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Material and methods
Animals
This research followed regulations of the Animals (Scientific Procedures) Act 1986 Amendment Regulations 2012 - reviewed by the University of Cambridge Animal
Welfare and Ethical Review Body. Embryos were collected from F1 females
(C57BI6xCBA) super-ovulated by injection of 7.5 IU of pregnant mares’ serum
gonadotropin and human chorionic gonadotropin (Intervet) 48h later. Females were
mated with F1 males.
Embryo culture and inhibitor treatments
Embryos were recovered at the zygote or 2-cell stage in M2 medium and transferred
to KSOM medium for long-term culture, as previously (21). Puromycin (Invivogen, antpr-1) was diluted in KSOM to 10μg/ml. Cycloheximide (Sigma-Aldrich, C7698) was
dissolved in DMSO and diluted in KSOM to 20μg/ml. 5,6-Dichlorobenzimidazole 1-bD-ribofuranoside (30, 31) (DRB; Sigma-Aldrich, D1916) and Triptolide (31, 32)
(Cayman Chemical, CAY11973) were dissolved in DMSO and diluted in KSOM to
50μM or 5μM, respectively. C3-transferase (33) was dissolved in water and diluted in
KSOM to 7μg/μl. CK666(34) was dissolved in DMSO and diluted in KSOM to 100μM.
Jasplakinolide(35) was dissolved in DMSO and diluted in KSOM to 25nM. SmiFH2(22)
was dissolved in DMSO and diluted in KSOM to 250μM. For controls, equivalent
dilutions of vectors were added to the medium.
Blastomere resection
Resection was performed as previously (16) following removal of the zona pellucida
from 2- or 4-cell embryos. Embryos were transferred to a 1% agarose coated petridish covered by M2-medium containing 2µM Cytochalasin D (Sigma-Aldrich, C8273)
prior to resection. 2-cell embryos were first elongated using a glass capillary with a
flame-polished end. One blastomere was then resected using a thin glass needle
leaving approximately 30-40% of cytoplasm attached to its sister cell (Fig. 1F). Cell
volume eas measured using Icy software after applying a 3D polygon ROI around the
periphery of the structure (indicated by Ezrin-RFP) throughout the Z-stack. 4-cell stage
embryos were transferred to Calcium-Magnesium free M2 medium for 5 min and cells
dissociated by pipetting, as previously (36). All four blastomeres were elongated in a

glass capillary and two were resected (Fig. S2F). Resected and control cells were
transferred to M2 medium immediately after resection. Resection took up to 5 min with
a survival rate greater than 80%. The small and control cells were transferred to KSOM
medium for long-term culture. The time difference in hours (hr) is calculated by
subtracting the time of polarization of the control cell from the time of polarization of
the small cell.
Microinjection
Microinjection was as previously (37) by placing embryos in M2 medium on a glass
slide with a depression and covering with a drop of mineral oil. Microinjection was
performed with an Eppendorf Femtojet Microinjector using negative capacitance to
facilitate membrane penetration. dsRNA was injected at 1μg/μl. Synthetic mRNAs
were injected at: Ezrin-Ruby (400ng/μl); Ezrin-Venus (400ng/μl); Tfap2c (15ng/μl);
Tead4 (15ng/μl); RhoA-Q63L (3ng/μl); GFP-Myl12b (300ng/μl); Cas9 (100ng/μl). All
sgRNAs were injected at 25ng/μl.
DNA Constructs
pRN3P was vector for all constructs as previously (21). To construct pRN3p-Tead4,
Tead4 was amplified from mouse kidney cDNA and cloned into the pRN3p vector.
Tfap2c cDNA (Origene MR207174) was cloned into pRN3p. pRN3p-Cas9 was from J.
Na, (Tsinghua University). Ezrin-Ruby, Ezrin-Venus, LifeAct-Ruby, GFP-Myl12b,
RhoA-Q63L as previously described (21). Dendra2 encoding DNA was subcloned
from Dendra2-LifeAct-7 (Addgene plasmid # 54694; http://n2t.net/addgene:54694 ;
RRID:Addgene_54694) to have pRN3P-Ezrin at the C-terminal. Primers for constructs
are listed in Table S4.
mRNA, dsRNA, sgRNA preparation
Plasmids for each mRNA were linearized by restriction endonuclease cleavage
downstream of the poly-A. In vitro transcription was with the mMessage mMachine T3
kit (Thermo Fisher, AM1348). mRNAs were purified using lithium chloride
precipitation. sgRNA sequences were designed using CRISPR design tool website
(http://cirpsr.mit.edu). The DNA fragment containing T7 promoter, crRNA and sgRNA
sequence were amplified using the Geneart gRNA kit (Thermo Fisher, A29377).

sgRNAs were in vitro transcribed and purified using the gRNA Clean Up Kit (Thermo
Fisher, A29377).
All dsRNAs were designed using the E-RNAi website (38) and were 350-500bp in
length. Specific targeting regions for each dsRNA were amplified from a mixture of
mouse kidney, lung, liver cDNAs. The in vitro transcription reactions were performed
using the MEGAscript T7 transcription kit (Thermo Fisher, AM1334). dsRNAs were
purified by lithium chloride precipitation. Primers for dsRNA preparation are listed in
Table S3.
Immunofluorescence
Embryos were fixed in 4% PFA at room temperature for 20 min, and washed in PBST
(0.1% Tween in PBS) three times. Embryos were then permeabilized in 0.5% Triton
X-100 in PBS for 20min at room temperature, washed in PBST three times, transferred
to blocking solution (3% bovine serum albumin) for 2h and incubated with primary
antibodies (diluted in blocking solution) at 4 °C overnight. Embryos were then washed
in PBST and incubated with secondary antibodies (1:500 in blocking solution) for 1h
at room temperature before staining with DAPI (1:1000 in PBST, Life Technologies,
D3571) for 15 min, followed by two washes in PBST.
Primary and secondary antibodies used in the study:
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, 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 (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).

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, ThermoFisher Scientific); 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).
Real-time PCR
RNA was extracted from 8-cell stage embryos using the Arcturus PicoPure RNA
isolation kit (Arcturus Bioscience). RT-PCR was performed using a StepOne Plus
Real-time PCR machine (Applied Biosystem). The expression level was calculated
using ddCT methods, normalized to a Gapdh PCR reaction and the endogenous
control group. The primers used for RT-PCR are listed in Table S4.
Imaging and data processing
Imaging was carried out on a Leica-SP5 or a Leica-SP8 confocal using a Leica 1.4 NA
63X oil (HC PL APO) objective. Images were processed with Fiji software (39). To
determine the nucleo-cytoplasmic signal intensity ratio, the regions of the nucleus, and
a cytoplasmic region of the same size, were cropped and the mean signal extracted
using the Fiji ROI function. To normalize signals to the DAPI fluorescence, the Fiji ROI
function was used to extract the nuclear region stained to reveal specific proteins and
for the equivalent DAPI channel and normalized using the formula: I(protein of
interest)/I(DAPI). For Ezrin apical enrichment analysis, a freehand line of the width of
0.5μm was drawn along the cell-contact free surface (apical domain), or cell-contact
(basal) area of the cell, signal intensity was obtained via ROI function of Fiji. The
apical/basal signal intensity ratio was calculated as: I(apical)/I(basal). Cells on the
same plane were subjected to this analysis. Compaction was assessed by measuring
the inter-cellular blastomere angle in the mid-plane between adjacent cells (as
previously (1)) using the Fiji angle function.
For photo-conversion, embryos were injected at the 2-cell stage with mRNA encoding
Ezrin-Dendra2 at 800ng/ul and allowed to develop to the indicated times. The
localization of unconverted Ezrin-Dendra2 was captured using the GFP setting. Ezrin
high and low regions were defined by the Ezrin distribution, the regions that had the

