hercules funding (FWO.HMZ.2016.00.02.01) and Ghent University (BOF.BAS.2018.0018.01). G.C. is
supported by FWO-Vlaanderen (Flemish fund for scientific research, Grant no. 11L8822N). A.B. is supported by FWO-Vlaanderen
(Flemish fund for scientific research, Grant no. 1298722 N). We further thank Ferring Pharmaceuticals (Aalst, Belgium) for their unre-
stricted educational grant. The authors declare no competing interests.

TRIAL REGISTRATION NUMBER: N/A.

Key words: TEAD4 / TEA domain family member 4 / genome editing / CRISPR-Cas9 / mouse embryo / human embryo / preimplanta-
tion development / peri-implantation development

Introduction
The totipotent zygote holds the capacity to give rise to a multitude of
different cell types through a series of highly regulated cell cycles and
lineage decisions. The first lineage choice in mammalian preimplanta-
tion embryo development either leads to the formation of the pluripo-
tent inner cell mass (ICM), which will give rise to the body of the

embryo and the yolk sac, or formation of the multi-potent outer
extra-embryonic trophectoderm (TE), which will give rise to the pla-
centa. In mouse, initiation of the differentiation events occurs following
three symmetrical divisions and compaction of the embryo at the
eight-cell stage (Mihajlovi�c and Bruce, 2017). During compaction, the
blastomeres flatten and undergo increased cell-to-cell adhesion, while
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the embryo adopts a more spherical, smoother shape. Concurrent
with compaction each blastomere acquires apical-basolateral polarity
and becomes polarized. Cell polarization is critical for cell fate specifi-
cation as it leads to an asymmetric distribution of cellular components.
At this stage, all the cells which inherit the apical domain will form the
outer layer and further differentiate towards the TE lineage, while
some cells begin to migrate to the inner part of the embryo, loose po-
larity and start to differentiate towards the ICM (Stephenson et al.,
2012). Recent studies have identified the molecular pathways leading
to the de novo establishment of the cell polarization in the mouse em-
bryo. Zygotic expression of transcription factor AP-2 gamma (Tfap2c)
and TEA domain transcription factor 4 (Tead4) followed by activation
of Rash homologous (Rho) GTPase is necessary and sufficient for the
establishment of cell polarization in the mouse embryo (Zhu et al.,
2017, 2020).

The subsequent changes following compaction and polarization are
supported by an underlying transcriptional network regulating differen-
tiation to the distinct lineages. These transcriptions factors in mouse
and human can be categorized into three groups based on their locali-
zation pattern. The first group (factors localized in the ICM), consists
of SRY-box transcription factor 2 (Sox2), POU Class 5 Homeobox 1
(Pou5f1) and Nanog homeobox (Nanog), which regulate initiation and
maintenance of pluripotency (Palmieri et al., 1994; Nichols et al., 1998;
Mitsui et al., 2003; Chen et al., 2009; Keramari et al., 2010; Thomson
et al., 2011; Bessonnard et al., 2014; Mulas et al., 2018; Heurtier et al.,
2019). The second group (factors localized in the TE) contains factors
regulating TE differentiation such as caudal-type homeobox 2 (Cdx2),
GATA-binding protein 3 (Gata3) and Tfap2c (Auman et al., 2002;
Werling and Schorle, 2002; Strumpf et al., 2005; Winger et al., 2006;
Home et al., 2009; Choi et al., 2012). The third group contains tran-
scription factors expressed both in the ICM and TE lineage, such as
Tead4, which control lineage segregation (Yagi et al., 2007; Nishioka
et al., 2008; Home et al., 2012; Knott and Paul, 2014; Paul and Knott,
2014; Miller and Hendrich, 2018).

Tead4 is part of the TEAD family of transcription factors and is iden-
tified to be one of the earliest transcription factors, expressed during
embryonic genome activation (EGA), which is essential for TE-associ-
ated gene expression, TE differentiation and blastocoel formation.
Tead4 contains an evolutionary conserved 72 amino acid TEA DNA
binding domain, which has a crucial function as Tead4 coactivators
bind the TEA domain, and regulate Tead4 activity (Vassilev et al.,
2001; Mahoney et al., 2005). Yagi et al. (2007) showed that Tead4 ex-
pression is abundant in all cells of the developing embryo. Its mecha-
nism of action remained unknown until Nishioka et al. (2009)
identified signalling components that could interpret inside/outside
blastomere positional information and spatially regulate Tead4 activity.

Differences in polarity and cell adhesion between inner and outer
cells lead to the differential activation of the Hippo pathway. The ac-
tive/inactive state of the Hippo pathway controls the activity of large
tumour suppressor (LATS) kinase, a downstream component of the
Hippo pathway, which regulates the phosphorylation status of Tead4
coactivators, Yes1-Associated Transcriptional Regulator (Yap1) and
WW Domain Containing Transcription Regulator 1 (Wwtr1). The
phosphorylation status of Yap1 and Wwtr1 is correlated with their
ability to translocate in the nucleus, bind Tead4 and activate the ex-
pression of TE lineage specifiers.

In more detail, in the apolar inner cells, the hippo pathway is active,
and the Tead4 transcriptional co-activators Yap1 and Wwtr1 are phos-
phorylated by LATS kinase. Phosphorylation leads to cytoplasmic re-
tention and inhibits entry of Yap1 and Wwtr1 into the nucleus. As a
result, both factors are retained and subsequently degraded in the cy-
toplasm, unable to partner with Tead4 and initiate the expression of
TE lineage specifiers. In the polar outer cells, the Hippo pathway and
LATS kinase are inactive, Yap1 and Wwtr1 are un-phosphorylated
and can enter the nucleus and interact with Tead4, forming active
Tead4-(Yap1-Wwtr1) complexes, which initiate transcription of TE-
specific genes including Cdx2 and Gata3. It is worth mentioning that al-
though Tead4 has a dominant role in TE differentiation; it is not the
only factor involved. Pou5f1 and Cdx2 are co-expressed in the mouse
preimplantation embryo, and exhibit mutual antagonism (reciprocal in-
hibition), leading to the eventual segregation and control of differentia-
tion of their distinct lineages, the ICM and TE lineage, respectively
(Niwa et al., 2005).

