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abistable switchin totipotentembryosto
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The mouse and human embryo gradually loses totipotency before

diversifying into the inner cell mass (ICM, future organism) and
trophectoderm (TE, future placenta). The transcription factors TFAP2C

and TEAD4 with activated RHOA accelerate embryo polarization. Here we
show that these factors also accelerate the loss of totipotency. TFAP2C and
TEAD4 paradoxically promote and inhibit Hippo signaling before lineage

diversification: they drive expression of multiple Hippo regulators while
also promoting apical domain formation, which inactivates Hippo. Each
factor activates TE specifiersin bipotent cells, while TFAP2C also activates
specifiers of the ICM fate. Asymmetric segregation of the apical domain
reconciles the opposing regulation of Hippo signaling into Hippo OFF and
the TE fate, or Hippo ON and the ICM fate. We propose that the bistable
switch established by TFAP2C and TEAD4 is exploited to trigger robust
lineage diversificationin the developing embryo.

Inmammals, the highly differentiated sperm and egg fuse to generate
atotipotentzygote that givesrisetoallthe cellsinthe body and to the
extraembryonic tissues. Totipotency gradually decreases during the
first few cell divisions (Fig. 1a). At the eight-cell stage, each cell (blas-
tomere) becomes polarized along the outside-inside axis, forming a
cap-shapesstructure on the outside domain called the apical domain'=.
Asymmetric segregation of apical domains produces al6-cellembryo
with polar outside cells that willbecome the trophectoderm (TE, future
placenta) and apolar inside cells that will become the inner cell mass
(ICM, future epiblast and yolk sac)®’. ICM- and TE-specific transcrip-
tion factors were found to be co-expressed in blastomeres before
lineage diversification** 2. However, what mechanisms lead to the

co-expression of opposite lineage markers and to reconciliation of
this bipotency into one of the two fates remain unclear.

Asymmetric segregation of the apical domain results in asym-
metric regulation of Hippo signaling (Fig. 1b). In outer cells, the api-
cal domain sequesters and inhibits positive regulators of the Hippo
pathway, such as ANGIOMOTIN (AMOT) and ANGIOMOTIN-LIKE 2
(AMOTL2) (ref.13), resulting ina Hippo OFF state and translocation of
YAP or TAZ tothe nucleus. Nuclear YAPinteracts with the transcription
factor TEAD4 to induce highexpression of TE fate specifiers, including
Cdx2and Gata3andrepress pluripotency transcription factors such as
Sox2 (refs. 8,14-18).In contrast, the Hippo ON state in ICM cells, which
lack an apical domain, leads to YAP phosphorylation, its cytoplasmic

'Mammalian Embryo and Stem Cell Group, Department of Physiology, Development and Neuroscience, University of Cambridge, Cambridge, UK.
“Division of Biology and Biological Engineering, California Institute of Technology, Pasadena, CA, USA. *Centre for Stem Cell Biology and Regenerative
Medicine, School of Medicine, Tsinghua University, Beijing, China. “Department of Physiology, Anatomy and Genetics, University of Oxford, Oxford, UK.
5Oxford Fertility, Institute of Reproductive Sciences, Oxford, UK. ®Nuffield Department of Women'’s and Reproductive Health, Level 3, Women's Centre,
John Radcliffe Hospital, University of Oxford, Oxford, UK. "Present address: Department of Genetics, Blavatnik Institute, Harvard Medical School, Boston,

MA, USA. < e-mail: magdaz@caltech.edu

Nature Structural & Molecular Biology | Volume 31| June 2024 | 964-976

964


http://www.nature.com/nsmb
https://doi.org/10.1038/s41594-024-01311-9
http://orcid.org/0000-0001-6157-8840
http://orcid.org/0009-0000-9224-3795
http://orcid.org/0009-0003-2916-5693
http://orcid.org/0000-0002-7004-2471
http://crossmark.crossref.org/dialog/?doi=10.1038/s41594-024-01311-9&domain=pdf
mailto:magdaz@caltech.edu

Article

https://doi.org/10.1038/s41594-024-01311-9

Totipotency

a I b
ZGA Lineage specification and segregation Apical domain
T T T T T T T T A
. Mid Late A
: - - Mid 8-cell
Zygote 2-cell 4-cell Early 8-cell Istagcee Morula blastocyst blastocyst AMN L2
Q. /—Q_\ Hippo OFF @@
@ &
& AMOT &= p
AMOTL2 (\% YAP
Hippo ON
O IcM ®TE PP A
— Apical d . ® Epiblast
picat domain O Primitive endoderm
c 1. Ezrin-RFP mRNA
2. With Tfap2c + Tead4 + RhoA-Q63L mRNA
2 ®® @®®
> > 0®> ©® -
2-cell stage 16-cell stage Sort polarized cells Blastocyst reconstruction
d cpx2 NANOG SO e
Single plane Three-dimensional Bright field
0.5
> *%
s g
< § 0.4 .0.
- (J
8 0.3 [ A
= £y L]
< ® o u|
Z o024 | °® "
2 ° b L
8 ° LL L
s 01 °
S}
< L]
3 0 ‘ ann
= N »
E o &°
£ <

Fig.1| Premature expression of TFAP2C, TEAD4 and activated Rho GTPase
are sufficient to advance the first cell fate decision. a, A schematic of
preimplantation development. ZGA, zygotic genome activation. b, A schematic
of differential Hippo signalling in TE (top) and ICM (bottom) lineages in the
morulastage mouse embryo. ¢, A schematic of blastocyst reconstruction

assay. Two-cell stage embryos injected with Ezrin-RFP (Ezrin only, control) or
Tfap2c + Tead4 + RhoA mRNA (TTRhoA) were cultured until the early 16-cell
stage. Sixteen polarized cells from each genotype were sorted, re-aggregated,
cultured until the mid-blastocyst stage and the proportion of ICM examined.

d, Representative images of the reconstructed blastocysts from Ezrin-only or
TTRhoA embryos. Embryos were immunostained to reveal CDX2 (TE), NANOG
(epiblast) and SOX17 (primitive endoderm). e, Quantification of the ratio of ICM
from reconstructed blastocysts from Ezrin-only or TTRhoA embryos. The ICM
ratiois calculated as the number of cells positive for NANOG or SOX17 divided

by the total number of cells (positive for CDX2, NANOG or SOX17). Each dot
indicates the data point obtained from one embryo. Data shown as mean +s.e.m.
N=19 embryos for EZRIN-only group and N =16 embryos for TTRhoA group.N=2
experiments.**P=0.0266, two-sided Student’s ¢-test. Scale bars, 15 um.

retention and subsequent degradation®"*'®, High Hippo signaling in
the ICM, and the lack of nuclear YAP, TAZ and TEAD4, promote the
expression of the pluripotency transcription factors, such as Sox2
and Nanog'™”. Polarized outer cells with moderate YAP or TAZ activity
that express both the ICM gene Sox2 and the TE gene Cdx2 have been
observed”?, Hippo signalingin these outer cells disrupts polarization,
leading to their repositioning to the ICM*. How these ‘conflicted’ outer
cellsarise and how Hippo signaling itselfis established before cell fate
specification remain long-standing questions.

Tead4 and Tfap2c are known to be essential for the expression
of Cdx2 after embryo polarization and therefore for formation of the
TE lineage at the blastocyst stage® . Tead4 knockout (KO) embryos
do not form a blastocyst and express the pluripotency factors, OCT4
and NANOG, in all the blastomeres, even the outer ones*. Combined
depletion of maternal and zygotic TFAP2C also blocks blastocyst for-
mation”. Additionally, TFAP2C and the TE specifier GATA3 have been
showntodirectly couple TE-specific gene induction with suppression
of pluripotency®. Moreover, embryonic stem cells overexpressing
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TFAP2C or TEAD4 alone upregulate TE specification genes'*”. Thus,
TEAD4 and TFAP2C have been recognized as TE fate specifiers in late
embryos at the blastocyst stage.

However, TEAD4 and TFAP2C were recently shown to play unique
roles also in the early embryo. Their expressionis initiated already at
thetwo-cell stage and its gradual increase is required for embryo polari-
sation at the eight-cell stage®. Indeed, we found that co-expressing
TFAP2C and TEAD4 withactivated RHOA, a GTPase required for apical
domain formation?, induces precocious embryo polarization at the
four-cell stage rather than at the typical eight-cell stage’®. Moreover,
TFAP2C was recently shown to promote the expression of both ICM and
TE genes in a bipotency program before lineage diversification'>%,
How the bipotent state is reconciled into two robust lineages, the TE
and ICM, remains unclear.

Inthis Article, we show that TFAP2C and TEAD4 initiate expression
of opposite lineage markers to create bipotency and an intermedi-
ate level of Hippo signaling in all bipotent blastomeres before cell
fate specification. Our results suggest that YAP negative feedback
via Hippo signaling™ is exploited from the two- to eight-cell stages
to diminish totipotency and generate a bistable switch. This switch is
ultimately controlled by the presence or absence of the apical domain.
Inheritance of the apical domaininhibits intermediate Hippo signaling
(Hippo OFF), sustains YAP activity and establishes TE. In contrast, in
cellslacking the apical domain, intermediate Hippo signaling becomes
Hippo ON, extinguishes YAP activity and establishes ICM. In this way,
opposing regulation of Hippo signaling in bipotent blastomeres creates
abistable state that can robustly diversify into the two first lineages.