Ezrin level above the average Ezrin membrane level were defined as “Ezrin high
region”; regions with Ezrin levels below the average Ezrin membrane level were
defined as “Ezrin low region”. ROIs covered a rectangular region of length roughly
5μm and width roughly 2μm on the membrane, using the mid-plane of the blastomeres
as a reference. The ROI was then illuminated at 405nm for 5s, after which converted
proteins were imaged with a 568nm laser and at an emission wavelength between
580-620nm, in every 2s/frame for 5min. The converted scanning speed is 200Hz, and
the normal scanning speed is 700Hz. For all imaging settings, the images have been
recorded using the 1024x1024 pixel format.
For live-imaging, time-lapse recordings were carried out using a spinning disk or a
Leica-SP5 scanning confocal. For blastomere resections, time-lapse frames were
acquired every hour; for other live-imaging experiments, time-lapse frames were
acquired every 20-30min. Images were acquired using a 3-4μm Z-step. Images were
processed with Fiji software. Correlations were calculated using Prism software
(http://www.graphpad.com).
Particle Image Velocimetry (PIV) analysis
PIV analysis was performed using PIVlab MATLAB algorithm (pivlab.blogspot.de).
The sequential images with 3-4s/frame were used as input. 2-pass analysis with 80x40
pixels and images were analyzed with A-B,B-C,.. sequence. A mask demarcating the
edge of the cell was applied to the image before processing.
Statistics
Statistical methods are indicated in the figure legends. Qualitative data is presented
as a contingency table and was analyzed using Fisher’s exact test. Normality of
quantitative data was first analyzed using D’Agostino’s K-squared test. A one-sample
t-test was used to test whether an observed distribution followed a hypothetical mean.
If data showed a normal distribution, then for comparison of two or multiple samples,
an unpaired two-tailed Student’s t test (two experimental groups) or a One-way
ANOVA test (more than two experimental groups) was used to analyze statistical
significance. Differences in variances were taken into account by performing a Welch’s
correction. For data that did not present a normal distribution, a 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 groups in multiple variants, two-way ANOVA was
performed.
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RNA extraction and sequencing
For sample collection, ten 8-cell stage embryos injected with dsRNAs were treated
with acidic Tyrode’s solution to remove the zona, washed in PBS (without Ca2+ and
Mg2+) and transferred to transferred to hypotonic lysis buffer (Amresco, M334). mRNA
was reverse transcribed by SuperScript II and pre-amplified using Smart-seq2 protocol
as described previously (40). Pre-amplified cDNA was fragmented by Tn5 enzyme,
followed by library generation using TruePrep® DNA Library Prep Kit V2 for illumina
Kit (Vazyme, TD501-503). Sequencing was performed on HiSeq X Ten platform.
RNA-sequencing data Processing
Raw reads with adaptors, low-complexity or low-quality were trimmed by trim_galore.
Then clean data were mapped to mouse genome (mm10) by STAR. FPKM
(Fragments Per Kilobase per Million mapped reads) of Refseq genes were calculated
by Cufflinks. Htseq-count was used to count the mapped reads number. Subsequent
reads numbers were used to perform differential gene expression analysis by using R
packages “DESeq2” (Fold change >2, P value < 0.05). Heatmap and volcano plot were
graphed using R (http://www.r-project.org/).
Model formulation and simulation
We constructed a minimal biophysical model accounting for the various local Ezrin (E)
dynamics we measured. Four processes were considered: (1) Ezrin association (kon)
is governed by cooperative kinetics, with positive feedback saturating above a
threshold Ezrin concentration (Ecrit); (2) Ezrin loading capacity is limited by the amount
of free PIP2 (PF); (3) Membrane-bound Ezrin undergoes lateral mobility, modelled as
effective diffusion (DE); and (4) Dissociation from the membrane occurs at a uniform
rate (koff). Collectively, these give rise to the pair of equations.

We consider a 1D periodic domain, describing the circumference of the cell (length L),
given polarization is a radially symmetric process. Equations were solved using a
custom finite-difference script, written in Python (code available on our Github page
https://jakesorel.github.io/Apical_Domain_2020/).
Modelling cell-cell contacts
All simulations deploy periodic boundary conditions and all membrane regions are
prescribed the same parameters. However, we model effects of cell-cell contacts by
making parameters position-dependent. Specifically, given that PIP2 localizes to the
apical membrane and actomyosin is excluded from the periphery of the cell, we
propose that cell-cell contacts can be modelled by a positionally dependent
association term (kon(x)). In this, we prescribe kon to its wild-type value within the apical
membrane (0 ≤ x ≤ ℓA), and 0 outside.
Charting the rate of change of Ezrin concentration on the membrane
When the amount of free PIP2 (PF) starts to be limiting, our model predicts a
thresholding signature, whereby the local Ezrin concentration is increases above
some critical value, and decreases below it. We measured the rate of change of Ezrin
across all positions by interpolating the experimental Ezrin intensities and evaluating
the change in intensity (∆E) 45 min later (∆T = 45).
Detecting diffusive spread
We measured the spread of photo-converted Ezrin-Dendra2 to quantify rates of lateral
mobility. The spread at a given timepoint using the standard deviation of positions
weighted by the intensity at each position (σ). If E(x,t) denotes Ezrin intensity at a
given position (x) and time (t), then σ is given by:

We consider the difference in σ from the value at the first timepoint (σ - σ0).
Parameter fitting
We deployed an integrative parameter inference procedure, combining two principal
data sources, allowing us to reduce degeneracy in estimates. These were (1) the
distribution of Ezrin intensity at the end of centralization and (2) the spatiotemporal
evolution of photoconverted Ezrin on the apical membrane. Specifically, we can infer
Ecrit, Ptot and the ratio of DE/koff from the former and deduce real values for DE and koff
by using the latter. Details of the fitting procedure are provided in Supplementary
Modeling.

Supplementary Modeling
Meng Zhu, Jake Cornwall-Scoones, Peizhe Wang, Charlotte E. Handford, Jie Na, Matt
Thomson, Magdalena Zernicka-Goetz

1. Introduction
This supplementary information provides a detailed overview of the modeling presented
in the main paper. We explain the motivations and derivation of the biophysical model,
describing how observations detailed in the main paper lead to the model structure we
present. We then describe how parameters were derived, situating dynamical behavior
of polarization in the wildtype embryo within parameter space. By analyzing the model,
we outline its key dynamical features, presenting the roles of core feedback motifs in
directing the capacity for symmetry breaking and the steady state distribution of polarity
proteins (Ezrin), relating these motifs back to experimental results. Based on these
analyses, we show how the combination of quantitative image analysis and biophysical
modeling allowed us to explain the relative roles of Tead4-Tfap2c and RhoA in the
symmetry breaking process. To generalize our proposals, we perform a complete
analysis of the dimensionless form of the model, elaborating the repertoire of dynamics
entailed by the model structure we present, allowing us to argue that the processes we
observe are intrinsic to the structural form of the model rather than a quirk of a narrow
region of parameter space. In sum, the theoretical work we present provides a framework
to understand symmetry breaking in the 8-cell stage embryo, and how the dynamics of
membrane-bound proteins contribute to cell polarization. By analyzing dynamical regimes
within the model we present, we identify how a change in the transcriptional state of the
cell can drive the physical transformation of symmetry breaking, implicating the upstream
master regulators of polarization (Tead4, Tfap2c and RhoA) in controlling its timing.

2. Background on the kinetics of Ezrin
Our minimal biophysical model explains how the dynamics of membrane-bound Ezrin can
lead to cell polarization. Specifically, the theoretical work we present considers both the
transport of Ezrin on and off the membrane and its mobility when membrane-bound. In
this section, we review the molecular specifics of membrane-Ezrin interactions, illustrating
the established knowledge that motivates the terms of our model.
2.1 Ezrin localizes to the membrane-cortex interface, binding both PIP2 and F-actin
Ezrin is an Ezrin-Radixin-Moesin family (ERM) adaptor protein that functions when
localized at the cortex-membrane interface. Like other ERM proteins, Ezrin has well
established roles in facilitating the mechanical coordination of the plasma membrane with
the underlying actomyosin cortex, for example being implicated in controlling membrane
tension (41). These effects are achieved by two key protein domains: an N terminal FERM
domain binding transmembrane proteins and membrane lipids, notably PIP2; and a C
terminal ERMAD domain binding F-actin (42).
The loading of Ezrin to the membrane has been extensively studied at the molecular level.
Cytoplasmic Ezrin is inactive due to an autoinhibitory mechanism, adopting a closed
conformation (43). Functional membrane-bound Ezrin requires an activation step, which
is thought to be achieved via PIP2 association and phosphorylation (44), with some
arguing these activation steps are sequential (45).
2.2 Dynamic equilibrium of membrane-bound and cytoplasmic Ezrin, and its
regulation by PIP2
Membrane association of Ezrin obeys complex kinetics, requiring multiple microscopic
events conferring conformational changes. Fluorescence recovery after photobleaching
(FRAP) experiments demonstrate that turnover is a composite of multiple dynamics
occurring at different timescales, as shown by multi-exponential fitting (46). Further, in
vitro studies suggest that the association of Ezrin to PIP2 follows cooperative kinetics (25,
26), with binding rate being a sigmoidal function of the Ezrin-PIP2 ratio, saturating above