Mouse knock-out studies inactivating Tead4 by site-specific recombi-
nation have shown that Tead4-targeted embryos have compromised
development and Cdx2/Gata3 expression is downregulated (Yagi
et al., 2007; Nishioka et al., 2008; Ralston et al., 2010; Kaneko and
DePamphilis, 2013; Rayon et al., 2014; Israel et al., 2019). The impor-
tance of the Hippo pathway in regulating Tead4 activity and subse-
quent TE differentiation was shown in studies where overexpression
of the downstream component of the Hippo pathway—LATS ki-
nase—led to phosphorylation and cytoplasmic retention of the Tead4
coactivators (Yap1-Wwtr1), thus preventing the formation of active
Tead4-(Yap1-Wwtr1) complexes and subsequent expression of Cdx2
and Gata3 in the outer cells, compromising TE differentiation
(Nishioka et al., 2009). Lorthongpanich et al. (2013) showed that in
embryos lacking LATS kinase, Yap1–Wwtr1 are not phosphorylated in
the inner cells, although the Hippo pathway is active.
Unphosphorylated Yap1–Wwtr1 molecules enter the nucleus, form
active complexes with Tead4 and initiate transcription of Cdx2 in the
inner cells. In this manner, Yap1 and Wwtr1 regulate Tead4-depen-
dent transcription necessary for the expression TE lineage specifiers
downstream of the Hippo signalling pathway.

Although the importance of Tead4 in regulating TE differentiation in
mouse has been well established by knock-out studies, the regulatory
mechanism leading to TE differentiation in human embryos remains
elusive. The role of TEAD4 has only been investigated during the tro-
phoblast transition of human embryonic stem cells (hESCs). Xiao et al.
performed multiple gain- and loss- of function experiments and identi-
fied interspecies differences related to different transcription roles of
TEAD4, CDX2 and GATA3 between mouse and hESCs. Clustered regu-
larly interspaced short palindromic repeats (CRISPR)-Cas9 targeted
downregulation of TEAD4 in hESCs did not affect trophoblast transi-
tion, as GATA3 expression remained unaffected. Furthermore, CDX2-
targeted hESCs were still able to undergo trophoblast transition and
overexpression of CDX2 was insufficient to initiate trophoblast transi-
tion (Xiao et al., 2020). GATA3 overexpression in hESCs led to sponta-
neous differentiation towards the TE lineage (Xiao et al., 2020). This is
in stark contrast to what is occurring in mouse ESCs, where Cdx2
overexpression has been shown to induce TE differentiation
(Tolkunova et al., 2006). Overall, the aforementioned data point to
distinct developmental programmes between mouse and human and a
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.
more important role of GATA3 towards the TE lineage formation in
human embryos.

In this study, we investigated the role of TEAD4 in TE differentiation
during human embryo preimplantation development by performing a
CRISPR-Cas9 mediated functional knock-out study and examined the
effects of TEAD4 locus disruption in human preimplantation develop-
ment. Differences in the expression of ICM- and TE-specific markers,
characteristic of their respective lineage, were examined. We further
compared our human data with the mouse model, attempting to iden-
tify interspecies similarities/differences in the pathways orchestrating
TE lineage segregation and differentiation.

Materials and methods

Ethical approval
Animal Ethics Committee of Ghent University Hospital approved the
conducted mouse animal experiments under the ECD18-29. Ghent
University Hospital Ethical Committee (EC UZG 2018/0908) and the
Belgian Federal Commission for medical scientific research on human
embryos (FCE-ADV_077_UZ Gent) approved the conducted experi-
ments requiring the use of human gametes (sperm, oocytes) for gene
editing. All donated human oocytes, sperm and embryos used in this
study were obtained with signed informed consent. Donated human
samples originated from 48 patient couples. For the mouse experi-
ments 55 mice were killed.

Mouse superovulation for zygote collection
Female B6D2F1 mice aged from 6 to 12 weeks old, underwent ovarian
stimulation by i.p. injection with 5 IU pregnant mare’s serum gonado-
trophin (PMSG; HOR-272, Boxmeer, The Netherlands) between 5:00
and 6:00 p.m. Forty-eight hours following PMSG injection, 5 IU hCG
(CG10-1VL, Sigma-Aldrich, Belgium) were injected i.p. Injected female
mice were allowed to mate overnight with a male mouse aged be-
tween 10 and 15 weeks in a male: female ratio of 1:1. Mated female
mice were killed by cervical dislocation 18–19 h following hCG injec-
tion, and zygote cumulus complexes (ZCCs) were collected. The
ZCCs were treated in 200 IU/ml hyaluronidase (H3506, Sigma-
Aldrich, Belgium) at 37 �C for a maximum of 3 min to remove the cu-
mulus cells. Then zygotes were subjected to four serial washes in
drops of KSOM (MR-101, Sigma-Aldrich, Belgium) and finally were
transferred to drops of KSOM supplemented with 0.4% bovine serum
albumin (BSA; 12657, Millipore, France) in a triple gas incubator.
KSOM dishes were covered with oil to avoid media desiccation. The
zygotes were incubated for a minimum of 30 min prior to the initiation
of the experiment.

Human oocyte collection
Immature germinal vesicle (GV) or metaphase I (MI) stage oocytes
were donated from patients undergoing fertility treatment at the
Department for Reproductive Medicine, Ghent University Hospital.
Immature oocytes were subjected to conditions allowing IVM immedi-
ately following denudation and isolation from cumulus oocyte com-
plexes. More specifically, GV stage oocytes were cultured for 24 h in
MedicultVR media (82214010, Cooper Surgical, The Netherlands) and

MI oocytes were cultured for a maximum of 4 h in Cook CleavageVR

media (37�C, 5% O2, 6% CO2) until polar body extrusion (G46302,
Cook Ireland Ltd, Ireland). Identification of successful maturation was
based on extrusion of the first polar body. Successfully matured meta-
phase II (MII)-arrested oocytes were transferred to fresh equilibrated
Cook CleavageVR medium, until the experiment was conducted.

Human sperm preparation
Donated human sperm were frozen following collection, stored in liq-
uid nitrogen and thawed at the day of the experiment. For the thawing
process sperm, straws were removed from the liquid nitrogen and
allowed to thaw at room temperature for a§ 10-min period. The
straw was cut and the liquified sperm was released in a tube containing
1 ml of gamete buffer (GB; G46320, Cook Ireland Ltd, Ireland). The
tube was centrifuged (300 g, 10 min), and following centrifugation the
supernatant was discarded. Fresh GB was slowly added in the tube
and sperm were allowed to swim up at 37�C for 1 h. Following the in-
cubation period, the supernatant containing the high-quality motile
sperm was collected and used for ICSI.