Results

TFAP2C, TEAD4 and RHOA are sufficient to advance cell fate
commitment

We previously showed that ectopic expression of TFAP2C, TEAD4 and
RHOA (named TTRhoA hereafter) accelerates embryo polarization.
Mouse embryos typically polarize at the eight-cell stage; however,
embryos expressing TTRhoA polarize already at the four-cell stage®®.
Given that the potential of polarized outer cells to regenerate ICM
is progressively lost as blastomeres become committed to the TE
fate?’, we wished to determine whether these three factors are also
sufficient to accelerate TE commitment. To test this, we performed
ablastocyst reconstruction assay (Fig. 1c). We microinjected both
blastomeres of two-cell embryos with EZRIN-red fluorescent protein
(RFP) messenger RNA (mRNA) (to mark the apical domain), with or
without TTRhoA, using a technique that does notimpair development
and allows the embryo to develop beyond implantation®. Polarized
blastomeres were sorted from nonpolarized blastomeres at the mid-
16-cell stage, re-aggregated and allowed to develop to the blastocyst
stage. We determined the proportion and number of ICM cells relative
to total cells in reconstructed blastocysts (Fig. 1c-e and Extended

Data Fig. 1a-f). Compared with controls, blastocysts derived from
polarized blastomeres expressing TTRhoA had a lower number of
ICM cells and therefore alower ICM ratio (Fig. 1e and Extended Data
Fig.1b). These resultsindicate that TTRhoA overexpression not only
accelerates the timing of embryo polarization? but also accelerates
commitment to the TE fate in blastomeres.

TFAP2C, TEAD4 and RHOA advance apical domain aging and
inhibit Hippo signaling

Hipposignaling pathway components at the apical domaininthe TEare
inactive, leading to nuclear localization of unphosphorylated, active
YAP”*.In contrast, active Hippo signaling in the ICM generally triggers
YAP phosphorylation (p-YAP), cytoplasmicretentionand degradation®.
Thus, the Hippo pathway negatively regulates YAP activity.

Todetermine how the acceleration of polarization and TE commit-
ment in TTRhoA blastomeres affects Hippo signaling, we expressed the
apical marker, EZRIN-RFP, with or without TTRhoA in one blastomere
atthelate two-cell stage. The uninjected blastomere served as anonin-
jection control (Fig. 2a). We found that none of the EZRIN-RFP blasto-
meresin control early eight-cell embryos displayed an apical domain®?,
whereas about 30% of the blastomeres in EZRIN-RFP + TTRhoA had
an apical domain already at the early eight-cell stage (Fig. 2b,c and
Extended DataFig. 2).

To investigate the consequences of precocious apical domain for-
mation on Hippo signaling, we wished to determine YAP localizationin
TTRhoAembryos versus controls. To thisend, we upregulated expression
of TT at the two-cell stage, introduced activated RHOA at the four-cell
stage and examined embryos at the mid eight-cell stage (Fig. 2d). Both
EZRIN-RFP-only and TTRhoA mid eight-cell stage embryos had amixture
of polarized and unpolarized cells, withmore polarized cellsin TTRhoA
embryosthanin controls (Fig. 2e-h).In control embryos, the polarized
and unpolarized blastomeres displayed similar nuclear-to-cytoplasmic
(N/C) ratios of YAP (Fig. 2e,f and Extended Data Fig. 3a). In contrast, in
TTRhoA mid eight-cell embryos, the N/C ratios of YAP were higher in
polar versus apolar blastomeres (Fig. 2g,h and Extended Data Fig. 3b).
Moreover, the levels of cytoplasmic p-YAP were lower in polar versus
apolarblastomeres of TTRhoA versus control embryos (Fig. 2h). We often
detected nuclear p-YAPinblastomeres, whichhasbeen observedin other
contexts, particularly in sparsely plated cells*** (Discussion). Overall,
these data suggest that Hippo signaling diminishes after polarization
of TTRhoA embryos, which indicates that TTRhoA not only advance
polarizationtiming but also enhance the function of the apical domain,
resulting in reduced Hippo signaling in blastomeres.

TFAP2c and TEAD4 activate TE and ICM genes to create a
bipotent state

We previously found that TTRhoA embryos had precocious expression
ofthe TE specifier Cdx2 (ref. 28). To determine whether thisis related to

Fig.2| Tfap2c, Tead4 and activated RhoA coordinate Hippo inactivation
with apical domain formation. a, A schematic showing the workflow for
experimentsinband c. b, Embryos injected with EZRIN-RFP only (as a
control) or TTRhoA mRNAs were analyzed at the early eight-cell stage to reveal
EZRIN-RFP and AMOT. The yellow squares indicate the magnified regions.
The arrows indicate magnified cells. ¢, Quantifications of apical membrane
enrichment of AMOT in cells expressing EZRIN-RFP or with TTRhoA. Data are
shown asindividual data points with box and whisker plots (lower: 25%; upper:
75%; line: median; and whiskers: min to max). Each dot indicates an analyzed
cell. N=12 cells for EZRIN-RFP and N = 8 cells for TTRhoA. N = 2 experiments.
***P=0.0002, two-sided Mann-Whitney test. d, A schematic of TTRhoA
overexpression for experiments shownin e-g. e, Embryos overexpressing
EZRIN-RFP only (as a control) or TTRhoA, immunostained at mid eight-cell
stage for DNA (DAPI), YAP and EZRIN-RFP. The pink arrows indicate apolar
cells and yellow arrows indicate polar cells. Quantifications are shownin f.

f, Quantification of the YAP N/C ratio in the polar or apolar cells of embryos

overexpressing EZRIN-RFP only or TTRhoA. Data shown as individual data
points with mean, cyan dots indicate polar cells and red dots indicate apolar
cells. N=12 embryos for EZRIN-RFP only and N = 29 embryos for the TTRhoA
group, N =4 experiments, ***P < 0.0001, two-way ANOVA test. YAP N/C ratios
between polar and apolar cells are statistically different in the TTRhoA group
but notinthe EZRIN-RFP only group. g, Embryos overexpressing EZRIN-RFP
only (asacontrol) or TTRhoA analyzed at mid eight-cell stage for EZRIN-RFP
or p-YAP. The arrows indicate the apolar cells in TTRhoA overexpressing
embryos. h, Quantification of the cytoplasmic ratio of p-YAP between the polar
and apolar cells inembryos overexpressing of EZRIN-RFP only or TTRhoA.
Datashown as individual data points with mean indicated by theline.N=7
embryos for EZRIN-RFP only and N = 11 embryos for the TTRhoA group, N=4
experiments and *P < 0.05, Mann-Whitney test. The lower cytoplasmic level
of p-YAP in polar versus apolar cells in TTRhoA embryos versus controls.

For all quantifications, data are shown as individual data points with mean.
Scalebars, 15 pm.
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advanced polarization, we microinjected EZRIN-RFP with or without
TTRhoA in one blastomere of two-cell stage embryos (Extended Data
Fig.4a). These embryos express anendogenous CDX2-green fluores-
cent protein (GFP) reporter®, which showed low CDX2-GFP expression
inblastomeres of control eight-cell embryos (Extended Data Fig. 4b) as
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Tfap2c exacerbated the decrease in Cdx2 mRNA levels (Extended Data
Fig.4d). Analysis of CDX2-GFP reporter embryos revealed that deple-
tion of Tfap2c and/or Tead4 in two-cell embryos significantly reduced
the GFP levelsinapolar blastomeres of eight-cell embryos, consistent
withthe RNA-sequencing data (Extended DataFig.4d-f). Thus, Tfap2c
and Tead4 each promote expression of the TE marker Cdx2 even before
lineage specification, in both polar and apolar cells.