a critical concentration. Indeed these cooperative kinetics were shown to be dependent
on the PIP2-associating FERM domain.
Ezrin’s principal membrane-binding partner PIP2 has been shown to play an essential
role in regulating the amount of membrane-bound Ezrin. For example, reducing PIP2
levels by promoting phospholipase C mediated hydrolysis reduces the concentration of
membrane-associated Ezrin (47). PIP2 appears to limit levels of membrane-bound Ezrin
by a stoichiometric process, given Ezrin and PIP2 are known to associate in a one-to-one
ratio (25).
Membrane-bound Ezrin exists in a dynamic equilibrium, undergoing substantial turnover
with a cytoplasmic pool. FRAP and single molecule imaging experiments in M2 melanoma
cells demonstrate that a large contribution to turnover is achieved at short timescales
(46). Consequently, cells are predicted to be highly responsive to changes in loading
kinetics.
Ezrin is distributed across the membrane via two principle processes, both governed by
diffusion. Firstly, membrane-associated Ezrin can diffuse laterally on the membrane, as
affirmed by single molecule tracking (46). Additionally, given dynamic turnover with a
cytoplasmic pool, Ezrin can redistribute via dissociation and association. Positional
information of Ezrin localization is predicted to dissipate much faster via the latter
pathway, given cytoplasmic diffusion is orders of magnitude greater than diffusion on the
membrane.

3. Model structure
In this section, we outline how the biophysical model we present was constructed. We
overview the experimental results elucidating the local dynamics of Ezrin, identifying
lateral mobility, positive feedback, and the role of a limiting pool of the Ezrin bindingpartner PIP2 as central motifs. We then explain how these dynamics were used to
construct the mathematical model. Finally, we describe how these equations were
simulated.
3.1 Key dynamical processes of the pathway
Combining quantitative experimental measurements with knowledge of Ezrin kinetics in
other systems, we propose a minimal biophysical model considering four key processes.
Firstly, membrane loading is achieved via a positive feedback loop, specifically being
governed by cooperative (sigmoidal) kinetics that saturate above a critical concentration
(!"#$% ). Secondly, membrane association is limited by a finite pool of its binding partner
PIP2 (&%'% ), such that each binding event reduces the amount of free PIP2 (&( ). Thirdly,
membrane-bound Ezrin is laterally mobile, modeled as a diffusive process ()* ). Finally,
membrane dissociation is a random process, governed by a uniform dissociation constant
+'(( .
3.2 Mathematical modeling of the dynamics
Based on these key processes, we formulated a minimal biophysical model to test
whether the feedback motifs described are sufficient to drive symmetry breaking. The key
dynamics we consider are expressed formally in a system of three partial differential
equations (PDEs):
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Here, !"7%' describes the volumetric concentration of cytoplasmic Ezrin, )LM denotes the
diffusion coefficient of membrane localized PIP2 that is not bound to Ezrin, and the
equation for ! describes the kinetics of membrane-bound Ezrin (specifically Ezrin bound
/
to PIP2). . / is the 2D Laplacian on the membrane surface (,O + ,7 ) and .J>
is its 3D

counterpart.
3.3 Interpretation of the model ingredients
3.3.1 Lateral mobility (diffusion) of membrane-bound Ezrin
While Ezrin is bound to the membrane, it displays lateral mobility, assumed to follow
random trajectories in the plane of the membrane. When photo-converting Ezrin-Dendra2
early in polarization, the patch spreads laterally (Fig. S12K), with the spread function
displaying dynamics characteristic of a diffusive process. Formulating lateral mobility in
terms of an effective diffusion process is consistent with previous reports of diffusive
movement of membrane-bound Ezrin (46). We thus express Ezrin (!) lateral mobility in
terms of an effective diffusion parameter )* .
Lateral mobility is contributed to by various processes, most notably treadmilling in the
underlying actin network to which Ezrin is bound (Fig. 5A). Random mobility is also
suggested indirectly from PIV data (Fig. S9A-B) which demonstrates that trajectories of
Ezrin clusters are uncorrelated in space and time.
3.3.2 Selective recruitment of Ezrin gives rise to a positive feedback motif, which is
proposed to saturate at high Ezrin concentration
Ezrin recruitment to the membrane is selective, with association being dependent on the
local concentration of membrane-bound Ezrin. Photo-converting Ezrin-Dendra2 late in
polarization outside the apical domain demonstrates a strong enrichment towards the
apical domain (Fig. 6A-D, Fig. S12G). Association is not graded towards the site of photoconversion (Fig. S12G), arguing against a role for directional mobility. We thus instead
explain the observed concentration-dependent enrichment of photo-converted signal as

a consequence of Ezrin-dependent association from a well-mixed cytoplasmic pool.
Collectively these results argue that the membrane association term is monotonic in !.
In the model we present, positive feedback is proposed to saturate at high Ezrin
concentrations. By analyzing the rate of change of local Ezrin concentration as a function
of fluorescence intensity (Fig. S12J; Fig. M2C), we find that at mid-polarization, regions
of low Ezrin reduce in concentration, whereas regions of enriched Ezrin show increases
in concentration. The thresholded behavior we measure is consistent with a cooperative
model of Ezrin recruitment: the recruitment rate saturates beyond a critical concentration,
provided dissociation is a concentration-independent process. We describe the
association kinetics using a Hill function (

*P
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), where !"#$% describes the critical

concentration at which association starts to saturate, choosing a Hill coefficient of 2 to
represent the minimal integer value sufficient to model non-linear thresholded recruitment
of Ezrin. Sigmoidal thresholds are a common formalism for modeling cell polarity driven
by positive feedback, and have been applied in a wide variety of contexts (48, 49).
Further, the Hill-function formalism is consistent with experiments conducted in vitro that
display a sigmoidal-shaped association curve between Ezrin and PIP2 (25, 26).
3.3.3 Ezrin loading is limited by a finite pool of PIP2
Negative feedback is required to counterbalance positive feedback emerging from
cooperative recruitment, preventing a run-away process in which the membrane becomes
completely enriched in Ezrin. In other studies of cell polarization, negative feedback has
taken different functional forms: through a mutual antagonist as seen in PAR-domain
establishment in C. elegans (50–53); through a limiting subunit pool (48, 54–58); or via
the co-recruitment of polarity factors and their inhibitors (59–62). Combining negative and
positive feedback provides the local activation and long-range inhibition sufficient for
symmetry breaking (63).
One can conceive of several possible modes of negative feedback, required to balance
positive feedback to achieve a steady-state polarity pattern. Firstly, the amount of
cytoplasmic Ezrin may be limited such that increased membrane enrichment reduces the
cytoplasmic pool. Hence competition for a limited cytoplasmic pool acts as a negative

feedback, counterbalancing cooperative recruitment. Pool competition mechanisms have
been widely used in models of yeast cell polarization, including the wave-pinning model
(48, 55), and also has concordance with models of polarity establishment in C. elegans
(50, 52, 53). A key prediction of pool competition models is that cytoplasmic Ezrin levels
should scale with membrane Ezrin levels: more cytoplasmic Ezrin should promote the
system to reach a higher dynamic equilibrium. However, experimental observations
conflict with this prediction: when Ezrin is over-expressed, the apical domain forms, and
forms at a normal size. These data suggest that it is not the cytoplasmic pool of Ezrin that
is limiting the amount of Ezrin on the membrane.
An alternative possibility is that Ezrin must bind a membrane-localized substrate for
membrane association to be successful. We note here the extensive literature
documenting the association of Ezrin with PIP2 (25, 42, 44, 45, 47), and that in our
experiments, Ezrin and PIP2 extensively co-localize (Fig. S12F). Under the model we
present, it is the amount of the substrate, PIP2, on the membrane that sets the loading
capacity of Ezrin. A central prediction of this “substrate depletion” hypothesis is that
depleting PIP2 should reduce the levels of Ezrin on the membrane, ultimately preventing
polarization: blocking PIP2 with the biomarker Plcd1 prevents apical domain
establishment (21). These results make sense in the light of work in other systems,
demonstrating that PIP2 depletion reduces Ezrin membrane loading (47). Thus we argue
that PIP2 sets the equilibrium levels of Ezrin on the membrane, and that the depletion of
a limiting pool of Ezrin’s “substrate” PIP2 provides the long-range inhibition necessary for
symmetry breaking.
3.3.4 Ezrin dissociation is a random process
Membrane bound Ezrin undergoes fast turnover with a cytoplasmic pool (Fig 6A-B). Given
no evidence to suggest otherwise, we follow modeling approaches in other systems (48,
50), suggesting that the dissociation of Ezrin from the membrane is proposed to occur
randomly at a rate +'(( , independent of position or local concentration.