Mouse zygote microinjection
Intracytoplasmic injection of the mouse zygotes with the guide RNA
(gRNA)-Cas9 ribonucleoprotein mixture (RNP) was performed using
a piezo-driven injection system. The gRNA-Cas9 RNP mixture was as-
pirated in the needle until it reached a length equal to the diameter of
the zygote and then was injected into the cytoplasm.

Human IVM oocyte microinjection
Initially, human sperm were immobilized in a drop containing polyvinyl-
pyrrolidone (ART-4005-A, Cooper Surgical, The Netherlands). Then
the sperm were aspirated and placed in a drop containing gRNA-Cas9
RNP mixture. An amount of RNP mixture equal to the diameter of
the oocyte was aspirated along with the sperm and both were subse-
quently injected into the human IVM MII oocyte.

gRNA-Cas9 RNP preparation
Three CRISPR RNAs (crRNAs) were designed to target Exon 2 of
Tead4 by the in silico tool Chop Chop V3 and were manufactured by
Integrated DNA technologies (IDT, Belgium; Labun et al., 2019). The
sequences are as follows: crRNA1 50- GGAAGCTTCGCTCAATTTC
G-30—mm10 chr6:128270940-128270962, crRNA2 50-CCGCAAAAT
TATCCTGACGG-30—mm10 chr6:128270883–128270905, crRNA3
50-ATAATTTTGCGGCGGCCGCA-30 chr6: chr6:128270894–
128270916. Each crRNA was resuspended in duplex buffer (1072547,
IDT, Belgium) and mixed in a 1:1 molar ratio with trans-activating
crRNA (tracrRNA; 1072532, IDT, Belgium). The mixture was sub-
jected to conditions allowing crRNA-tracrRNA duplex formation
(gRNA). First, the mixture was heated in a thermocycler to 95�C for
5 min and then allowed to cool at room temperature for 15 min, dur-
ing which the duplex was formed. An equimolar amount of Cas9 pro-
tein (1072545, IDT, Belgium) was added. Optimem media (31985-62,
Sigma-Aldrich, Belgium) was used to dilute the RNP complex to the fi-
nal working concentration of 25 ng/ll. The human crRNA 50-
AAAATCATCCTGTCGGACGA-30 hg38 chr12:2994959-2994981
was prepared in a similar manner.
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.Mouse/human embryo culture
Mouse zygotes were cultured in KSOM media supplemented with
0.4% BSA until the eight-cell stage (2.5 days post coitum (dpc)), and
then transferred to Cook BlastoVR (G46296, Cook Ireland Ltd, Ireland)
media until 4.5 dpc. Similar to mouse, human microinjected oocytes
were cultured in Cook CleavageVR (G46302, Cook Ireland Ltd, Ireland)
until the eight-cell stage (3.0 days post-fertilization (dpf)) and then
transferred to Cook BlastoVR . Mouse and human embryos were cul-
tured under the same conditions in a triple-gas incubator at 37�C with
5% O2 and 6% CO2.

Mouse/human blastocyst scoring/grading
Mouse blastocysts were scored according to the following criteria.
Grade 1: small blastocyst with blastocoel equal to or less than half of
the embryo volume. Grade 2: large blastocyst with blastocoel greater
than half of the embryo volume or blastocyst with blastocoel cavity
completely filling the embryo. Grade 3: expanded and hatching or
completely hatched blastocyst (Cheng et al., 2004). Human blastocysts
were scored according to Gardner criteria (Schoolcraft et al., 1999).

Mouse/human embryo DNA extraction and
genotyping
DNA was extracted from single mouse and human embryos using
Arcturus picopureTM DNA extraction kit (KIT0103, Life Technologies,
Belgium) according to manufacturer instructions. Each embryo was
transferred to a single PCR tube and a volume of 10 ll of proteinase K
(15 lg/ll) was added. The PCR tubes from all the samples were col-
lectively transferred to a thermocycler and were subjected to the fol-
lowing steps. First, the tubes were heated to 65�C for 4 h and then
further heated to 95�C for 10 min to inactivate proteinase K. In the
last step, the temperature was reduced to 4�C until the tubes were
removed and stored in �20�C until further PCR analysis. Primer pair
1 (50–30) fw: GCACTGTGCACTCAGTTGAAG—rv: AACTGGCCT
GTACTACTTGGG, mm10 chr6:128270752-128271193, size: 442 bp,
and primer pair 2 fw: GAGTGCCTAGGTCATTGTGCT—rv: GGGA
TGTTCTACCCCACCCA, hg38 chr12:2994516-2995261, size:
746 bp, were used for amplification of the targeted regions in mouse
and human, respectively. KAPA2G Robust Hotstart readymix (Kapa
Biosystems, Basel, Switzerland) containing KAPA2G Robust DNA po-
lymerase was used for PCR amplification. Targeted genomic regions
were amplified under the following PCR conditions: 5 min initial dena-
turation at 95�C, followed by 30 cycles of denaturation at 94�C for
1 min, annealing at 60�C for 1 min, extension at 72�C for 1 min and a
final elongation at 72�C for 10 min. PCR amplicons were analysed in a
fragment analyser (Advanced Analytical Technologies, Ankeny, IA,
USA), and subsequent in silico analysis of fragment analyser data was
performed using the software PROsize 3.0 according to the manufac-
turer (Advanced Analytical Technologies, Ankeny, IA, USA).
Sufficiently amplified PCR products (>4 ng/ll) were subjected to
next-generation sequencing (NGS; Illumina MiSeq) and the results
were analysed by the bioinformatics tool Batch-GE (Boel et al., 2016).