The TE marker Gata3 is expressed independently of Cdx2 (ref.
15) and our RNA-sequencing data revealed that depletion of Tfap2c

and Tead4 alsoreduced the expression of Gata3in eight-cell embryos
(Fig.3a). Embryos expressing a GFP reporter driven by the Gata3 pro-
moter**displayed GFP expressioninall cellsatthe early 16-32 cell stage,
followed by preferential expression in outer polar cells at the 32-64
cell stage (Extended Data Fig. 5a,b) as expected®. Notably, deplet-
ing Tfap2c and Tead4 at the two-cell stage strongly abrogated Gata3
expression in both polar and apolar blastomeres at the early 16-cell
stage (Fig. 3b—d). Moreover, GATA3 was prematurely expressed in
TTRhoA embryos (2.7-fold upregulation at the late eight-cell stage;
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Fig. 3| Tfap2c and Tead4 regulate the expression of Gata3 before
polarization. a, RNA-sequencing analysis of Gata3 expression level at

the eight-cell stage in embryos injected with dsGFP, dsTfap2c, dsTead4 or
dsTfap2c + dsTead4.N = 5samples for dsGFPand dsTfap2c + dsTead4and N=4
samples for dsTfap2c and dsTead4. Data are shown as mean t s.e.m.*P < 0.05,
Kruskal-Wallis test. N = 2 collections. b, A schematic of workflow for experiments
inc-h. One blastomere of the two-cell stage embryo was injected with mRNA
encoding Ezrin only (as a control), or also with dsRNA targeting Tfap2c and
Tead4, or also with TTRhoA mRNA. ¢, Representative images of GATA3-GFP
expression level in 8-16-cell stage embryos injected with the indicated dsSRNA
asdescribed inb. Quantifications are shownind. *P < 0.05, Mann-Whitney test.
d, Quantification of the level of GFP in control and embryos injected with dSRNA
targeting Tfap2c and Tead4.*P = 0.0262, Mann-Whitney test. Data are shown
asmean ts.e.m. N =7 embryos for the Ezrin-only group and N = 7 embryos

for the dsTfap2c + dsTead4 group. N =2 experiments. e, Representative images
of GATA3-GFP transgenic late eight-cell embryos, after injection with EZRIN

only or TTRhoA, as described inb. The arrows indicate an injected cell.

The number of embryos and quantifications shown in f. BF, bright field.

f, Quantifications of normalized GATA3-GFP signal intensity in the indicated
overexpression conditions. For normalization, GFP signal in injected cells were
normalized against the noninjected cells. Dataare shown as mean + s.e.m.

The numbersindicate the number of embryos analyzed. *P = 0.0218, one-way
ANOVA test. g, Representative images of GATA3-GFP expression in embryos
injected with EZRIN-RFP mRNA and TTRhoA, asindicated inb, and treated with
water (control) or C3-transferase (RhoA inhibitor) at the late eight-cell stage.
Quantifications are shownin h. h, A time course of the normalized GATA3-GFP
signalintensity in cells overexpressing EZRIN-RFP only (control), or also exposed
to TTRhoA, RhoA inhibitor or TTRhoA + RhoA inhibitor. Data are shown as

mean ts.e.m.n =7 embryos for each group. The yellow region indicates the early
stages of developmental when Gata3 expression is insensitive to RhoA activity
(before the 16-cell stage) and the purple region indicates RhoA-sensitive stages
(after the 16-cell stage). Scale bars, 15 um.

Fig.3e,f). Notably, embryos expressing Tfap2c and Tead4 alone, as well
as TTRhoA embryos treated with the Rho inhibitor C3-transferase®,
showed polarity-independentinduction of GATA3 at the eight-cell stage
but not after (Fig. 3g,h). Thus, Tfap2c and Tead4 also each promote
expression of the TE marker Gata3 even before lineage specification.

We also found that Tfap2c leads to the upregulation of the ICM
specifiers, Nanogand Oct4, which are expressedinall blastomeres at the
eight-cell stage and become restricted to the ICM at the mid-blastocyst
stage**~**, We found that the depletion of TFAP2C, but not TEAD4,
led to downregulation of Oct4 (Fig. 4a-c), consistent with previous
indications®*>*¢, Moreover, we found that Nanog expression was down-
regulated upon the depletion of TFAP2C but not TEAD4 (Fig.4a-c).In
addition, co-expression of TFAP2C-and TEAD4-induced upregulation
of Nanogand Oct4 at the eight-cell stage (Fig. 4d-g). These datafurther
suggest that TFAP2C activatesICM genes in bipotent cells, in agreement
with arecent study showing that TFAP2C binds and activates not only
TE genes but also some early ICM genes®.

These data suggest temporally distinct functions for Tead4 and
Tfap2c during development. Before lineage specification, Tfap2c and
Tead4 promote biopotency through inducing the expression of ICM
and TE markers and prime both fates. After specification, Tead4 and
Tfap2c promote the TE fate®.

TFAP2c and TEAD4 promote the expression of Hippo
regulators and Hippo signaling

We next wished to determine when Hippo signaling is initiated
during development. To this end, we examined a previously pub-
lished RNA-sequencing dataset*’ to analyze the expression of Hippo
signaling components. We found that Amot, Amot[2 and Lats2 were
not expressed in the zygote but increased at least tenfold from the
2-4-cell stage to the blastocyst stage (Fig. 5a and Extended Data
Fig. 6d), concomitant with increased expression of Tfap2c and

Tead4 (ref. 28). To determine whether Tfap2c and Tead4 control the
induction of these Hippo pathway components, we simultaneously
depleted TFAP2C and TEAD4 by RNA interference (RNAi) and clus-
tered regularly interspaced short palindromic repeats (CRISPR),
which reduced the levels of all three transcripts at the eight-cell
stage”® (Fig. 5b and Extended Data Fig. 5¢).

We found that RNAi-mediated depletion of TFAP2C in zygotes
reduced Amot expression by 79% in eight-cell embryos. To confirm
this result, we also carried out CRISPR-mediated depletion of TFAP2C,
which we previously showed led to efficient gene editing of the Tfap2c
locus®. We found that both RNAi- and CRISPR-mediated depletion of
TFAP2Creducedthelevels of AMOT proteininlate eight-cell embryos
(Fig.5c-f).Inparticular, therelative levels of active AMOT at the plasma
membrane versus cytoplasm were reduced by 21.4% and 71% upon
depletion of TFAP2C by RNAi and CRISPR®'*?® (Fig. 5¢—f). In contrast,
overexpression of TFAP2C alone in two-cell embryos led to increased
levels of active AMOT at the plasma membrane (Fig. 5g,h).

Inaddition, RNAi-mediated depletion of Tead4in zygotes reduced
the expression of Amot(2 and Lats2 by 97% and 83%, respectively
(Fig.5b). Consistent withreduced LATS2 activity and diminished Hippo
signaling*®, TEAD4 depletion by RNAi or CRISPR decreased the levels of
cytoplasmic p-YAPby 46% and 52.8% in eight-cell embryos, respectively
(Fig. 5i-1). Moreover, overexpression of Tead4led to increased levels of
p-YAPinthe cytoplasm (Fig. 5m,n), consistent with elevated Hippo sign-
aling. Yet we previously found that TEAD4 overexpressionincreasesthe
N/C ratio of YAP before blastomere polarization®. In agreement with
this, nuclear localization of active YAP has been shownin other contexts
toinitiate anegative feedback loop via Hippo-mediated phosphoryla-
tion of cytoplasmic YAP*°, These results indicate that Tfap2c and Tead4
each positively regulate Hippo signaling by promoting the expression
of Hippo pathway components before polarization, but also negatively
regulate Hippo signaling by promoting apical domain formation and

Fig. 4| Tfap2c and Tead4 regulate the expression of ICM specifiers before
polarization. a, The expression of Nanog, Pou5f1 (Oct4) and KIf5 by bulk RNA
sequencingin the indicated conditions. **P = 0.0042 for Nanog, P= 0.0021

for PouSf1 and P=0.0019 for KIf5, Kruskal-Wallis test. N = 5 samples for
dsGFPand dsTfap2c + dsTead4 and N = 4 samples for dsTfap2c and dsTead4.
N=2collections. Data are shown as mean * s.e.m. b, Representative images

of embryos injected with Cas9 mRNA or with gRNAs targeting Tfap2c gene

locus, to fix at the mid eight-cell stage and stain for NANOG and TFAP2C. The
quantificationis showninc. ¢, Quantification of NANOG expression in Cas9-only
(control) or Tfap2c-depleted cells by CRISPR-Cas9 shown in b. ****P < 0.0001,
two-sided Student’s ¢-test. N = 27 embryos for the Cas9-only group and N=10
embryos for Tfap2c KO embryos. N = 2 experiments. Data are shown as individual
data points with box and whisker plots (bottom: 25%; upper: 75%; line: median;
whiskers: min to max). d, Representative images of embryos injected with
EZRIN-RFP mRNA alone or with Tfap2c and Tead4 mRNA, and visualized NANOG

expression at the mid eight-cell stage. The embryos were injected at the two-cell
stage and fixed at the mid eight-cell stage. e, Quantification of NANOG protein
levels in conditions showingind. N =39 cells for the EZRIN-RFP group and N=17
cells for the Tfap2c + Tead4 group. N = 2 experiments. ***P < 0.0001, Mann-
Whitney test. Data are shown as individual data points with box and whisker plot
(bottom: 25%; upper: 75%; line: median; whiskers: min to max). f, Representative
images of embryos injected with EZRIN-RFP mRNA alone or with Tfap2c and
Tead4 mRNA at one cell of the two-cell stage and fixed at the early to mid eight-
cell stage, and visualized POUSF1 (OCT4) expression at the mid eight-cell stage.
g, Quantification of OCT4 protein levels in cells from conditions showninf.

N =28 cells for the Ezrin-RFP group and N = 15 cells for the Tfap2c + Tead4 group.
N=2experiments and ***P < 0.0001, Mann-Whitney test. Data are shown as
individual data points with box and whisker plots (bottom: 25%; upper: 75%; line:
median; whiskers: min to max). Scale bars, 15 um.
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aging (Fig. 2). The overall result is intermediate Hippo signaling and
the bipotent TE/ICM fate.