3.4 Derivation of one-variable model: simplifying assumptions and approximations
We can simplify (eqs.1-3) somewhat through some realistic assumptions. Firstly,
analyzing movies of photoconverted embryos, inhomogeneities in the cytoplasmic
photoconverted signal are quickly dissipated, arguing that the cytoplasmic pool of Ezrin
diffuses very rapidly ()*FGHI ≫ )* ). Further, the cytoplasmic pool of Ezrin can be
approximated as near infinite, given overexpression of Ezrin has no impacts on the levels
of Ezrin on the membrane. This thus implies that !"7%' is approximately constant
∗ 1
(,% !"7%' ≈ 0), allowing us to write the term +'9 !"7%' as a constant +'9
. Further, we

assume that free PIP2 (&( ) diffuses much faster than Ezrin, and therefore we also
approximate the spatial distribution of &( as homogeneous. We can therefore reduce
(eqs.1-3) down to a pair of equations
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For ease of notation, we have introduced new parameters: &%'% defines the total amount
of PIP2 on the membrane (&%'% =
bound to Ezrin (&X =

&
Z (
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& [\); and &X defines the amount of PIP2 that is not

[\), where

Z

[\ denotes the surface integral across the entire

cell membrane
3.5 Domain shape
Apical domain establishment is approximately radially symmetric about the center of the
apical membrane, forming a circular cap of Ezrin by the end of polarization. Likewise,
cells can be approximated as spheres. Thus for simplicity, we phrase the above equations
as acting on a 1D domain, following (50, 53). Specifically, we consider the more universal
case of polarization without boundary cues, by simulating equations using periodic

∗
We have dropped the asterisk on +'9
for clarity in our reduced set of equations, writing
this as +'9 in these equations.
1

boundary conditions. The 1D formulation tracks a single circular slice which passes
through the center of the apical membrane; the circular cap of Ezrin is thus represented
as a peak. Within the 1D formulation we utilize, the 1D domain of length ^ ≈ 100_`
describes the circumference of the cell. Hence we can re-write the equations as:
,% !

=

)* ,O/ !

!/
+ +'9 &X /
− +'(( !
/
! + !"#$%

(AB. 6)

0

&X

= &%'% −

! [d

(AB. 7)

Obc

We then consider pattern formation within a region the same 1D width (i.e. 2D diameter)
as the apical membrane (ℓg ), centered about the position of maximal !.
3.6 Modeling the role of cell-cell contacts
In vivo, cells polarize in the context of other cells; in other words, the apical membrane is
delimited by cell-cell contacts. We model these effects by making the association rate
positionally dependent +'9 (d), such that association can occur only within the apical
domain. Specifically we prescribe:
+'9 (d)
+'9 (d)

∗
= +'9
=0

0 ≤ d ≤ ℓg
ℓg ≤ d ≤ ^

(AB. 8)
(AB. 9)

3.7 Simulation methods
We solve these equations using a finite difference scheme, using a custom Python script.
The finite difference scheme phrases the PDE as a system of k ODEs (!l , !/ , . . . !9 ),
where k defines the number of discrete spatial bins over which the equation is simulated,
0

each of length nd = . The system of ODEs is solved over a discretized time window
9

using the opqrs. qktAuvwtA. x[Aqkt package (see Appendix III). At t = 0, !$ s are assigned

values drawn from a normal distribution !$ ∼ z(_, { / ). Values used are cited in Table 1
(Appendix I).2
To confirm the validity of our finite difference scheme, we also simulated these equations
using an operator splitting method (64), which solves the diffusion component by discrete
Fourier transform (see Appendix II). We observed no differences between the two
schemes, so opted for the faster finite-difference approach.

Negative values are assigned as !$ = 0, although practically speaking { ≪ _ meaning such
instances seldom occur.
2

4. Parameter inference
In this section, we present the methods by which we estimated the parameters of our
minimal biophysical model. While our model contains very few (5) parameters, the
combination of some parameters yield degenerate results. To break the degeneracy we
opt for an integrative strategy, combining data from two principal sources: the distribution
of Ezrin at the end of the centralization phase; and quantitative inferences arising from a
photoconversion assay. Such integrative strategies have proved successful and robust in
biophysical studies in different systems but with similar epistemic challenges (65). By
utilizing a model with a minimal number of parameters, and performing this combinatorial
parameter inference approach, we can have more confidence in our estimates.
4.1 Sources of data for parameter inference
We deployed two alternate data sources to infer our five parameters. These were (1) the
distribution of Ezrin intensity at the end of centralization and (2) the spatiotemporal
evolution of photoconverted Ezrin on the apical membrane. While degeneracy is manifest
when inferring parameters from each data-set independently, by super-imposing these
degenerate spaces, we can provide robust estimates for our parameters.
4.1.1 Using a photoconvertible construct to infer dynamics
We utilized a photo-convertible construct to survey the mobility and residence time of
Ezrin on the membrane. Ezrin-Dendra2 shifts its excitation wavelength from GFP to RFP
upon UV illumination, allowing us to track the flux of a subpopulation of Ezrin residing on
the membrane. We used the Ezrin-Dendra2 photoconvertible construct to constrain our
estimates for )* and +'(( .
To achieve high temporal resolution, necessary given local dynamics are fast, we were
limited to imaging in one confocal plane. Experimental constraints thus present a
challenge in utilizing existing methods for measuring )* and +'(( from fluorescence decay
after photo-activation or FRAP experiments (e.g. (66)), namely due to the fact that we are
imaging a 1D slice of a 2D process. Given these limitations, we modified existing
inference strategies to estimate diffusion and dissociation kinetics. The principle guiding

the design of the inference strategy we utilize is to build a representative generative model
of the underlying process, and through a maximum likelihood approach, determine the
parameters that best reproduce the measured spatiotemporal distributions of photoconverted Ezrin.
We focused on photo-conversion assays at the early 8-cell stage, where Ezrin is near
homogeneous (. / ! ≈ 0) and levels are low. Given the steady state of photo-converted
signal is very low, we argue that the effective association rate of the protein is near 0.
Viewing photo-conversion as a process creating a new species !L , leaving a remaining
unconverted population !} (! = !L + !} ), we can thus write a reduced PDE for the !L
population:
,% !L = )* . / !L − +'(( !L

(AB. 10)

Observed decay of fluorescence across the confocal slice can be attributed to two
causes: dissociation from the membrane; and diffusion out of the plane. Hence we
simulated a full 2D model of diffusion and decay to account for out-of-plane movement of
photo-converted Ezrin, taking 1D slices from simulation results and comparing these to
measured dynamics by minimizing a cost function. Details of the procedure are provided
in Appendix II.
By surveying 2,500 combinations of )* and +'(( , we identified a valley of degeneracy,
where many combinations of these two parameters yield similar values of our cost
function (Fig. M1D). The valley of degeneracy we observe can be rationalized in terms of
the process we are able to measure: decay in fluorescence from a given point on the
membrane may be attributed to dissociation from the membrane; or alternatively diffusion
out of the plane of observation. While strictly speaking the valley of degeneracy has a
minimum, given how shallow the cost function manifold is around this minimum, inference
would become highly sensitive to, for example, experimental error. To ameliorate this
challenge, we chose to break the degeneracy by supplying additional data.

4.1.2 Inferring parameters determining steady-state Ezrin distribution
While we must infer five values to fully parameterize our model, a reduced set of
parameters is sufficient to describe the steady state ! profile, which we propose
represents the distribution of Ezrin at steady state. Specifically, only three parameters are
required for a complete description of ! at steady state, namely &%'% , !"#$% , and ℓ (where
ℓ=

>~
•IMM

), given steady-state distributions are invariant for a given ratio of )* and +'(( .