Immunocytochemistry and imaging
Embryos from the various developmental stages were fixed in 4%
paraformaldehyde (P6148, Sigma, Belgium) for 20 min and then were

washed three times in ice-cold PBS (AM9624, Fischer Scientific,
Belgium). Then, the embryos were permeabilized in PBS containing
0.5% Triton-X (T8787, Sigma, Belgium;PBT 0.5%) for 20 min and fur-
ther washed three times in a solution containing 0.1% Triton-X (PBT
0.1%). The embryos were subsequently transferred to blocking buffer
consisting of PBT 0.1%, Triton X/10% foetal bovine serum
(10270106, Life Technologies, Belgium) for 1 h at room temperature
on an orbital shaker. Next, the embryos were incubated overnight at
4�C with primary antibodies according to the optimized concentra-
tions, as described in Supplementary Table SI. The following day the
embryos were washed three times in blocking buffer and then were
incubated with secondary fluorescent antibodies for 1 h at room tem-
perature, followed by extended washing in the washing/blocking solu-
tion. For the DNA staining, embryos were incubated for 30 min in
20 lg/ml Hoechst-33258. Finally, samples were imaged using a laser
scanning confocal microscope (LSM900, Zeiss, Belgium). Figs 1–4 con-
tain single confocal section images. The single confocal sections are fo-
cused on the plane containing the ICM and are representative of the
embryo expression profile. Supplementary Fig. S1 contains maximum
orthogonal projection images of §25 sections.

Extended mouse embryo culture
Mouse blastocysts (4.5 dpc) were treated with acidic Tyrode’s solution
(A.T.; T1778, Sigma, Belgium) to remove the zona pellucida and then
were transferred to eight-well, ibiTreat l-plates (80826, Ibidi, Belgium)
containing in vitro culture (IVC)1 media supplemented with ESC grade
foetal calf serum (FB1001S, Biosera, Belgium). The medium was
changed to IVC2 following successful attachment of embryos, which
occurred after �2 days of in vitro culture. Embryo attachment was
assessed by short rapid movement of the ibiTreat l-plates. Attached
embryos showed no sign of movement. The IVC1 and IVC2 media
compositions were prepared as previously described (Bedzhov et al.,
2014).

Statistics
In silico statistical analysis was performed using Graphpad Prism ver.
9.0.1, (Graphpad Software Inc, USA). A chi-squared test was per-
formed (significance level of P-value was 0.05) to compare the devel-
opmental competency among different groups. Differences in the total
cell number, Sox2þ and Cdx2þ cells between Tead4-targeted and the
media-control group were analysed by a two-tailed unpaired Student’s
t-test. Differences were considered significant at P< 0.0001.

Results

Mouse Tead4-targeted embryos exhibit
impaired development and compromised
TE lineage differentiation
In order to target Tead4, three crRNAs (crRNA1-3) were in silico
designed to target Exon 2 of Tead4, aiming to identify the gRNA-Cas9
yielding the highest efficiency (Fig. 1a). The designed gRNA-Cas9 com-
plexes were microinjected in pronuclei (PN) stage zygotes (n¼ 164).
Two additional control groups were included: a sham-injected group
(n¼ 26) and a media-control group (n¼ 51). NGS analysis in 4.5 dpc
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Figure 1. Targeting Tead4 in mouse preimplantation embryos. (a) Schematic representation of the targeted Exon 2 (mm10
chr6:128270883–12827096) of the Tead4 and the nucleotide sequences of the custom-designed crRNAs complementary to the targeted TEA do-
main. (b) Comparison of editing, mutagenesis, and frameshift efficiencies between the guides crRNA1, crRNA2 and crRNA3. The percentages are
based on the number and identity of reads generated following NGS of single 4.5 dpc mouse embryos. (c) Representative phenotypic outcomes fol-
lowing BF imaging embryos microinjected with gRNA1-Cas9 (n ¼ 83) and media-control embryos (n ¼ 51) following 3 and 4 days of culture.
(d) Detailed embryonic development kinetics based on morphological criteria of in vitro-cultured crRNA1 (n ¼ 83), crRNA2 (n ¼ 46) or crRNA3
(n ¼ 35) microinjected embryos, with their respective media-control (n ¼ 51) and sham (n ¼ 26) injected control groups. Developmental rates of
crRNA1 and crRNA2 microinjected embryos differed significantly from the control group (chi-squared test, P ¼ 0.0343) in contrast to the crRNA3
group (chi-squared test, P ¼ 0.2932). (e) Blastocyst scoring of Tead4-targeted (crRNA1-3), media-control and sham embryos. Evaluation of the blas-
tocyst morphology was performed according to the following criteria Grade1: Small blastocyst with blastocoel equal to or less than half of the embryo
volume. Grade2: Large blastocyst with blastocoel greater than half of the embryo volume or blastocyst with a blastocoel cavity completely filling the
embryo Grade3: expanded and hatching or completely hatched blastocyst. (f) Immunofluorescence analysis of control embryos following in vitro cul-
ture for Tead4 (red), Cdx2 (green), Sox2 (yellow) and DAPI (blue) in four distinct developmental stages (four-, eight-cell, morula and blastocyst).
(g) Immunofluorescence analysis of Tead4-targeted and media-control embryos for Tead4 (red), Cdx2 (green) and DAPI (blue) following 4 days of
in vitro culture. (e) Immunofluorescence analysis of Tead4-targeted and control embryos for Tead4 (red), Cdx2 (green), Gata3 (purple) and DAPI
(blue) following 4 days of in vitro culture. Gata3 expression was completely abolished in Tead4-targeted embryos. TEA, transcriptional-enhanced asso-
ciate; Tead4, TEA domain family member 4; CRISPR, clustered regularly interspaced short palindromic repeats; crRNAs, CRISPR RNAs; NGS, next
generation sequencing; dpc, days post coitum; BF, bright field; gRNA1, guide RNA1; Cdx2, caudal-type homeobox protein 2; Sox2, SRY-box tran-
scription factor; Gata3, GATA-binding protein 3; DAPI, 4’,6’-diamidino-2-phenylindole.
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..embryos allowed comparison of the crRNAs in terms of editing effi-
ciency (% embryos with introduced mutations), mutagenesis efficiency
(% edited alleles per embryo) and frameshift efficiency (% embryos
carrying exclusively frameshift mutations; Fig. 1b). In the crRNA1
group (n¼ 23) the editing efficiency was 100%, the mutagenesis effi-
ciency was 92.62% and the frameshift efficiency was 65.22% (Fig. 1b
and Supplementary Table SII). In the crRNA2 group (n¼ 18), the edit-
ing efficiency was 100%, the mutagenesis efficiency was 99.91% and
the frameshift efficiency was 66.67% (Fig. 1b and Supplementary Table
SIII). In the crRNA3 group (n¼ 14), the editing efficiency was 100%,
the mutagenesis efficiency was 94.89% and the frameshift efficiency
was 0% (Fig. 1b and Supplementary Table SIV). The crRNA1 was se-
lected for further mouse experiments owing to the larger size of in-
duced editing events, which are expected to have a higher impact on
Tead4 locus (Supplementary Table SII).