Before lineage specification, blastomeres express the transcrip-
tion factor Kruppel-like factor 5 (KLF5), which directly induces both
ICM and TE specification genes*. Although KIf5was downregulatedin
blastomeres depleted for Tfap2c and Tead4 (Fig. 4a), it was not elevated
along with the ICM and TE lineage specifiers in embryos with ectopic
expression of TFAP2C and TEAD4 (Extended DataFig. 6a—c). To deter-
mine whether KIf5 is required for the Tfap2c- and Tead4-dependent
regulation of lineage markers, we depleted KLF5 in embryos over-
expressing TFAP2C and TEAD4. RNAi-mediated depletion of KLF5
effectively eliminated KLF5 protein, but did not affect upregulation the
TE marker CDX2 nor did it compromise the ICM feature of increased
levels of active AMOT at the plasma membrane (Extended DataFig. 6).
These datasuggest that Tfap2c and Tead4 regulate Kif5 and bipotency
independently.

Our results overall show that Tfap2c promotes the expression
of the TE regulators Cdx2 and Gata3, the ICM regulators Nanog and
Oct4, and the Hippo regulator Amot in bipotent cells; Tead4 similarly
promotes the expression of Cdx2 and Gata3 and the Hippo regulators
Amot[2 and Lats2 in bipotent cells. As a consequence, bipotent blas-
tomeres have asum of intermediate Hippo signaling and display both
active nuclear YAP and inactive cytoplasmic p-YAP.

Potential role of TFAP2C in the first cell fate decision in human
embryos

Mammaliandevelopment at the preimplantation stage is evolutionarily
conservedinboth gross morphology and expression of the representa-
tive lineage markers*°**. To determine whether the gene expression
network that we identified here in the mouse embryo is conserved in
humans, we first examined published RNA-sequencing datasets. We
found that the expression of TFAP2Cincreases fromthe four-cell stage
whereas the expression of TEAD4 increases from the eight-cell stage
in the human embryo® (Fig. 6a). We confirmed this early presence of
TFAP2C before cell polarizationin human embryos by immunostaining
(Fig. 6b). ATAC-sequencing dataalso suggest that genomic binding sites
for TFAP2C,but not TEAD4, are highly accessible at the precompaction
stage of the human embryo®.

When we compared the RNA-sequencing and ATAC-sequencing
datasets between mouse and human embryos, we found that the TE
transcription factor Gata3/GATA3 and Hippo components Amot/AMOT,
Amotl2/AMOTL2 and Lats2/LATS2, which are regulated by Tead4 and
Tfap2cin mouse embryos® shared similar zygotic patterns of expres-
sion to that of the human embryo (Fig. 6¢-g). We identified specific
cis-regions near these genes that become accessible only around the
four- or eight-cell stage in the human embryo. These cis-regions con-
tained both TFAP2C and TEAD4 consensus sequences in the mouse

genome, but only TFAP2C consensus sequences were detected in the
human genome (Extended Data Fig. 7). It will be of interest to deter-
mine whether TFAP2C regulates bipotency and a bistable switch in
blastomeres of the human embryo, in addition to its known roles in
polarization and lineage segregation.

Discussion

Our work shows that Tfap2c and Tead4 establish a bipotent state and
bistable switch in blastomeres before lineage diversification in the
embryo (Fig. 7). These transcription factors regulate multiple parallel
events relevant to the first lineage segregation: activation of TE and
ICMgenes, YAP subcellular localization, activation of Hippo signaling
and aging of the apical domain. By promoting Hippo signaling on the
one hand via activation of Hippo genes and inhibiting it on the other
hand viatheactivation of polarity genes, TFAP2C and TEAD4 establish
aswitch that can support robust and immediate lineage diversifica-
tioninto TE and ICM, dependent on the asymmetric segregation of
the apical domain.

YAP-induced negative feedback via Hippo signaling has been
shown in other contexts to ensure that YAP-mediated regulation is
transient and eventually extinguished™. In the context of the preim-
plantationembryo, we find that it is exploited to enable robust lineage
diversification. Hippo signalingis inactivated due to compartmentali-
zation of Hippo components by the apical domainin TE, which thus
sustains YAP-induced TE specification. Notably, this negative feedback
loop is often aberrantly inactivated in tumor cells* that acquire hall-
marks of the TE, such as a capacity for invasion. In contrast, the lack of
anapicaldomainin the ICM enhances Hippo signaling, ultimately ter-
minating the YAP-induced TE specifiers and allowing ICM fate (Fig. 7).
Overexpression of TEAD4 or TFAP2C accelerate formation of the bipo-
tent state, apical domain aging and lineage specification, whereas
diminished levels of TEAD4 or TFAP2C have the opposite effect.

TE/ICM gene expression at the mid eight-cell stage, polarization
atthelate eight-cell stage and differential Hippo signaling at the early
16-cell stage, are closely spaced temporal events in mouse embryo
development®. Our results suggest amolecular explanation that recon-
cilestherelationship between the timing of these events. Amot/Amot[2
and Lats2 are expressed at the 8-16-cell stage®'®, and their expression
before polarization leads to intermediate Hippo signaling. Apical
domain formationsubsequently couples polarization with the inactiva-
tion of Hippo signaling to establishthe TE. Indeed, we found that earlier
and elevated co-expression of TFAP2C or TEAD4, with active RHOA,
accelerates this coupling?. We therefore suggest that activation of
Tfap2c, Tead4 and Rho GTPases initiates the polarity-dependentinhibi-
tion of the Hippo pathway. Polarized TE cells can display high levels of
cytoplasmic, p-YAP, reminiscent of ICM cells. The apical domain does
not always segregate completely during the asymmetric cell division

Fig.5| Tfap2cand Tead4 regulate Amot, Amoti2 and Lats2 and activate Hippo
signaling. a, The expression profile of Amot, Amot{2 and Lats2, data obtained
from Deng et al.”’ b, The expression of Amot (***P = 0.0052, Kruskal-Wallis test),
Amot[2 (*P=0.0115, one-way ANOVA) and Lats2 (****P < 0.0001, Kruskal-Wallis
test) by bulk RNA sequencing in theindicated conditions. The expression level
isshown as mean +s.e.m. N =5samples for dsGFPand dsTfap2c + dsTead4 and
N=4samples for dsTfap2c and dsTead4. N = 2 collections. c, Late eight-cell
embryosinjected with EZRIN-RFP + dsGFP (control) or EZRIN-RFP + dsTfap2cin
half embryo and immunostained AMOT, EZRIN-RFP and DNA (DAPI). BF, bright
field. d, Quantification of plasma membrane-localized AMOT asinc. N=17 cells
for EZRIN-RFP and N =14 cells for dsTfap2c. N = 2 experiments. **P= 0.0087,
two-sided Mann-Whitney test. e, Mid-eight-cell embryos injected with Cas9
mRNA or with Tfap2c sgRNAs stained with TFAP2C and AMOT. f, Quantification
of membrane AMOT asine.N= 62 cells for Cas9 only and N =18 cells for Tfpa2c
CRISPR. N =2 experiments. ***P < 0.0001, two-sided Mann-Whitney test.

g, Late four-cell embryos overexpressing EZRIN-RFP or with Tfap2cin half embryo
immunostained with AMOT, EZRIN-RFP and DNA (DAPI). h, Quantification of

membrane AMOT asin k. N=11embryos for EZRIN and N =9 embryos for the
Tfap2cgroup. N =2 experiments. **P = 0.0013, two-sided Mann-Whitney test.

i, Late eight-cell embryos injected with dsRNA targeting GFP (control) or

Tead4 dsRNA in half embryo and immunostained EZRIN-RFP and p-YAP.