Holding their ratio fixed, identical steady-state distributions are observed when varying
+'(( by three orders of magnitude (Fig. M1A). Thus while there is degeneracy between
)* and +'(( in terms of their steady state solutions, their ratio is predictive. The ratio has
a physical significance: dimensional analysis suggests ℓ =

>~
•IMM

represents a length-

scale intrinsic to the system, the diffusion length-scale. The strategy is also based on the
observation that steady-state distributions are independent of +'9 : varying +'9 by three
orders of magnitude yields no differences in steady state distribution (Fig. M1B).
4.2 Inference method
4.2.1 Inferring Ä, ÅÇÉÇ and ÑÖÜáÇ
Given the two simplifications proposed above, we thus aim to identify a non-degenerate
parameter set whose corresponding steady-state fits experimental measurements.
Specifically, the final frame of centralization of a representative cell was selected, defined
as !'6?à (d). We then solve (eqs.6-7) in 1D as above (see Appendix III), generating the
discrete distribution !â#2; (d). We vary !"#$% , &%'% and ℓ (i.e. )* ), proposing the best fit
parameter set as that which minimizes ℰZ (+'9 , !"#$% , &%'% ). The cost function we utilize is
defined by the L1 norm:
ℰZ (+'9 , !"#$% , &%'% ) =

∥ !â#2; (d) − !'6?à (d) ∥

(AB. 11)

O

After scanning a broad range of parameters, we identified the cost landscape as convex
with a single minimum at the resolution of our parameter scan and measurement strategy.
The scan highlighted the region of parameter space within which the minimum of our cost

function is contained. We then scanned 15,625 combinations of parameters around the
presumptive minimum, identifying estimates of each parameter at higher resolution (Fig.
M1C). Finally, we used these estimates as the initial condition for an explicit minimization
of the cost function, using the Python package opqrs. xrtq`qåA. ç`qk. Values for ℓ, !"#$%
and &%'% are provided in Table 1 (Appendix I).
The values we identify sit at a clear non-degenerate minimum. Analyzing pair-wise
combinations of parameters within our numerically calculated parameter space about the
minimum we calculate, we identify convexity in all three planes, with the calculated
minimum sitting at the bottom of each valley (Fig. M1C). These results confirm the utility
of the combinatorial strategy we utilize: breaking degeneracy by reducing the list of
parameters to an effective subset.
4.2.2 Inferring éÑ and èÉêê
The above minimization identifies a ratio of )* and +'(( (namely in ℓ/ ), but not the
absolute values. To break degeneracy between )* and +'(( in the minimum of the cost
function, we utilize data from the photo-conversion experiment. While on its own, the
analysis of the dynamics of photo-converted Ezrin yields degenerate estimates for )* and
+'(( , this degeneracy does not map that of ℓ. Consequently, by superimposing the
degenerate regions, we can identify a true minimum.
We examine combinations of )* and +'(( constrained by a common ratio (given by ℓ/ ).
Geometrically, this superposition represents the minimum of ℰZ , along the line defined by
)* = ℓ/ +'(( (Fig. M1D-E). The superposition reduces the problem to a one-dimensional
minimization, revealing a clear minimum (Fig. M1E). Like the above, we perform a
constrained minimization using opqrs. xrtq`qåA. ç`qk to identify the best-fit parameters of
)* and +'(( , which are provided in Table 1 (Appendix I).
Collectively, these approaches overcome the challenges of degeneracy by superposition
of multiple data-sets. Through a variational approach, we provide strong estimates for all
but one parameters of our model. For the remaining parameter +'9 , steady state

distributions and relative dynamics are highly insensitive to the choice of value. We
provide an approximation of the value in Appendix II.4.
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Figure M1: Parameter fitting. (A) Steady state distribution of Ezrin (within apical membrane) holding
ℓg fixed but varying +'(( . (B) Steady state distribution of Ezrin varying +'9 . (C) Convexity of the cost
function ℰZ about its minimum. 2D slices are plotted for each pairwise combination of the three
parameters. Cost function values are denoted by the colorbar. (D) Cost function ℰ, which defines how
well simulated (2D) diffusion and dissociation of photoconverted Ezrin matches measured dynamics
(denoted via the colorbar). A degenerate valley is noted, but this clearly intersects with the line defined
by ℓg =

>~
•IMM

= 2.44_`. (E) Plotting values of the cost function for different values of )* along the line

ℓg = 2.44_` (i.e. corresponding to the white line in Fig. M1D).

5. Dynamical features of the model
In this section we argue that a simple regulatory structure that combines positive feedback
in Ezrin recruitment with depletion of a ‘substrate’ pool (Ezrin’s binding partner PIP2) is
sufficient to provide the local activation and long-range inhibition necessary for symmetry
breaking. Given these excitable dynamics, lateral mobility helps set the critical lengthscale for aggregation on the membrane: if mobility is too high, the positional information
in localized Ezrin recruitment is lost due to redistribution; whereas if it is too low, regions
of the membrane become independent of each other, resulting in multiple stochastic
‘excitations’. We propose that the nature of the positive feedback is critical in the
dynamical repercussions of the symmetry breaking circuit. Further, combined with lateral
mobility, positive feedback sets the steady state distribution. Based on the properties
described here, in the next section we go on to demonstrate how the underlying logic of
the model we present can fully rationalize the patterns of Ezrin distribution when levels of
Tead4-Tfcap2 and RhoA are modulated.
5.1 Lateral mobility sets a minimum length-scale for aggregation
Lateral mobility is necessary for polarization. Without lateral mobility, sites on the
membrane become increasingly independent of each other, resulting in random
excitations. Lateral mobility thus provides the weakly homogenizing force that merges
sites of excitation. Consequently, mobility helps set a minimum length-scale for
polarization: when mobility is low, merging is increasingly weak, resulting in multi-peak
solutions (Fig. S12L, Fig. M2A). A global analysis reveals that )* is a major determinant
in patterning mode, distinguishing between monopolar, bipolar and unpolarized regimes
(Fig. S12M).
5.2 Ezrin loading is limited by a finite pool of PIP2, providing the long-range
inhibition sufficient for symmetry breaking
Positive feedback can explain the amplification of initial heterogeneities promoting the
tendency towards a polarized state. However, continued positive feedback without
additional negative feedback, would lead to a run-away process whereby eventually all of
the membrane becomes enriched in Ezrin. In other words, we demand an additional motif

to limit the amount of Ezrin on the membrane. Based on experiments, we propose that
negative feedback is achieved by a substrate-depletion mechanism, whereby a limiting
pool of PIP2, Ezrin’s binding partner, sets the loading capacity of Ezrin on the membrane.
The importance of a limiting pool of this ‘substrate’ is evident when varying total amounts
of PIP2 (&%'% ) in silico. When levels are too low, insufficient amounts of Ezrin can bind the
membrane, meaning positive feedback cannot operate and symmetry remains unbroken.
These results are consistent with experiments in which apical domain establishment is
prevented when PIP2 is blocked (21). Likewise, too much PIP2 also prohibits symmetry
breaking, whereby positive feedback is not limited by substrate depletion, resulting in the
lateral spread of enriched foci (Fig. M2A). This result emphasizes the necessity of a
negative feedback motif in counterbalancing positive feedback. Positive feedback
coupled to substrate depletion provides the sufficient conditions of local activation and
long-range inhibition to drive symmetry breaking.
5.3 Cooperative association drives symmetry breaking
5.3.1 Positive feedback is required to drive the amplification of heterogeneity
Consider a generic formulation of our model in which we are agnostic to the nature of the
membrane association term
,% ! = )* . / ! + +'9 &X ç(!) − +'(( !

(AB. 12)

A trivial model of Ezrin association and dissociation at the membrane would posit, given
both the cytoplasmic pool of Ezrin and its binding partner PIP2 are well-mixed, that Ezrin
should bind the membrane homogeneously. This “homogeneous model” can be
expressed as ç(!) = ë, where ë is some arbitrary constant. Under the “homogeneous
model”, any heterogeneity in Ezrin levels will be lost with time as all three terms of the
model dissipate polarity: diffusion disperses peaks of Ezrin; dissociation removes Ezrin
in proportion to peak size; and association is homogeneous across the membrane.
Analysis of the homogeneous null model reveals that some additional feedback must be
in operation to drive the amplification of heterogeneities. One clear possibility is that
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Figure M2: Dynamical features of the model. (A) Steady state distributions of ! at limiting cases (high
versus low) of three parameters )* , !"#$% and &%'% . (B) Steady state distributions of ! for different
phrasings of ç(!) in (eq.12). Cooperative (Hill function) and non-saturating (quadratic) phrasings are
considered. Steady state distributions are considered for intermediate values of )* (regular mobility)
and markedly reduced values (reduced mobility). (C) Tracking the rate of change of Ezrin (í!/íî as
a function of Ezrin !. Traces are compared with quadratic versus cooperative phrasings of a toy model
considering association and dissociation alone. (D) Logistic growth law of polarity: measured polarity
of Ezrin distribution over time is plotted as a function of the fraction of time elapsed. This conforms
well to a logistic fit, and the dynamics observed in silico. Polarity measurement is defined in Appendix
VI