The developmental effects following Tead4-targeting started from
the morula stage coincident with the timing of initiation of TE differen-
tiation. Following gRNA1-Cas9 introduction, approximately half
�44.87% (n¼ 35) of the targeted embryos arrested at the morula
stage without forming any blastocoel (Fig. 1c–e and Supplementary
Table SV) compared with 8.51% (n¼ 4) in media-control and 12.50%
(n¼ 3) in sham-control groups. Grade 3 blastocyst rates were 8.97%
(n¼ 7) in the targeted group, compared with 87.23% (n¼ 41) in the
media-control and 87.50% (n¼ 21) in the sham group (Fig. 1e).
Although hatching was initiated, Tead4-targeted embryos were not
able to fully hatch independently. Developmental rates of gRNA1-
Cas9 and gRNA2-Cas9 microinjected embryos differed significantly
from the control group (chi-squared test, P¼ 0.0343) in contrast to
the gRNA3-Cas9 group (chi-squared test, P¼ 0.2932).

Immunofluorescence analysis in Tead4-
targeted mouse embryos revealed
downregulation of TE-specific markers
Cdx2 and Gata3
Initially, immunofluorescence staining was applied in control embryos
from four developmental stages: four-cell (n¼ 8), eight-cell (n¼ 10),
morula (n¼ 13) and blastocyst stage (n¼ 17) in order to establish a
timeline of Tead4 expression and protein localization during preimplan-
tation development. Tead4 signal was identified in the nucleus of four-
cell embryos and the nuclei of all blastomeres in the eight-cell and
morula stage embryos (Fig. 1f). Tead4 expression preceded Cdx2 ex-
pression in control embryos, with the latter being initiated at the 16-
cell stage (Fig. 1f). Sox2 expression was first identified in the inner cells
of the developing morula (Fig. 1f). In late blastocysts, Tead4 was iden-
tified in both the blastomeres of the TE and ICM lineage, with the lat-
ter showing a lower signal (Fig. 1f).

Next, immunofluorescence analysis was used to validate the editing
results, assess Tead4 protein expression, and its downstream effects.
For the purpose of immunostaining, an additional group was microin-
jected with gRNA1-Cas9 (n¼ 58; Supplementary Table SV). Embryos
from various developmental stages were stained for Tead4/Cdx2/
Gata3 (n¼ 24 out of 58). In all embryos stained, Tead4 and Cdx2 ex-
pression was downregulated (Fig. 1g, e, 2a and Supplementary Fig. S1).
Targeted embryos, which formed Grade 3 blastocysts (n¼ 7), retained
expression of Cdx2 in two to three cells per confocal section, while

Tead4 expression was completely downregulated (Figs. 1g and e and
2a and Supplementary Fig. S1). The arrested morula stage embryos
were identified by absence of Cdx2 expression (Fig. 1g). Gata3 was
not detected in any of the immunostained embryos, including the em-
bryos which formed Grade 3 blastocysts (Fig. 1e).

In order to provide a more extensive characterization and exclude
the possibility of residual Tead4 protein expression in Tead4-targeted
embryos, immunofluorescence analysis was performed and multiple
confocal sections per embryo were taken (§25 sections) aiming to
provide maximum orthogonal projection images (Supplementary
Fig. S1a). Next, as a confirmation, DNA from the imaged embryo was
extracted immediately after immunofluorescence analysis, and was
subjected to NGS, to be able to link the phenotypic outcome to a
specific genotype. Embryos successfully edited carrying frameshift only
mutations, showed complete absence of Tead4 protein (Tead4-tar-
geted embryos 1–3; Supplementary Fig. S1a). Mosaic embryos, partially
edited—57.88% mutagenesis efficiency (Tead4-targeted embryos 4;
Supplementary Fig. S1a) retained Tead4 expression. Detailed compari-
son of the total cell number, Sox2þ cells and Cdx2þ cells following dif-
ferential staining of the z-stacked embryo images, revealed that the
total cell number and the Cdx2þ cell number was significantly lower in
the Tead4-targeted group, whereas the mean number of Sox2þ cell
number did not differ significantly between the two groups
(Supplementary Fig. S1b–d).

Expression of ICM markers Sox2 and
Pou5f1 remains unaffected in Tead4-
targeted mouse embryos
To further examine if the ICM lineage is affected, we immunostained
for the ICM lineage specifier Sox2 in two distinct developmental stages
(eight-cell and blastocyst stage; n¼ 23 out of 58; Fig. 2a). In our
experiments, Sox2 expression in Tead4-targeted embryos remained
unaffected, similar to the control group, and we did not identify pre-
mature expression of Sox2 in eight-cell Tead4-targeted embryos
(Fig. 2a and Supplementary Fig. S1c). Immunostaining of Tead4-targeted
4.5 dpc embryos revealed that all cells stained positive for the pluripo-
tency factor Pou5f1 (n¼ 11 out of 58; Fig. 2b).

To further assess the developmental potential of Tead4-targeted
blastocysts, an additional group was microinjected with gRNA1-Cas9
(n¼ 45), and targeted embryos were plated in vitro in parallel to
control embryos (n¼ 36) under conditions supporting peri- and post-
implantation development (Supplementary Table SVI). Successful edit-
ing of Tead4-targeted embryos was indirectly judged based on the
developmental rates of the embryos selected for plating; 46.51%
arrested at morula stage, 9.3% formed Grade 3 blastocysts
(Supplementary Table SVI), which matched the developmental rates of
the NGS confirmed edited embryos, 43.48% arrested at morula stage
and 8.70% formed Grade 3 blastocysts (Supplementary Table SV).
Following zona pellucida removal by A.T. treatment, three Tead4-tar-
geted embryos were able to attach and form egg-cylinder-like struc-
tures, which lacked the surrounding presence of trophoblast giant cells
(Fig. 2c and Supplementary Table SVI). However, resulting outgrowths
were not analysed by NGS to determine mutagenesis efficiency and
identification of their genotype.
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TEAD4, SOX2 and CDX2 expression
pattern in human preimplantation embryos
To establish a timeline of TEAD4 expression during human preimplan-
tation development, immunofluorescence analysis was first applied in
media-control embryos (n¼ 29; non-targeted) from various develop-
mental stages (8-, 16-cell and blastocyst), which were surplus after fer-
tility treatment at Ghent University Hospital, Ghent, Belgium. A subset