Jj, Quantification of cytoplasmic p-YAP levels asin g. ***P < 0.001, Mann-Whitney
test. N=8embryos for dsGFP and N = 8 embryos for dsTead4. N = 2 experiments.
k, Mid eight-cell embryos injected with Cas9 mRNA or with Tead4 sgRNAs stained
with TEAD4 and p-YAP. 1, Quantification of cytoplasmic p-YAP levels asini. N =87
cells for Cas9 and N = 68 cells for Tead4 CRISPR. N = 2 experiments. ***P < 0.0001,
two-sided Mann-Whitney test. m, Mid eight-cell embryos overexpressing EZRIN-
RFP or with Tead4in half embryo immunostained EZRIN-RFP and p-YAP.n,
Quantification of cytoplasmic p-YAP asinm. N=10 embryos for EZRINand N = 16
embryos for the Tead4 group. N = 2 experiments. ***P = 0.0002, two-sided Mann-
Whitney t-test. Ford, f, h, j, 1and n, data are shown as individual data points with
box and whisker plots (bottom: 25%; upper: 75%; line: median; whiskers: min to
max). Scale bars, 15 um.
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Fig. 6| TFAP2Cregulates gene expression prior to cell compactionin the early
human embryo and the model. a, The mRNA expression profiles of TFAP2Cand
TEAD4in preimplantation humanembryos. Dataretrieved from Stirparo et al., 2018
(ref.50). Data are shown as mean + s.e.m. b, Human embryos before and after polari-
zation were fixed and stained for PARD6 and TFAP2C. N =4 embryos were examined.
c-f, mRNA expression profile of Gata3/GATA3 (c), Amot/AMOT (d), Amot(2/AMOTL2

(e) and Lats2/LATS2 (f) in preimplantation mouse and human embryos. Data
retrieved from Stirparo et al., 2018 (ref. 50). g, The University of California, Santa
Cruzbrowser view showing accessible chromatin regions in Gata3/GATA3and Amot/
AMOT, Amot12/AMOTL2 and Lats2/L ATS2lociin the mouse and human embryos at
different stages, determined from ATAC-sequencing data. Mouse data retrieved
from Wu etal.”. Human dataretrieved from Wu et al.*”>. Scale bars, 15 pm.
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Fig.7|Model of the bipotential state mapped onto preimplantation
development. In the bipotential state YAP is both nuclear (asin the TE) and
cytoplasmic (asin the ICM). We propose here that zygotically expressed Tead4
and Tfap2c accumulate in the nucleus and promote multilineage priming
(expression of ICM- and TE-specific transcription factors and of Hippo
components). Hippo signaling is intermediate (gray) (active AMOT, AMOTL2
and LATS2in the cytoplasm), coincident with a preliminary apical domain. At the
16-cell stage, differential Hippo signaling mediated by Tead4, Tfap2c and RhoA
and the TE-specific apical domain leads to diversification of the lineages: TE
(blue) with Hippo OFF and ICM (beige) with Hippo ON. In the absence of Tfap2c
and Tead4, no apical domain is formed and the transient TE/ICM composite
state is abolished. As aresult, the cells obtain an ICM-like state due to the low
but phosphorylated cytoplasmic YAP, as well as the low-level expression of ICM
fate specifiers. In the absence of the Hippo system, the cell fate specification is
retarded and the cells are trapped in a null state without TE or ICM specification.
We propose that totipotency diminishes to bipotency after zygotic genome
activation initiates expression of Tead4 and Tfap2c.

to the 16-cell stage, leading to some cells carrying a small proportion
of the apical domain. These mini-apical domains eventually disappear
to make the cells apolar’. This imperfect apical domain segregation,
together with the Tfap2c- or Tead4-induced bipotential, can lead to
detectable cytoplasmic p-YAP in a subset of polarized blastomeres
dueto perdurance of p-YAP from the precursor, bipotential cell state.
Thebipotential state is eventually reconciled into distinct lineages via
TTRhoA-mediated formation and aging of the apical domain in TE.
Previously published datasets of TEAD4 Chip sequencing in tropho-
blast stem cells revealed direct binding sites of TEAD4 at Amot/[2, Lats2,
Cdx2and Gata3loci’”*®, These data support our model and suggest that
TFAP2C and TEAD4 establish the bipotent state by directly activating
the expression of Hippo signaling components and TE/ICM lineage
specifiers at the eight-cell stage.

We frequently detected p-YAP in the nucleus before lineage diver-
sification. Interestingly, nuclear p-YAP was observed in sparsely plated
mouse and human cells*. Mouse embryonic fibroblasts plated at low
density displayed similar levels of p-YAP in the nucleus and cytoplasm;

however, p-YAP was excluded from the nucleus when the actin cytoskel-
eton was depolymerized®. Thus, in the absence of cell-cell contact,
F-actin cytoskeleton integrity promotes the nuclear localization of
p-YAP,independent of contractility. Wada et al. also showed that phos-
phorylation of YAPis not sufficient to exclude YAP from nuclei and pro-
posed that YAP subcellular localization is influenced by cell density**.
It is possible that p-YAP can localize to and function in the nucleus in
the two- to eight-cell stages before embryo compaction. It will be of
interest to investigate the potential regulation of p-YAP subcellular
localizationin the embryoin future studies.

The expression of TE/ICM specifiers could be regulated by mul-
tiple mechanisms depending on the developmental stage'****°. Our
results show that Tfap2c promotes expression of the TE regulators
Cdx2 and Gata3, the ICM regulators Nanog and Oct4, and the Hippo
regulator Amot in bipotent cells. In addition, Tead4 promotes the
expression of Cdx2 and Gata3 and the Hippo regulators Amot[2 and
Lats2in bipotent cells. TFAP2C was recently shown to bind near and
activate the Hippo activator Amot, the apical domain regulator Pardéb,
the actinregulators Cdc42epl and Corol, the early TE genes Tfeb and
Itgh5 and the ICM genes Nanog, Tdgfl and Nr5a2 at the eight-cell
stage". Upon TE commitment, TFAP2C was released from ICM genes
and bound to late TE genes™. Intriguingly, the ICM regulator NR5A2,
like TFAP2C, also served as a bipotency activator at the eight-cell
stage'. Together, these findings suggest that a subset of opposing
lineage specific regulators activate both lineages before commitment,
coordinating a bistable switch that prepares bipotent blastomeres
for arobust decision and differentiation into two fates. This bipotent
state may ground the regulative property of the first lineage segrega-
tion, to allow the cells to tilt the balance of the cell fate easily and to
self-adjust cell numbers of each lineage in response to the external
environmental change'>°. This is particularly relevant for mamma-
lian embryo development, as the first cell fate bifurcation is fulfilled
without the involvement of external signaling®. We therefore reveal
Tfap2c and Tead4 as the candidate key upstream activators for such
aregulative program.

We propose that the bistable switch established by Tfap2c
and Tead4 is a prerequisite for the first lineage segregation and
that it facilitates the loss of totipotency. The zygote is unarguably
functionally totipotent. However, we propose that the totipotency
program is fully activated when both parental genomes share one
nucleus for the first time, in each cell of the two-cell embryo, and
the zygotic genome first awakens. In particular, zygotic Tead4 and
Tfap2c establish the bistable switch that can be reconciled by aging
and asymmetric segregation of the apical domain, leading to robust
lineage diversification.
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Methods

Animals

This research has been carried out following regulations of the Ani-
mals (Scientific Procedures) Act 1986, Amendment Regulations 2012,
reviewed by the University of Cambridge Animal Welfare and Ethical
Review Body. Embryos were collected from 5-7-week-old F1 females
(C57BI6xCBA) that had been super-ovulated by injection of 7.5 IU of
pregnant mares’ serum gonadotropin followed by human chorionic
gonadotropin (Intervet) 48 h later. F1females were mated with F1 males.
Two to four females were used for each experiment.

Human embryos and ethical statements

Human embryos were donated from patients attending The Fertility
Partnership (TFP) Oxford, with approval from the Human Fertilisa-
tionand Embryology Authority (Centre 0035, project RO198) and the
Oxfordshire Research Ethics Committee (National Research Ethics
Service (NRES) Committee South Central—Berkshire B; reference
number 14/SC/0011). Experiments conducted in this work are com-
pliant with International Society for Stem Cell Research guidelines.
Informed consent was obtained from all patients. The study protocol
and the manner in which it was conducted complied with all relevant
regulations regarding the use of human study participants and was
conducted in accordance with the criteria set by the Declaration of
Helsinki. All new patients intending TFP Oxford for fertility treatment
were given aninformation pack whenthey attended the evening meet-
ing before starting treatment. An Information sheet about research
projects using surplus eggs and embryos was included in the pack.
Patients would not typically visit the clinic until several weeks after
receiving this, giving time for them to consider whether or not they
want to participate. All patients commencing their fertility treatment
then arranged a routine new patient consultation appointment. At
this visit doctors or nurses would check that the patient meets the
inclusion criteria to participate in the study. This includes checking
that the patient has, in a questionnaire supplied to all patients by the
Human Fertilisation and Embryology Authority (form WT), agreed in
principle tobeing approached about research projectsinvolving their
gametes (eggs). If so, they would ask the patient whether they wanted
to participateinthe study. A research nurse would always be available
for further discussion of the projectsif necessary. There was no patient
compensationand embryos were not generated for research purposes.

Mouse embryo culture and inhibitor treatments
Embryoswererecovered at the zygote or two-cell stage inM2 medium
and subsequently transferred to potassiumsimplex optimized medium
(KSOM) for long-term culture, and staged for fixation as described
previously®. C3-transferase was dissolved in distilled water and diluted
inKSOM to 7 pg pl™. For the control groups, the same dilutions of the
vectors of different inhibitors were added to the medium.

Microinjection

Microinjection was carried out as described previously®. In brief,
embryos were placed in M2 medium on a glass slide with a depression
and covered by adrop of mineral oil. Microinjection was performed with
anEppendorfFemtojet Microinjector. Negative capacitance was used to
facilitate penetration throughthe membrane. Double-stranded (ds)RNA
wasinjectedataconcentration of 1 ug pl™ (-1.547 pmol). Synthetic mRNAs
were injected at the following concentration: EZRIN-RFP (500 ng pl™;
278.8 fmol); Tfap2c (15 ng pl™;16.54 fmol); Tead4 (15 ng pl™; 21.01 fmol);
RhoA-Q63L (3 ng pl™; 6.705 fmol) and Cas9(100 ng ul™; 55.76 fmol). All
single-guide (sg)RNAs were injected at 25 ng pl™ (13.94 pmol).