ç(!) represents a positive feedback motif: that is to say ç(!) is positively monotonic in
E. Provided the order of ç(!) is greater than 1 (i.e. greater than the order of +'(( !), the
resultant positive feedback is sufficient to drive symmetry breaking.
A positive feedback motif should yield definitive and testable signatures in Ezrin
dynamics. Firstly, Ezrin levels are predicted to increase at super-linear rates during initial
phases of polarization before the PIP2 pool is significantly depleted, consistent with
quantitative in vivo measurements demonstrating an exponential growth law of Ezrin
clusters and total Ezrin membrane enrichment (Fig. 4F-G). Secondly, Ezrin is predicted
to be recruited in a positionally dependent manner, specifically towards regions of high
Ezrin. Our photo-conversion experiments reveal selective recruitment of Ezrin towards
regions of enrichment, with Ezrin-Dendra2 photo-converted outside of the apical domain
relocating within it (Fig. 6A-D, Fig. S12G).
5.3.2 Cooperative association is sufficient to explain the thresholded behavior of Ezrin
recruitment
A key feature of our model is that positive feedback on Ezrin recruitment has a
cooperative quality, being locally self-limiting at high concentrations. We later show that
the dynamical structure of the model we present – in particular the threshold
concentration at which recruitment starts to saturate – provides a strong explanation for
why Tead4-Tfcap2 overexpression drives narrower and more concentrated peaks of
Ezrin. What is the evidence for cooperative recruitment?
When constructing our model, we considered alternative model structures, each with their
own feedback motifs and entailing qualitatively different dynamics. Given lateral mobility
is non-directional and that there is no strong evidence for differential membrane
dissociation, viable alternative models will hinge on different phrasings of the membrane
association term. Arguing for positive feedback is not sufficient to fully describe
membrane association, and indeed alternative formulations of ç(!) are highly nondegenerate in their dynamical repercussions.

In our model, we express ç(!) as a Hill function (ç(!) =

*P
P S* P
*FQRH

), where !"#$% defines the

concentration of Ezrin at which positive feedback starts to saturate. However, an
alternative model could propose that ç(!) does not saturate, for example phrased as a
quadratic term (e.g. ç(!) = ! / ).
We rejected the non-saturating class of models on two grounds. Firstly, we observe
multiple peaks of Ezrin when RhoA was inhibited (Fig. S12D). Positive feedback is
however still operational, evidenced by localized enrichment and fast growth dynamics.
Given membrane-bound Ezrin is competing for a limiting pool of its binding partner PIP2,
this evidence acts as a key arbiter of model structure. In a regime of non-saturating
addition, multi-peak distributions are unstable. Small variations in peak size will drive
biased recruitment towards larger peaks at the expense of smaller peaks, given a limiting
PIP2 pool, consistent with recent theoretical work (49, 58, 67). Regimes in which addition
is saturating however can yield multiple stable peaks: the saturating addition term sets an
‘optimal peak size’, with these unstable amplifications being muted by a plateau in the
effective association rate beyond this size (49).
A second reason to reject non-saturating model classes comes from the dynamics of
Ezrin recruitment in wildtype embryos. Analyzing Ezrin-RFP across the apical domain
over time, we calculated the rate of change of Ezrin intensity (í!/íî) as a function of
Ezrin intensity (!), removing noise through an interpolation procedure (Fig. M2C).
Inspired by recent theoretical work (49), we compare results to theoretical predictions
from our alternate formulations of ç(!) by considering the toy model:
í!/íî ≈ ,% ! = +'9 &X ç(!) − +'(( !

(AB. 13)

Models with cooperative addition predict í!/íî to have two turning points, entailing two
stable states at high and low Ezrin concentration, whereas non-saturating models predict
a single turning point. We find that at mid-polarization, measured í!/íî conforms well to
the trace predicted from saturating recruitment, arguing strongly against non-saturating
regimes (Fig. M2B). We also note that measurements at early time-points, where average
Ezrin levels are low, are unable to discriminate between these two possibilities: if
concentrations are well below !"#$% , saturation will not be apparent and hence the turning

point will not be observed (Fig. M2C). At these low concentrations, the Hill equation
reduces to a power law akin to non-saturating model structures (! ≪ !"#$% ⟹
*P
P
*FQRH

*P
P
* P S*FQRH

≈

).

5.3.3 The saturation threshold of cooperative recruitment sets the steady-state
distribution of Ezrin in silico
Given measured dynamics are consistent with a cooperative model of membrane
association, we asked whether the thresholded saturation entailed has dynamical
consequences. We observe that a reduction in !"#$% yields broader and shallower peaks,
and, below a critical value, prevents symmetry breaking altogether. Under this, saturation
occurs at low ! concentrations, effectively muting positive feedback. Increasing !"#$% , we
find that Ezrin forms narrower and more concentrated peaks at steady state, and that
polarization occurs faster. Above a critical !"#$% value, polarization is prevented, as
positive feedback becomes ineffective (Fig. M2A). The dynamical repertoire we report
here is consistent with theoretical work analyzing the establishment of cell polarity (49).
5.4 Competition between saturation and lateral mobility determines steady-state
Ezrin distributions
Co-varying )* and !"#$% we find that effects are additive within the monopolarization
regime. While lateral mobility widens the Ezrin peak and increases in the saturation
threshold of cooperative association generates narrower, more concentrated peaks,
when both are increased, these effects cancel out. This additive behavior can be noted
in the iso-lines of the phase diagram in Fig. 6H. Thus it is the combined effect of both
processes that dictates the steady state distribution of Ezrin.
5.5 Polarization dynamics follow a logistic growth law
The dynamics of cell polarity in vivo follow a logistic growth law, whereby there is a period
of exponential increase starting from an unpolarized state, which then plateaus towards
a fully polarized steady state (Fig. M2D; see Appendix VI for details of the quantification).
These dynamics are mirrored in simulations, displaying the same biphasic kinetics of

polarization and stabilization. We can understand these two polarization modes given the
terms of the model. During the earlier phases, membrane-bound Ezrin is low in
abundance, meaning the amount of free PIP2 is high. Hence local Ezrin concentrations
are below the saturation threshold for cooperative association (! < !"#$% ), and recruitment
is not stalled by limiting PIP2. In contrast, during stabilization, free PIP2 is much reduced,
resulting in a damping of continued membrane enrichment. While timescales are not
faithfully recapitulated in this model, these relative polarization dynamics show strong
concordance between theory and experiment.
5.6 Symmetry breaking with and without cell-cell contacts
In vivo, cells polarize in the context of other cells. Specifically, polarization generally
occurs after compaction, where cells of the 8-cell stage embryo form cell-cell adhesions.
By modeling the role of cell-cell contacts with a positionally dependent association term
(+'9 (d); see Section 3.6), we show that the capacity for symmetry breaking is intrinsic to
the system, able to occur when +'9 is both dependent and independent of position (Fig.
S12H). We thus predict that cell-cell contacts are not necessary for polarization, and
rather it is the local dynamics of Ezrin that explain apical domain formation. In other words,
the polarization event modeled here constitutes a bone fide case of spontaneous
symmetry breaking.
While symmetry breaking capacity is intrinsic to the system, cell-cell contacts can
regardless bear influence on the nature of polarization. In silico investigations reveal that
cell-cell contacts may help dictate the orientation of the apical domain Fig. S12I): while
simulations lacking cell-cell contacts (+'9 independent of d) show no bias in the
orientation of the apical domain at steady state, introducing cell-cell contacts (+'9 (d))
leads to polarization in the center of the apical membrane. The model we present thus
provides a framework to understand the role of extrinsic cues in influencing symmetry
breaking dynamics: while the capacity for polarization is intrinsic to local Ezrin dynamics,
the direction of polarization can be influenced by external cues.