of embryos (24 out of 29) was stained against TEAD4/CDX2/SOX2.
TEAD4 was detected in the cytoplasm of 8-cell embryos (n¼ 6), while
at the 16-cell morula stage (n¼ 7) and the blastocysts (n¼ 11),
TEAD4 was detected in the nucleus of all cells (Fig. 3a). SOX2 expres-
sion was detected from the 8-cell stage, and it was abundant in all cells
of the 16-cell morula. All the nuclei until early blastocyst stage em-
bryos stained positive for SOX2 (Fig. 3a). In the late blastocyst stage,
SOX2 was restricted to the ICM and in a small number of TE cells
(Fig. 3a). CDX2 was absent until the morula stage (32-cell) and was
first detected following blastocoel formation in the TE lineage and
remained abundant in all cells of the TE in blastocyst stage embryos
(Fig. 3a). The remaining 5 embryos (5 out of 29) were cultured until
blastocyst stage and were stained for GATA3, along with TEAD4/
CDX2. GATA3 was expressed in all the TE cells of the human blasto-
cysts (Fig. 4b).

TEAD4 targeting in human
preimplantation embryos
Similar to what we previously described in mouse, to target TEAD4
we designed a crRNA targeting Exon 2. This crRNA exhibited high in
silico predicted on-target editing efficiency and no predicted off-target
sites, taking mismatches of maximal two base pairs into account
(Fig. 3b). In the targeted group, the gRNA-Cas9 mixture was microin-
jected concurrent with sperm during ICSI in MII oocytes obtained by
IVM (n¼ 74). The media-control group was injected only with sperm
(n¼ 33). Embryos were cultured until 6.5 dpf. A subset of targeted
embryos (n¼ 25) was subjected to NGS and 24 embryos were identi-
fied to be successfully edited, resulting in an editing efficiency of
(96.00%). From the 24 edited embryos, 17 (70.83%) embryos carried
only mutant alleles and 11 out of 17 (64.70%) carried frameshift muta-
tions (Supplementary Table SVII) exclusively. From the embryos that
reached the blastocyst stage, six carried frameshift mutations exclu-
sively. Representative targeted blastocysts, including their morphology
and mutational signature, are presented in Fig. 3c.

The developmental capacity of the TEAD4-targeted embryos did not
differ significantly compared with the control group (P¼ 0.1479).
Following EGA, which occurs at the four- to eight-cell stage, 34.62%
of targeted embryos reached the eight-cell stage compared with
33.33% of the control group. The blastocyst development rate of tar-
geted embryos was 25.00% compared with 23.81% of the control
group (Fig. 3d and Supplementary Table SVIII). However, the blasto-
cyst morphology and quality of the targeted group were compromised
as the resulting blastocysts were characterized by a Grade C TE score,
with TE containing very few cells. Detailed development rates are de-
scribed (Fig. 3d and Supplementary Table SVIII).

Immunofluorescence analysis in the targeted blastocysts confirmed
successful interruption of the TEAD4 locus (n¼ 10). Targeted embryos
were also immunostained for the TE marker CDX2. Interruption of
the TEAD4 locus resulted in downregulation of CDX2 in all cells of the
developing embryo (Fig. 3e). We further immunostained for the ICM
marker SOX2, indicative of the pluripotent state of the ICM lineage.
The SOX2 expression pattern remained similar in TEAD4-targeted and
media-control embryos. (Fig. 4a). In the final stage of our investigation,
we immunostained for the TE marker GATA3. Interestingly, GATA3
expression remained unaffected in TEAD4-targeted embryos (Fig. 4b).
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Figure 2. Molecular characterization of the ICM in mouse
preimplantation embryos. (a) Immunofluorescence analysis of
Tead4-targeted and media-control mouse embryos for Tead4 (red),
Cdx2 (green), Sox2 (yellow) and DAPI (blue) in two distinct
developmental stages (eight-cell and blastocyst stage). (b)
Immunofluorescence analysis of Tead4-targeted and control embryos
for Pou5f1 (orange), Cdx2 (green) and DAPI (blue). (c) Application
of the post-implantation model in Tead4-targeted and control mouse
embryos (Scale bar: 25lm). ICM, inner cell mass; Tead4, TEA
domain family member 4; Cdx2, caudal-type homeobox protein
2; Sox2, SRY-box transcription factor; Pou5f1, POU Class 5 homeo-
box 1; DAPI, 4’,6’-diamidino-2-phenylindole.
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Figure 3. Targeting TEAD4 in human preimplantation embryos. (a) Immunofluorescence analysis of control embryos following in vitro culture for TEAD4 (red), CDX2 (green), SOX2 (yel-
low) and DAPI (blue) in three distinct developmental stages (8-, 16-cell and blastocyst). (b) Schematic representation of the targeted Exon 2 (hg38 chr12:2994949–2994991) of TEAD4 and the nu-
cleotide sequences of the custom-designed crRNA. (c) Representative phenotypes of targeted blastocysts along with detailed genomic analysis following NGS, including the mutagenesis efficiency,
mutational spectrum, type and frequency of each editing event. (d) Developmental rates of TEAD4-targeted (n ¼ 74) and control (n ¼ 33) embryos. Chi-squared test (P ¼ 0.1479) revealed no signif-
icant difference between the two groups. (e) Immunofluorescence analysis of TEAD4-targeted and control embryos for TEAD4 (red), CDX2 (green) and DAPI (blue). The exact editing efficiency
and mutational signature of the displayed blastocyst can be found in Supplementary Table SVI—Embryo 17. PN, pronuclei; DEL, deletion; Tead4, TEA domain family member 4; Cdx2, caudal-type
homeobox protein 2; SOX2, SRY-box transcription factor; crRNA, CRISPR RNA; NGS, next generation sequencing; DAPI, 4’,6’-diamidino-2-phenylindole.
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Although ART has progressed at a tremendous pace over the last
40 years, still up to 70% of the human embryos fail to complete preim-
plantation development and reach the blastocyst stage (Mertzanidou
et al., 2013a,b). Identification of causes of early embryo development
failure requires a deeper understanding of the molecular mechanisms
regulating preimplantation development and especially lineage differenti-
ation. However, the current potential to explain failure in development
is rather limited since most of our knowledge is acquired from research
in model organisms. The need for human studies is further enhanced
following the recent identification of major interspecies differences in

the molecular pathways regulating first and second lineage segregation
(Fogarty et al., 2017; Gerri et al., 2020; Stamatiadis et al., 2021).