Blastocyst reconstruction assay

Theembryosatthelate two-celltoearly four-cellstage wereinjected with
EZRIN-RFP only (control group) or with Tfap2c + Tead4 + RhoA-Q63L
mRNA with the concentration described in microinjection section, to

better compare the signal between injected versus noninjected blas-
tomeres. The embryos were then cultured until the 16-cell stage. The
cells were disassociated at the 16-cell stage by placing the embryos in
calcium-and magnesium-free M2 medium for 10 min followed by gentle
glass pipetting. Polar and apolar cells were sorted manually by examin-
ing the presence of apical cap under a Sp5 confocal microscopy. Sixteen
polar cells from each group were re-aggregated by gently blowing the
cellsintoanindentationina plastic dish containing KSOM covered by
mineral oil. The re-aggregated embryos were then cultured until the
late blastocyst stage 120 h post-hCG).

Preparation of DNA constructs

pRN3Pwas usedasthe vector for all constructs as previously described®.
PRN3P-Tfap2c, pRN3P-Tead4. Ezrin-Ruby, Ezrin-Venus, LifeAct-Ruby,
GFP-Myl12b and RhoA-Q63L were as previously described”.

mRNA, dsRNA and sgRNA preparation

For mRNA preparation, constructs foreach mRNA were linearized using
arestriction site downstream of the poly-A region. In vitro transcrip-
tion was performed using the mMessage mMachine T3 kit (Thermo
Fisher, AM1348), following the instructions from the manufacturer.
mRNAs were then purified using the lithium chloride precipitation
with ethanol wash method.

For sgRNA preparation, the sequences of sgRNAs were designed
using CRISPR design tool website (http://crispr.mit.edu). The DNA frag-
ment containing the T7 promoter, crispr (cr)RNA and sgRNA sequence
were amplified using the Geneart gRNA kit (Thermo Fisher, A29377).
sgRNAswereinvitro transcribed and purified using the gRNA Clean Up
Kit (ThermoFisher, A29377), following the manufacturer’sinstructions.

All dsRNAs were designed using the E-RNAi website®® and were
350-500 bp in length. The specific targeting regions for each dsRNA
were amplified froma mixture of mouse kidney, lung and liver comple-
mentary DNAs. The in vitro transcription reactions were performed
using the MEGAscript T7 transcription kit (Thermo Fisher, AM1334)
following the manufacturer’s instructions. dsRNAs were purified by
lithium chloride precipitation.

Immunofluorescence

Embryos were fixed in 4% paraformaldehyde in phosphate-buffered
saline (PBS) for 20 minat room temperature, and thenwashed in PBST
(0.1% Tween in PBS) three times. The embryos were permeabilized in
0.5% Triton X-100 in PBS for 20 min at room temperature, followed by
PBST washing three times. The embryos were then transferred to block-
ing solution (3% bovine serum albumin in PBST) for 2 h and incubated
with primary antibodies (diluted in blocking solution) at 4 °C overnight.
After the incubation, embryos were washed in PBST three times, then
incubated with secondary antibodies (1:500 in blocking solution) for
1hat room temperature. Before mounting, the embryos were quickly
stained (15 min) with 4,6-diamidino-2-phenylindole (DAPI) (1:1,000 dilu-
tion, in PBST, Life Technologies, D3571), followed by two washesin PBST.
The primary antibodies were as follows: rabbit polyclonal anti-Pardé6b
(Santa Cruz, sc-67393,1:200), mouse monoclonal anti-GFP (Nacalai
Tesque Inc., 04404-84,1:500), mouse monoclonal anti-Tfap2c (Santa
Cruz, sc-12762,1:200), goat monoclonal anti-Tfap2c (R&D Systems,
AF5059-SP, 1:200), rabbit monoclonal anti-Tead4 (Abcam, ab97460,
1:200), mouse monoclonal anti-Tead4 (Abcam, ab58310, 1:100), goat
monoclonal anti-Sox17 (R&D Systems, af1924), mouse monoclonal anti
Cdx2 (Biogenex, MU392-UC, 1:200), rabbit monoclonal anti-Nanog
(Abcam,ab80892,1:200), rabbit monoclonal anti-phosphorylated-Yap
(CellSignaling Technologies, 4911S,1:200), mouse monoclonal anti-Yap
(Santa Cruz, sc-101199,1:200), goat polyclonal anti-Amot (Santa Cruz,
sc-82491, 1:1,000), and rabbit polyclonal anti-KIf5 (Proteintech,
21017-1-AP). The secondary antibodies were Alexa Fluor 568 Donkey
anti-gGoat (A-11057, Thermo Fisher Scientific), Alexa Fluor 488 Donkey
anti-Mouse, (A-21202, Thermo Fisher Scientific), AlexaFluor 568 Donkey
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anti-Mouse (A10037, Thermo Fisher Scientific), Alexa Fluor 647 Donkey
anti-Mouse (A31571, Thermo Fisher Scientific), Alexa Fluor 568 Donkey
anti-Rabbit (A10042, Thermo Fisher Scientific) and Alexa Fluor 647
Donkey anti-Rabbit (A-31573, Thermo Fisher Scientific).

Imaging and data processing

Imagingwas carried out onaLeica-SP5or aLeica-SP8 confocal using a
Leical.4 NA 63x oil (Harmonic Compound (HC) Plan (PL) Apochromatic
(APO)) objective. Images were processed with Fiji software™**. For the
analysis of nucleo-cytoplasmicsignal intensity ratio, the region of the
nucleus andacytoplasmic region of the same size were cropped and the
mean signal extracted using the Fiji region of interest (ROI) function.
Tonormalize signalsto the level of DAPI fluorescence, the Fiji ROl func-
tion was used to extract the nuclear region stained to reveal specific
proteins and for the equivalent DAPI channel and normalized using
the formula: protein of interest / DAPI. For apical enrichment or mem-
brane localization analysis, a freehand line of the width of 0.5 pm was
drawnalongthe cell-contact free surface (apical domain), cell-contact
(basal) or cytoplasmicarea of the cell, signal intensity was obtained via
the ROI function of Fiji. The apical/basal or membrane/cytoplasmic
signal intensity ratio is calculated as: region 1/ region 2. Cells on the
same plane were subjected to this analysis. The eight-cell embryos were
staged by the level of compaction and the hours of postdivision of the
last cell at the four-cell stage. Compaction was assessed by measuring
theintercellular blastomere angle in the mid-plane between adjacent
cells (as described previously?®) by using the Fiji angle function.

For live-imaging, time-lapse recordings of embryos were carried
outusing aspinning disk or a Leica-SP5 scanning confocal. Time-lapse
frames were acquired every 20-30 min. Images were acquired using a
3-4 pm Z-step.Images were processed with Fiji software. Correlations
were calculated using Prism software (http://www.graphpad.com).

Statistics

Statistical methods are indicated for every experiment in the corre-
sponding figure legends. Qualitative data are presented as a contin-
gency table and were analyzed using Fisher’s exact test. The normality of
quantitative datawas first analyzed using D’Agostino’s K> If data showed
anormaldistribution, then for comparison of two or multiple samples,
anunpaired two-tailed Student’s ¢-test (two experimental groups) or a
one-way analysis of variance (ANOVA) test (more than two experimental
groups) was used to analyze statistical significance. For datathat did not
present anormal distribution, atwo-sided Mann-Whitney U-test (two
experimental groups) or a Kruskal-Wallis test with a Dunn’s multiple
comparison test (more than two experimental groups) was used to test
statistical significance. To determine the influence of different groupsin
multiple variants, two-way ANOVA was performed. Statistical analyses
were performed using Prism software (http://www.graphpad.com).