6. Roles of Tead4-Tfcap2 and RhoA in symmetry breaking
Given a thorough analysis of the dynamical features of the model around the wildtype
regime, we were able to identify the divergent processes regulated by Tead4, Tfap2c and
RhoA. Analyzing the dynamical regimes of the model, we provide a complete mechanistic
picture of how these master regulators coordinate Ezrin dynamics via actin, and how
these dynamics lead to symmetry breaking.
6.1 Actin enrichment downstream of Tead4 and Tfcap2 activity increase the
saturation threshold for cooperative recruitment
Analyzing the model, we find that an increase in the saturation threshold of cooperative
recruitment promotes a narrower peak (Fig. 6G). These dynamics are strongly concordant
with the Tead4-Tfcap2 overexpression phenotype, which show rapid symmetry breaking
forming smaller and more concentrated Ezrin enrichments (Fig. 3B). We qualify the
proposal that Tead4 and Tfcap2 increases the saturation threshold for cooperative
recruitment with independent measurements. When analyzing the rate of change in
concentration as a function of local Ezrin intensity mid-polarization, we find that in the
wildtype embryo, if concentration is below a critical value, intensity falls over time,
whereas if concentration is above this value, intensity increases (Fig. S12J, Fig. M2).
When performing the same analysis in Tead4-Tfcap2 over-expressed embryos, we
observe a shift in this critical value towards higher concentrations (Fig. S12J).
Collectively, these results are consistent with Tead4 and Tfcap2 increasing the saturation
threshold for cooperative recruitment.
Through RNA sequencing and an RNAi screen, we identify several actomyosin regulators
as the functional downstream targets of Tead4-Tfcap2, notably Arpc1b, a component of
the Arp2/3 actin polymerization complex. Knockdown of Arpc1b attenuates the capacity
for symmetry breaking, and can rescue the precocious polarization phenotype seen when
Tead4 and Tfcap2 are over-expressed (Fig. 5H-L). These results point to a molecular
mechanism that can explain symmetry breaking, and the roles for actin therein.
Combining the analysis of our biophysical model with these functional analyses, we
propose that actin density modulates the binding kinetics of Ezrin, wherein Ezrin loading

saturates at higher concentrations when actin density is enhanced (as in the Tead4Tfcap2 overexpression condition). Conclusions drawn here open the door for more
detailed investigations into the precise mechanisms by which Ezrin loads to the
membrane, where the effective cooperativity in Ezrin loading modeled here is predicted
be an emergent property of multiple microscopic processes.
6.2 Actin movements contribute to the effective diffusion of membrane-bound
Ezrin, with RhoA tuning these dynamics
Biophysical modeling points to distinct classes of behavior when varying the effective
diffusion )* of Ezrin. We find that increasing lateral mobility above a critical value prevents
symmetry breaking: high effective diffusion entails a strong homogenizing tendency,
counteracting the build-up of polarity arising from positive feedback. Alternatively, a
reduction in lateral mobility yields the formation of multipolar structures which are nonperiodic and uncorrelated in space, arising due to the ‘excitable’ nature of the feedback
architecture entailed in the transport terms of our model. These analyses suggest that
proper polarization critically depends on processes that affect Ezrin lateral mobility.
As has been demonstrated in other systems, in this paper we show that actin and Ezrin
extensively co-localize (Fig. 4A, 5A), pointing to actomyosin dynamics as a crucial
determinant in lateral mobility. Analyzing macroscopic movements of Ezrin clusters
through time-lapse imaging, we find that actomyosin plays two central roles in affecting
Ezrin mobility. Clusters show large fluctuations in position which are spatiotemporally
decorrelated with each other, but strongly correlated with the dynamics of actin (Fig. 5A,
S9A-B). These macroscopic movements are shown to be under the control of cortical
contractility, dependent on myosin activity (Fig. S9D). Further, Ezrin mobility is not halted
when myosin activity is inhibited, highlighting an additional, more local process
contributing to lateral movement, which, using drug treatments, is shown to be governed
by actin treadmilling (Fig. 5A). Together with our biophysical analysis, these data stress
an importance of upstream regulators of actin dynamics in regulating lateral Ezrin mobility
and hence the capacity to polarize.

RhoA is a well-known regulator of actomyosin dynamics, and here we show that RhoA
plays a key role in modulating Ezrin lateral mobility via actin (Fig. S12K). Combining the
intuition arising from our biophysical model with the molecular mechanisms we elucidate
through experiments, we pinpoint RhoA as a master regulator of lateral Ezrin mobility and
thus the capacity for symmetry breaking. When RhoA is depleted, we observe the
multipolar structures predicted by the model (Fig. S12M), consistent with RhoA reducing
lateral mobility via stalling the dynamics of actin (Fig. S12L; Fig. M2A); and when
constitutively active RhoA is over-expressed, cells can no longer polarize (Fig. S12B), as
predicted by simulations where )* is increased (Fig. 6G; Fig. M2A).
6.3 RhoA and Tead4-Tfcap2 control antagonistic processes in the establishment of
cell polarity
Lateral mobility and cooperative association have counterposing effects on the capacity
to break symmetry, and if so the resultant pattern. Consequently, our analyses suggest
that polarity phenotypes will be dictated by the ratio of the activity of the master regulators
of these processes, namely RhoA versus Tead4-Tfcap2. Specifically, the model predicts
that increasing the activity of all master regulators can yield a polarized steady-state
similar to the wildtype condition, which is exactly what we observe in vivo: embryos where
Tead4, Tfcap2, and constitutively active RhoA are over-expressed display a wildtype-like
capacity for symmetry breaking, but achieve cell polarization at the four cell stage.

7. Generalizing observations by analyzing the dimensionless
form of equations
7.1 Derivation
To provide a more general, analytic treatment of the model, we nondimensionalize the
system of equations. We map the three variables !, d, t to three dimensionless variables:
O

*

0

*FQRH

s = ; o = +'(( t; A =

. The dimensionless transformation gives the following PDE:

l
&%'%
)* , / A +'9 ^ ^!"#$% − c A [s
,% A = /
+
⋅
−A
^ +'(( ,s / +'((
1 + Aô/

(AB. 14)

Or more simply
l

ú − c A [s
,/ A
,% A = ö / + õ
−A
,s
1 + Aô/

(AB. 15)

defined by three dimensionless parameters
ö

=

õ

=

ú

)*
/
^ +'((

+'9 ^
+'((
&%'%
=
^!"#$%

(AB. 16)
(AB. 17)
(AB. 18)

7.2 Analysis
Analyzing the dimensionless form allows us to infer the breadth of dynamical features of
the model, and to assess the roles of the various feedback structures entailed in shaping
these dynamics. To analyze the model, we consider 2D spaces of pair-wise combinations
of the three dimensionless parameters, and quantify equilibrium states using three
summary statistics: (i) polarity, as measured by the relative height of peaks (í A = A51O −
A5$9 ); (ii) loading capacity or equilibrium Ezrin amounts (

l
A
c

[s); and (iii) robustness of

monopolarization (measured the percentage of (10) runs from different random initial
conditions that yield multi-peak solutions).
7.2.1 Peak height is dictated by ù and û which relate to the length-scale of the system
and the extent of cooperativity respectively
Relative peak height (polarity) is found to be dictated by the ratio of two parameters ö and
ú and is largely independent of the third (õ). Varying ö and 1/ú, proportional to )* and
!"#$% respectively, we find that within the monopolarizing region, lower ö or lower ú yields
stronger polarity. Effects are additive, for example with the effects of higher ö and lower
ú canceling out (note the iso-lines in Fig. M3A). Consequently, higher mobility (ö) should
yield reduced polarity and a higher saturation threshold (1/ú) should promote increased
polarity, with these effects canceling out when combined in the correct proportions. The
independence of relative peak height with respect to õ suggests that steady-state profiles
are insensitive to the choice of +'9 . This insensitivity to +'9 can be understood in terms
of PIP2 depletion: provided Ezrin loading is sufficiently strong to bind the membrane in
the first place, the effective association term is regulated and reduced by reductions in
&X , promoting steady state distributions independent of +'9 .
7.2.2 Symmetry breaking capacity is primarily dictated by û and ü, describing the extent
of cooperativity and Ezrin association kinetics
Capacity to polarize is dictated by the combination of ú and õ, as well as to a lesser extent
ö. We find a threshold value for õ must be surpassed for polarization to ensue: in the limit
of low +'9 , little Ezrin can bind the membrane and the system remains unpolarized. We
find that the threshold level is set by ú, where lower ú requires lower õ for polarization, i.e.
in regimes where saturation in positive feedback occurs at high Ezrin levels. Over
intermediate ranges of ú, this threshold is independent of ö, whereas at high or low ú, a
lower ö is required to sustain polarization. These limits represent two extremes of the
positive feedback saturation curve, where positive feedback is near 0 (low ú) or where
saturation is reached at very low levels of Ezrin (high ú): within these limits, diffusive
dispersal weakens the capacity to form a polarized Ezrin patch.
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Figure M3: Analysis of dimensionless system of equations. (A-C) Investigating polarity and patterning
mode across ranges of õ, ö and ú. Polarity, denoted by the colorbar, is measured by í A. Overlayed is
a measure of the robustness of monopolarization. Together, these demarcate three regions: blackgrey defining the multipolar regime; yellow-orange defining monopolarity; and blue demarcating the
unpolarized state. (D-F) Investigating loading capacity across ranges of õ, ö and ú, as measured by
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[s. If not being varied, the following parameter values are prescribed: õ = 10J ; ö = 10ôJ , 1/ú =
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7.2.3 Monopolarization is a robust response across a broad region of parameter space,
but this region is bounded principally by ù, relating to Ezrin diffusion
Across a very broad span of parameter space (∼ 4 orders of magnitude differences in ö
and ∼ 4× differences in ú), the system displays monopolarization. We thus argue that
monopolarization is a robust property of the feedback architecture entailed by the model
we present. Robust monopolarization clearly has adaptive benefits in terms of cell
polarization in the mouse, whereby multipolar 8-cell stage embryos are developmentally
inviable. Outside of this regime however, monopolarity breaks down, resulting in multi-