Novel technologies, such as CRISPR-Cas9, have revolutionized the
field of developmental biology, offering the ability to functionally inves-
tigate the role of the genes by editing the genome directly in the devel-
oping human embryos in a simple and highly efficient manner. In this
study, we aimed to investigate the role of Tead4/TEAD4 in mouse
and human preimplantation development, and more specifically TE dif-
ferentiation, by targeting Tead4/TEAD4 and creating knock-out em-
bryos. The effects of targeting were examined by assessment of the
developmental capacity and expression of lineage-specific markers rep-
resentative of the TE and ICM lineage.

Figure 4. Molecular characterization of human targeted and control embryos. (a) Immunofluorescence analysis of TEAD4-targeted and
control embryos for TEAD4 (red), CDX2 (green), SOX2 (yellow) and DAPI (blue). (b) Immunofluorescence analysis of TEAD4-targeted and control
embryos for TEAD4 (red), CDX2 (green), GATA3 (purple) and DAPI (blue). DNA was extracted from the immunostained blastocysts and was sub-
jected to NGS. The exact editing efficiencies and mutational signatures can be found in Supplementary Table SVII—embryos 23, 24 and 25 as they
are presented from top to bottom in Fig. 4b. TEAD4,transcriptional-enhanced associate domain family member 4; CDX2, caudal-type homeobox
protein 2; SOX2, SRY-box transcription factor; GATA3, GATA-binding protein 3; NGS, next generation sequencing; DAPI, 4’,6’-diamidino-2-
phenylindole.
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We first examined Tead4 expression in media-control mouse em-

bryos during preimplantation development. A clear difference in the
pattern of Tead4 expression between the ICM and TE lineage of blas-
tocyst stage embryos was observed. Tead4 immunofluorescence signal
was downregulated in the ICM compared with the TE lineage. This
observation is consistent with previous findings on Tead4 expression
(Nothias et al., 1995; Schultz, 2002; Yagi et al., 2007; Nishioka et al.,
2008; Hirate et al., 2012). We further identified positive Tead4 expres-
sion in the nuclei of blastomeres from various developmental stages in
mouse (four-, eight-cell, morula and blastocyst), suggesting that Tead4
expression is initiated during EGA and remains constitutively nuclear.
This finding differs from the previously proposed model by Home
et al., in which subcellular localization of Tead4 shifts between nucleus
and cytoplasm during preimplantation development. This controlled
subcellular localization of Tead4 was proposed to have a regulatory
role in first lineage commitment. Home et al. (2012) described that in
outer cells of the developing embryo, Tead4 is localized in the nucleus
initiating the TE differentiation program, in contrast to the inner cells,
which lack nuclear localization of Tead4 and differentiate towards the
ICM. In contrast to the previous observations, we have identified that
Tead4 remains constitutively localized in the nucleus. Our finding sup-
ports models proposing that gene expression differences between the
ICM and TE lineages are the result of co-operative action between
Tead4 and the downstream components of the Hippo pathway
(Nishioka et al., 2009).

Introduction of gRNA1-Cas9-induced targeted genomic modification
of the mouse Tead4 locus and significantly compromised embryo de-
velopment rates. Following 4 days of in vitro culture, 44.87% of the em-
bryos arrested at the morula stage. Immunofluorescence analysis
confirmed downregulation of Tead4 protein expression and also iden-
tified subsequent downregulation of the TE markers Cdx2 and Gata3
following Tead4 targeting. These findings support the importance of
Tead4 acting upstream of the TE lineage specifiers Cdx2 and Gata3, as
it has been previously reported (Yagi et al., 2007; Nishioka et al.,
2008). Loss of Cdx2 expression led to the reported compromised em-
bryo development rates as Cdx2 has been shown to be required for
correct differentiation of the TE lineage and subsequent blastocoel for-
mation (Strumpf et al., 2005). A low percentage of the embryos
(8.97%) were able to form high-quality Grade 3 blastocyst and
retained expression of Cdx2 in two to three cells in single confocal
sections, while Tead4 expression was successfully diminished in em-
bryos carrying only frameshift mutations. This finding indicates the
presence of alternative pathways inducing Cdx2 expression, acting in
parallel to Tead4 towards TE differentiation. It has been previously
shown that Notch and Hippo act in parallel and converge on Cdx2
during the first lineage segregation in the blastocyst (Rayon et al.,
2014). Another involved mechanism is the autoregulation of Cdx2,
which is sufficient to maintain and stabilize Cdx2 expression levels
(Niwa et al., 2005; Cockburn and Rossant, 2010; Barros et al., 2011).

Expression of pluripotency markers Pou5f1 and Sox2 was compared
between mouse Tead4-targeted and media-control blastocyst stage
embryos. Sox2 is the gatekeeper of pluripotency and is the earliest
marker expressed in the inner cells prior to ICM formation (Avilion
et al., 2003; Guo et al., 2010). Pou5f1 is necessary for the maintenance
of pluripotency and is known to have a reciprocal relationship with the
TE marker Cdx2 (Nichols et al., 1998; Niwa et al., 2005).
Downregulation of Cdx2 due to Tead4 targeting, suppressed TE

lineage segregation and resulted in the outer cells ectopically express-
ing Pou5f1, confirming their reciprocal relationship. The Sox2þ cell
population remained unchanged between Tead4-targeted and media-
control blastocysts. Taken together, our immunostaining data suggest
that Tead4 expression is required for successful differentiation and de-
velopment of TE but is dispensable for the expression of ICM markers
Pou5f1 and Sox2.