Human ATAC-sequencing data analyses and binding

sites prediction

Published ATAC-sequencing data for both mouse and human preim-
plantation embryos were retrieved from the Gene Expression Omnibus
(accession number: GSE101571)* and were aligned to mm9 or hg19
reference genome by Bowtie (version 2.2.2). After removing all PCR
duplicates, unmapped and non-uniquely mapped reads, the processed
mapped reads were normalized by the numbers of reads per kilobase of
bin per million of read sequenced and further Z-score transformation.
The processed ATAC-sequencing tracks were visualized in the Univer-
sity of California, Santa Cruz genome browser. The motif sequences of
TFAP2C and TEAD4 obtained from HOMER motif database were aligned
tothe promoter and enhancer open chromatinregions of aselection of
TE/ICM and HIPPO pathway markers to predict the dynamic of acces-
sible TFAP2C and TEAD4 binding sites across various developmental
stages of mouse and human embryos, encompassing two-cell, four-cell,
eight-cell and ICM stages.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The bulk RNA-sequencing data of Tfap2c and Tead4 RNAi at the
eight-cell stage mouse embryo were deposited as previously
described®® (GSE124755). All other raw data for making the graphs in
the paper, aswell as the raw images used infigures can be foundin the
Source data and Supplementary information sections in the manu-
script. Source data are provided with this paper.
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Extended Data Fig. 1| Expression of Tfap2c, Tead4 and activated Rho GTPase
are sufficient to advance the first cell fate decision. (a) Representative

images of the reconstructed blastocysts from Ezrin-only or TTRhoA embryos.
Embryos were immunostained to reveal CDX2 (TE), NANOG (epiblast) and SOX17
(primitive endoderm). Experimental procedures were described as in Fig. 1c. (b)
Quantifications of TEand ICM cell numbersin each reconstructed blastocyst
generated from experiment described in Fig. 1c. * p = 0.0276; ns, not significant,
Two-sided student’s t test. Each dot indicates the datapoint obtained from
oneembryo. N =19 embryos for Ezrin-only group, N =16 embryos for TTRhoA
group. N =2 experiments. (c) Representative images of embryos injected with

Ezrin-RFP or with Tfap2c+Tead4+RhoA mRNA in one cell of the 2-cell stage, and
immunostained with DAPI with TFAP2C at the 4-8 cell stage. (d) Representative
images of embryos injected with Ezrin-RFP or with Tfap2c+Tead4+RhoA

mRNA at the one cell of the 2-cell stage, and immunostained with DAPI with
TEAD4 at the 8-cell stage. (e) Representative images of embryos injected with
EZRIN-RFP and dsRNA targeting Tfap2c at the one cell of the 2-cell stage, and
immunostained with DAPI with TFAP2C at the 8- stage. (f) Representative images
of embryos injected with EZRIN-RFP and dsRNA targeting Tead4 at both cells of
the 2-cell stage, and immunostained with DAPI with TEAD4 at the 8- stage.N =2
experiments for c-f. Scale bars, 15 pm.
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Embryos injected with Ezrin-RFP only (as a control) or TTRhoA mRNAs at one cell experiments. Scale bars, 15 um.

ofthe 2-cell stage and were analysed at the early 8-cell stage to reveal EZRIN-RFP
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Example 2
a DAPI YAP EZRIN-RFPYAP s

Ezrin-RFP

Ezrin-RFP+TTRhoA

b EZRIN-RFP p-YAP

Ezrin-RFP

Ezrin-rFP+
Tfap2c+Tead4+RhoA

Extended DataFig. 3| Expression of Tfap2c, Tead4 and activated Rho GTPase injected with mRNA encoding EZRIN-RFP alone (control) or with TTRhoA mRNA
promotes nuclear localisation of YAP in polar cells. (a) Representativeimagesof ~ asdescribed in Fig.2d, andimmunostained at the mid 8-cell stage to reveal the
embryos injected with mRNA encoding EZRIN-RFP alone (control) or with TTRhoA localisation of EZRIN-RFP and p-YAP. Yellow arrows indicate polarised cells,
mRNA as described in Fig. 2a and immunostained at the mid 8-cell stage to reveal red arrows indicate unpolarised cells. N = 4 experiments. Scale bars, 15 pm.
thelocalisation of EZRIN-RFP and YAP. (b) Representative images of embryos
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Extended DataFig. 4 | Tfap2c and Tead4 regulates the expression of Cdx2
before polarisation. (a) Schematic of workflow for experimentsin (b-c, e-f).
(b) Embryos injected with Ezrin-only or also with TTRhoA and analysed at early
8-cell stage for DAPI, CDX2 and EZRIN-RFP. Arrows indicate an injected cell.
Quantification shownin c. (c) Quantification of normalised CDX2 nuclear signal
intensity in Ezrin-only (polar and apolar) cells, TTRhoA polar cells and TTRhoA
apolar cells. (Datashown as individual data points with Box and Whisker plots
(lower:25%; upper: 75%; line: median; whiskers: min to max). Each dot indicates
ananalysed cell. N =13 embryos for EZRIN-RFP only; n =15 embryos for TTRhoA
group. *p < 0.05, one-way ANOVA test. (d) RNA-sequencing analysis of Cdx2
expression level at the 8-cell stage in embryos injected with dsRNA targeting
GFP, Tfap2c, Tead4 or Tfap2c and Tead4 (dsTT) at the zygote stage. N = 5samples

for dsGFP and dsTT; n =4 samples for dsTfap2c and dsTead4. Data is shown as
mean +S.E.M. *p = 0.0159, Kruskal-Wallis test. (e) Representative images of CDX2
expressionin cells injected with Ezrin-only or also with dsTT at the mid 8-cell
stage. Quantification is shown in panelf. (f) Quantification of normalised CDX2
nuclear signal intensity. For the normalisation, the nuclear signal of CDX2 was
normalised against DAPI, and then the CDX2/DAPI ratio of injected cells were
normalised against the value of non-injected cells. Data shown as individual
data points with Box and Whisker plots (lower: 25%; upper: 75%; line: median;
whiskers: min to max). N =13 embryos for EZRIN-RFP only; n =15embryos

for dsTT group. ****p < 0.0001, Mann-Whitney test. Normalisationisasin d.
Scalebars, 15 um.
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c Tfap2c Locus
Genomic Inference cgcacaccggggttgcagagtaccagccgcctccttacttcccgeccgeccttaccagcagectggcate

Cas9onlycell1 CGCACACCGGGGTTGCAGAGTACCAGCCGCCTCCTTACTTCCCGCCGCCTTACCAGCAGCTGGCATY
Cas9onlycell2 cGCACACCGGGGTTGCAGAGTACCAGCCGCCTCCTTACTTCCCGCCGCCTTACCAGCAGCTGGCAT
Tfap2c KO cell1 CGCAC[m=—=————————————————————————————~————————~—"—"—"—"—"—"—"—"=—"=—"—"—"—"—"—"- TGGCAT#
Tfap2cKOcell2 CGCAC[m—————————————————————————————— - ———————=- TGGCAT#

Tead4 Locus
Genomic Inferenceagagggtgtatggagccccgaaattgagcgaagcttccaggaggccctggccatctacccaccctge
Cas9onlycell1 \GAGGGTGTATGGAGCCCCGAAATTGAGCGAAGCTTCCAGGAGGCCCTGGCCATCTACCCACCCTGC
Cas9onlycell2 \GAGGGTGTATGGAGCCCCGAAATTGAGCGAAGCTTCCAGGAGGCCCTGGCCATCTACCCACCCTGC
Tead4 KOcell1 \GAGGGTGTATGGAGCCCCGAAATTGAGCGAAGCTTCC-[6GAGGCCCTGGCCATCTACCCACCCTGC
Tead4 KOcell2 \GAGGGTGTATGGAGCCCCGAAATTGAGCGAAG---------|6GCCCTGGCCATCTACCCACCCTGC
Tead4 KO cell 3 \GAGGGTGTATGGAGCCCCGAAATTGAGCGAAGCTTCEAGGAGGCCCTGGCCATCTACCCACCCTGC

Extended Data Fig. 5| See next page for caption.
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Extended DataFig. 5| Expression profile of the GFP signal in GATA3-GFP with DAPIand GATA3. A similar expression profilein time and space is
transgenic mouse line. (a) Snapshots of GATA3-GFP transgenic embryos detected between the signals yielded from GATA3-GFP transgene reporter
injected with EZRIN-RFP at different developmental stages. GFP signal was and GATA3 antibody. N = 2embryos for each stage. Scale bars, 15 um.

undetectable until 16- cell stage, when it was expressed in all cells. Segregationof ~ (c) Single cell genotyping of cells that show high (Cas9 only group) and low

GFP to the outer polarised cells is observed from 16-32 cell stage. n = 35 embryos (Cas9+sgRNAs) levels of TFAP2C and TEAD4 protein. Criteria for cell grouping is
examined. Scale bars, 15 um. (b) Representative images of 4-, late 8-,16- and as previously described.

32-64 cell stage embryos carrying GATA3-GFP transgene to immunostain
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Extended Data Fig. 6 | See next page for caption.