Finally in mouse, application of the post-implantation model identi-
fied a proportion of Tead4-targeted plated embryos able to attach and
progress towards the formation of egg-cylinder-like structures, in the
absence of the characteristic trophoblast giant cells. Our observation
on the ability of embryos to attach support the partial functional integ-
rity of the TE following Tead4-targeting, which was also responsible for
formation of the blastocoel cavity in blastocyst stage embryos, as it
has been shown to require TE differentiation (Kidder and Watson,
2005). The formation of egg-cylinder-like structures further supports
the dispensability of Tead4 following implantation, which has been pre-
viously reported (Yagi et al., 2007). However, the egg-cylinder-like
structures were not analysed by NGS, which is a shortcoming of our
study, as the resultant phenotype might be, in part, due to attachment
of not completely edited or mosaic embryos, which retained functional
Tead4 protein. Our post-implantation model results partially agree
with the knock-out study by Kaneko and DePamphilis (2013), in which
the authors showed that following A.T. treatment Tead4�/� produce
outgrowths and form of trophoblast giant cells. The authors further
proceeded and genotyped the outgrowths, confirming they were
Tead4�/� . However, in a more recent study, Israel et al. (2019) uti-
lized the TRIM21-mediated protein depletion method to target Tead4
protein, and found that outgrowth formation was strongly impaired in
Tead4-depleted embryos and that outgrowths were not formed.

In human, we aimed to investigate the pattern of TEAD4 expression
during the preimplantation stages and compare it to the mouse.
TEAD4 was found to be expressed following EGA and was identified in
the cytoplasm of eight-cell embryos. Transition to the 16-cell stage
was accompanied by TEAD4 translocation to the nucleus. The timing
of translocation coincides with the initiation of bone morphogenetic
protein 4 (BMP4) expression (Blakeley et al., 2015). Studies in hESCs
show that BMP4 treatment induces TEAD4 nuclear localization, sug-
gesting that the same mechanism might be present in the human em-
bryos and should be further investigated (Home et al., 2012).
Expression of the ICM marker SOX2 was identified in 8-cell stage em-
bryos, earlier than the 16-cell stage expression in mouse, pointing to
distinct developmental programmes between species.

We further applied our CRISPR-Cas9 methodology to target TEAD4
in the human germline aiming to examine the biological relevance of
TEAD4 in human TE differentiation. Recent data suggested the pres-
ence of an evolutionary conserved molecular cascade responsible for
the initiation of the TE differentiation upstream of TEAD4 between hu-
man, cow and mouse (Gerri et al., 2020). In our study, we aimed to
shed light on the mechanisms regulating TE differentiation downstream
of TEAD4, with an emphasis on the transcription factors CDX2 and
GATA3, which were previously shown to be downstream targets of
Tead4 in mouse, orchestrating TE lineage differentiation.

CRISPR-Cas9 was introduced in human MII oocytes along with
sperm, which differs from the PN stage introduction in mouse. We
have previously shown by targeting of Pou5f1 in mouse that the timing
of introduction does not affect subsequent experimental outcomes, as
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.
editing efficiencies do not differ and editing is completed prior to the
initiation of gene expression (Stamatiadis et al., 2021). In this study,
our previous statement is supported by the fact that a maximum of
four different alleles were detected following CRISPR-Cas9 targeting,
which corresponds to the DNA content of a two-cell embryo. The
developmental capacity of targeted embryos was not affected, and
embryo development rates did not differ significantly from the control
group. NGS analysis and immunostaining confirmed successful targeting
and the ability of complete knock-out embryos carrying exclusively
frameshift TEAD4 mutations to reach the blastocyst stage. However,
while the developmental potential remained unaffected, blastocyst
morphology was significantly compromised as all targeted generated
blastocysts showed Grade C TE scores, with TE containing very few
cells.

A CDX2 signal was not detected in CRISPR-Cas9-targeted human
embryos, partially explaining the defects in the TE morphology.
Expression of the ICM marker SOX2 remained unaffected. Finally, we
identified a major interspecies difference with mouse, since GATA3 ex-
pression remained unaffected in TEAD4-targeted human embryos. This
suggests that GATA3 does not function downstream of TEAD4 in hu-
man but acts in parallel to TEAD4/CDX2 towards TE differentiation,
indicating distinct mechanisms of TE differentiation between mouse
and human. Our data enhance the role of GATA3, as GATA3 expres-
sion is enough to maintain TE differentiation in the absence of CDX2
expression, and are in line with what has been previously described in
hESCs. Targeted elimination of TEAD4 during trophoblast transition in
hESCs did not affect GATA3 expression, similar to what we observed,
indicating that the signalling pathways responsible for early TE lineage
differentiation are divergent between mouse and human (Xiao et al.,
2020).

In our experiments, mouse and human embryos were cultured un-
der the same conditions—low oxygen (5% O2). The observed differ-
ences between the mouse and human might, in part, be due to the
culture conditions and especially O2 tension, which may variably affect
Tead4/TEAD4 targeted mouse and human embryos. The importance
of Tead4 in cell metabolism has been highlighted in mouse studies,
where it was shown to promote mitochondrial transcription and to be
essential for the establishment of oxidative energy metabolism, which
is necessary for TE lineage development (Kumar et al., 2018).
Furthermore, Kaneko and DePamphilis (2013) discovered that by low-
ering O2 concentration from 21% to 5%, a significantly higher percent-
age of Tead4-targeted mouse embryos were able to form a visible
blastocoel cavity. However, Israel et al. (2019) observed no differences
in the development rates of mouse embryos by lowering O2 concen-
tration following targeted degradation of Tead4 protein. Since the role
of TEAD4 in energy metabolism in human embryos has not been ex-
amined yet, and interspecies differences on the role of key lineage
specifier genes have been previously identified, we cannot exclude the
possibility that the observed differences between mouse and human
are the result of variable effects triggered by the culture conditions,
which were however similar for both mouse and human embryos in
this study.

Overall, we perturbed the expression of Tead4/TEAD4 with very
high efficiency in mouse and human embryos. In mouse, we confirmed
previous findings, with Tead4 being a master regulator of TE differenti-
ation upstream of Cdx2 and Gata3. In human, we identified a distinct
developmental programme, with GATA3 acting in parallel with

TEAD4/CDX2. In this context, it would be highly informative in the
future to perform transcriptomic comparisons between TEAD4-tar-
geted and media-control human embryos aiming to identify genes that
are differentially expressed between the two populations (TEAD4�,
GATA3þ vs TEAD4þ, GATA3þ), in an attempt to shed light on the
molecular network regulating TE differentiation in human.
Furthermore, identification of the mechanisms acting downstream will
help us to elucidate if the pathways are distinct or branch downstream
and co-activate the same set of genes.
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