-~ Mob1
-= NF2
-+ Yap1
- Wwir1(Taz)

Normalized read counts

N
o
o

-
a
o

-
o
o

()
o

CDX2 m

b KLF5
220
5
€ 1.5 .
©
= °
2104 °T° .I,
g ° °
Q L]
& °
§ 0.5 4
= o
Sooll L 12
N © L ) \\‘3
(\(‘0 6\\{~ xe&
Q;"
c CDX2
.. 50 T
-‘(—7" P ns
=
& 40+ o
E ¢ XX}
© 30 - °
5 . <
[
- 20
5 eI
'S 10 °
£ .
2 0 00t
S A )
RIS
& o
Q/’l/
- Amolt1
-= Lats1

Nature Structural & Molecular Biology



http://www.nature.com/nsmb

Article

https://doi.org/10.1038/s41594-024-01311-9

Extended DataFig. 6 | Tfap2c and Tead4 activate the expression of TEand
ICM cell fate regulators and Hippo components independent of KIf5. (a)
Representative images of embryos microinjected with EZRIN-RFP mRNA alone,
orwith Tfap2c+Tead4 mRNA, or KIf5 siRNA, or Tfa2pc+Tead4 mRNA+KIf5 siRNA
inone cell of the 2-cell stage, and to immunostain for KLF5, CDX2 and DAPI. (b)
Quantification of KLF5 protein levels in conditions showing in a. KLF5 siRNA
effectively eliminated KLF5 expression at the protein level, Tfap2c and Tead4
overexpression had no effect on KLF5’s expression. (c) Quantification of CDX2
protein levelsin conditions shownin a. Tfap2c and Tead4 expression induced
significant upregulation of CDX2 expression at the protein level regardless of

the depletion of KLF5. ****p < 0.0001, ns, not significant, Kruskal-Wallis’ test. For
band c, dataare shown as bar chart with mean + SEM and individual data points.
N =19 embryos from Ezrin only group; N =12 embryos from Tfap2c+Tead4 group;
=10 embryos from siKIf5 group; N = 11 embryos from Tfap2c+Tead4+siKIfS group.
N =2 experiments. (d) The expression profile of Nf2, Mob1, Yap1, Wwtrl, Amotl1
and LatsI throughout preimplantation development. Data obtained from Deng
etal.”. (e) Representative images of embryos microinjected with EZRIN-RFP
mRNA alone, or with Tfap2c+Tead4 mRNA, or Tfa2pc+Tead4 mRNA+KIf5 siRNA
inone cell of the two-cell stage, and immunostained for AMOT and DAPI.
Scalebars, 15 um.
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a
Species Region Distance  Tfap2c 8C Gene Species | Region | Distance Tead4 8C
Type ToTSS BindSite Specific Name Type To TSS | Bind Site | Specific
Human
Human Promoter 2.3kb 2 Yes Yes Promoter 2.3kb 0 —
M Mouse
GATA3 ©45€ | promoter | 1.2kb 1 8C>2C | Yes GATA3 Promoter | _ 1.2kb 1 Yes
Intron 15.2kb 1 Yes Yes Intron 15.2kb 1 Yes
Tfap2c binding site
AMOT
chrX 112083245 112083256 AP-2gamma(AP2) 9.641116 +
LATS2
chrl3 21635502 21635513 AP-2gamma(AP2) 8.183827 -
chrl3 21635600 21635611 AP-2gamma(AP2) 6.516268 -
Tead4 binding site
AMOT
chrX 112083633 112083642 TEAD4(TEA) 7.767414 -
LATS2
chr13 21635710 21635719 TEAD4(TEA) 8.818521 -
NANOG (H1-hESC)
chr12 7939401 7939410 TEAD4(TEA) 7.378799 +
chr12 7941375 7941384 TEAD4(TEA) 7.59456 +
Extended Data Fig. 7 | Accessible TFAP2C binding sites are conserved sequence of the enhancer, promoter and the intron regions of mouse and human
between mouse and human genomic locus. (a) DNA sequence of the enhancer, and Amot/AMOT, AmotI2/AMOTL 2, Lats2/LAST2 were analysed and accessible
promoter and the intron regions of mouse and human Gata3/GATA3 locus was TFAP2C/TEAD4 binding sites were predicted. DNA sequence homology above
analysed and accessible TFAP2C/TEAD4 binding sites were predicted. Sites with 50% were considered as conserved.

DNA sequence homology above 50% were considered as conserved. (b) DNA
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Data collection  Allimages are collected through Confocal mircoscopy (Leica Sp5 or Sp8), or Spinning disk confocal microscopy (Nikon). None of the custom
code applies.

Data analysis Any measurements on images are analysed through Imagel software. The quantifications are obtained through plugins on ImageJ software
(Fiji v2.14.0) as indicated in "material and method" section. The statistical data are obtained through prism software (Prism v8.2.0).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy
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The Bulk RNA-sequencing data of Tfap2c and Tead4 RNAI at the 8-cell stage mouse embryo was deposited as previously described28 (GSE124755). All other raw
data for making the graphs in the paper, as well as the raw images used in figures can be found in the "Source Data files" section in the manuscript.




Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender No sex or gender related studies involved.

Reporting on race, ethnicity, or These information are not allowed to obtain under the current ethical provision
other socially relevant
groupings

Population characteristics No population studies involved

Recruitment Informed consent was obtained from all patients. The study protocol and the manner in which it was conducted complied
with all relevant regulations regarding the use of human study participants and was conducted in accordance with the criteria
set by the Declaration of Helsinki. All new patients intending TFP Oxford for fertility treatment were given an information
pack when they attended the evening meeting before starting treatment. An Information sheet about research projects using
surplus eggs and embryos was included in the pack. Patients would not typically visit the clinic until several weeks after
receiving this, giving time for them to consider whether or not they want to participate. All patients commencing their
fertility treatment then arranged a routine new patient consultation appointment. At this visit doctors/nurses would check
that the patient meets the inclusion criteria to participate in the study. This includes checking that the patient has, in a
questionnaire supplied to ALL patients by the HFEA (Form WT), agreed in principle to being approached about research
projects involving their gametes (eggs). If so, they would ask the patient if they wanted to participate in the study. A research
nurse would always be available for further discussion of the projects if necessary. There was no patient compensation and
embryos were not generated for research purposes.

Ethics oversight Human embryos were donated from patients attending The Fertility Partnership (TFP) Oxford with approval from the Human
Fertilisation and Embryology Authority (Centre 0035, project RO198) and the Oxfordshire Research Ethics Committee (NRES
Committee South Central—Berkshire B; Reference number 14/SC/0011). Experiments conducted in this work is compliance
to ISSCR guidelines.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculation was performed. The sample size was not predetermined.

Data exclusions  The unhealthily developed embryos (judged by mal-morphologies, such as the fragmentation of the embryos or majority of the cell death, or
developmental retardation) have been excluded from the analysis.

Replication For each experiment at least two biological replicates have been obtained. All biological replicates were successful and consistent in the trend
with the final conclusion.

Randomization  The embryos are randomly assigned for treatments or control groups.

Blinding The group allocation is not blinded as no other methods can be used to identify the treatment groups.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies [] chip-seq

[] Eukaryotic cell lines [] Flow cytometry

|:| Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
[] Clinical data

[ ] Dual use research of concern

[] Plants
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Antibodies

Antibodies used Primary antibodies: rabbit polyclonal anti-Pard6b (Santa Cruz, sc-67393, 1:200); mouse monoclonal anti-GFP (Nacalai Tesque Inc.,
04404-84, 1:500). mouse monoclonal anti-Tfap2c (Santa Cruz, sc-12762, (6E4/4), 1:200); goat monoclonal anti-Tfap2c (R&D Systems,
AF5059-SP, 1:200); rabbit monoclonal anti-Tead4 (Abcam, ab97460, 1:200); mouse monoclonal anti-Tead4 (Abcam, ab58310, 1:100);
goatmonoclonal anti Sox17 (R&D Systems, af1924); mouse monoclonal anti-Cdx2 (Launch Diagnostics, MU392-UC (Biogenex),
1:200);rabbit monoclonal anti Nanog (Abcam, ab80892, 1:200); mouse monoclonal anti-Tjp1 (Thermo Fisher Scientific, 33-9100,
1:200);rabbit monoclonal anti-phosphorylated-Yap (Cell Signaling Technologies, 4911S, 1:200); mouse monoclonal anti-Yap (Santa
Cruz,sc-101199, 1:200); rabbit monoclonal anti-di-phosphorylated MRLC (Cell Signaling Technologies, 3674P, 1:100); goat polyclonal
anti-Amot (Santa Cruz, sc-82491, 1:1000); rabbit polyclonal anti-KIf5 (Proteintech, 21017-1-AP). Secondary antibodies: Alexa Fluor
568 Donkey anti-Goat (A-11057, ThermoFisher Scientific);Alexa Fluor 488 Donkey anti-Mouse, (A-21202, ThermoFisher Scientific);
Alexa Fluor 568 Donkey anti-Mouse (A10037, ThermoFisherScientific); Alexa Fluor 647 Donkey anti-Mouse (A31571, ThermoFisher
Scientific); Alexa Fluor 568 Donkey anti-Rabbit (A10042,ThermoFisher Scientific); Alexa Fluor 647 Donkey anti-Rabbit (A-31573,
ThermoFisher Scientific).
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Validation All antibodies are validated either by knockdown or overexpression experiments in the mouse embryo. Cdx2, Nanog, Oct4 and Gata3
antibodies are validated by lineage localisation.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Embryos were collected from F1 females (C57BI6xCBA) that had been super-ovulated by injection of 7.5 IU of pregnant mares’ serum
gonadotropin followed by human chorionic gonadotropin (Intervet) 48 h later. F1 females were mated with F1 males. The mice are
maintained under 12 light/12 dark cycle, the temperature of 18-23°C and with 40-60% humidity .

Wild animals No wild animals used

Reporting on sex No sex studies invilved

Field-collected samples  No field collected samples

Ethics oversight This research has been carried out following regulations of the Animals (Scientific Procedures) Act 1986 - Amendment Regulations
2012 - reviewed by the University of Cambridge Animal Welfare and Ethical Review Body.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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