peak solutions that become highly sensitive to initial conditions. Patterns are noncanalized, with different random initial conditions yielding wildly varying steady states,
and are generally spatially uncorrelated, lacking the periodicity canonical to Turing
systems. We find that the boundaries of the multipolar regime are largely dependent on
ö, with small ö increasing the probability of multipolarity. Further, ú sets the threshold ö
value at which monopolarity breaks down, with a greater range of ö yielding multipolarity
when ú is low. These results suggest that lateral mobility (ö ∝ )* ) sets a critical lengthscale for monopolarization: when lateral mobility is prohibitively low, foci of Ezrin
enrichment become near-independent of each other yielding random excitation
dynamics. Further, the strength of excitation is dictated by the extent of saturation in
positive feedback: lower !"#$% ∝ 1/ú promotes saturation at lower Ezrin levels, thus
stabilizing multi-peak solutions.
7.2.4 Steady-state loading capacity is principally dictated by û, arguing that the saturation
threshold for positive feedback sets the absolute amount of Ezrin on the membrane
Within the monopolarizing regime, steady state amounts of Ezrin are dictated exclusively
by ú. We find that lower ú yields a stronger enrichment. Given the dimensionless nature
of the equations, this enrichment value is a relative measure, representing the proportion
of PIP2 that is bound to Ezrin, with &%'% ultimately setting the maximum loading capacity.
These results indicate that Ezrin approaches a maximum as ú decreases, i.e. when &%'% /^
is much smaller than !"#$% . Consequently, these results suggest that when the threshold
value for which positive feedback saturates is much higher than the average
concentration of Ezrin when all PIP2 are bound (&%'% /^), a higher steady state amount of
membrane-bound Ezrin is reached. Under the assumption that &%'% levels are
independent of perturbations to the actomyosin network we present, this helps rationalize
why equilibrium Ezrin levels are much higher in Tead4-Tfcap2 overexpression where the
saturation threshold is demonstrated to be increased.

8. Conclusions
This paper provides the first biophysical account for polarization in the early mouse
embryo, identifying the central feedback motifs and the corresponding master regulators
that facilitate apical domain establishment. Our experiments and biophysical modeling
demonstrate that RhoA, Tead4 and Tfcap2 interface with actin dynamics in divergent
manners, ultimately coordinating the Ezrin kinetics responsible for symmetry breaking. In
this, we uncover the pathway by which the synthesis of new transcripts at the maternalto-zygotic transition can drive a symmetry breaking process, identifying a mechanism for
how genetic regulation can effect fundamental changes in the physical state of the cell.
Cell polarization is achieved by the combined action of several local Ezrin dynamics,
together providing the local activation and long-range inhibition sufficient for polarization.
Cooperative association of Ezrin drives a positive feedback loop whereby Ezrin recruits
more of itself. Starting from an initially Ezrin-depleted state, cooperative association
drives local ‘excitations’. These excitations can expand and combine via the lateral
mobility of Ezrin. Spreading is however limited by a finite ‘substrate’ pool – namely Ezrin’s
membrane-binding partner PIP2 – providing the long-range inhibition required to stabilize
the size of the apical domain.
The actin distribution and dynamics are shown to play critical roles in mediating these
various processes. Specifically, lateral mobility of Ezrin is driven by the motion of the
underlying cortex (modeled here as an effective diffusion process), thus implicating the
master regulator RhoA. Lateral mobility should be intermediate: not too large to dissipate
any localized inhomogeneities which would mute the localized build up of Ezrin driven by
positive feedback; and not too small that Ezrin enriched foci cannot combine.
Alternatively, actin density is implicated in the cooperative kinetics of Ezrin loading: results
are consistent with a model posing that increased actin density increases the threshold
at which positive feedback saturates. We suggest that the saturation threshold of
cooperative recruitment is thus tuned in vivo by the master regulators Tead4 and Tfcap2.
Shifting this saturation threshold has profound effects on polarization: an increased
threshold yields narrower and more concentrated peaks; whereas a lower threshold
prevents polarization.

The analysis we present now opens the door for new questions regarding the physical
basis and properties of symmetry breaking in cells of the early mouse embryo. These
questions include the potential role of cell geometry in mediating polarization, as has been
shown in C. elegans (68), or the potential roles of genetic, epigenetic or physical
heterogeneity established earlier in development (69) in modulating polarization kinetics.
The model posed here provides a minimal framework to interrogate the avenues the work
we present opens up.

9. Appendices
Appendix I: Table of parameters
Below is the list of parameters used to simulate the wildtype condition.
Parameter Value
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Table 1: Table of parameter values

Appendix II: Simulation methods for inferring éÑ and èÉêê
AII.1 Simulation methods
Given the reduced PDE defined by (eq.10), we simulate diffusion and dissociation in 2D.
This 2D representation of the diffusion process is required to distinguish diffusion out of
the plane from dissociation when a global reduction in intensity is observed. Simulations
are performed in a square domain of size (ℓg ×ℓg ) where ℓg is the measured
circumferential length of the apical domain of the cell in question. To optimize simulation
speed and account for the stiffness of the PDE, we solve the equation using an operator
splitting procedure (see Appendix V (64)).
While the 2D square approximation may seem to be an over-simplification, we found that
when comparing dynamics within the measured slice to a full 3D particle model, the
approximation conforms well to this more realistic model. We opt for the reduced 2D
model for two reasons: (i) generating smooth profiles by taking slices from a 3D particle

model requires astronomically large particle numbers; and (ii) the reduced 2D model runs
in a fraction of the time, allowing us to span the parameter space to a finer resolution.
AII.2 Initial conditions
We infer )* and +'(( by finding the parameter set that, when solved under the above
model starting with distributions prescribed by the first time-point, yields the best fit of the
observed subsequent dynamics. We initialize simulations with a representation of
photoconverted Ezrin-Dendra2 intensity in the first frame. The beam of UV light that
promotes photo-conversion is orthogonal to the confocal slice of interest, so photoconversion will occur out of the plane of interest. We argue that to a first approximation,
this distribution will be locally symmetric in the d and s directions. We approximate this
initial distribution of intensity using a transformed 2D error function ç(d, s), generically
represented as
ç(d, s)
uO (d)
u7 (s)
!vç(d)

= ℎuO (d)u7 (s) + ë61"•<#'¥9;
= !vç `ℓLµ /2 − (d − dc ) + !vç `ℓLµ /2 + (d − dc )
= !vç `ℓLµ /2 − (s − sc ) + !vç `ℓLµ /2 + (s − sc )
1 O ô% P
=
A
[t
∂ ôO

(AB. 19)
(AB. 20)
(AB. 21)
(AB. 22)

Here, d and s define positions within the square domain, ℓLµ denotes the 1D width of the
photo-converted region in the d or s direction, (dc , sc ) describes the center of illumination,
and ë61"•<#'¥9; defines the background of signal far away from the site of
photoconversion. The 1D arc defining the imaged membrane (within the 2D confocal
slice) is defined as the line s = ℓg /2. So (dc , sc ) = (∑, ℓg /2), where ∑ is the circumferential
distance between the position of maximal illumination and the site of cell-cell contact
(arbitrarily chosen to be measured from left to right). Under this, d approximates the
circumferential intensity distribution within the confocal plane (0 ≤ d ≤ ℓg )
We fit the initial distribution using the Python package scipy.optimize.curve_fit using a
reduced ç considering the distribution within the confocal plane of interest (ç(d, s =
ℓg /2)), yielding estimates of ℎ, `, ∑, dc and ë61"•<#'¥9; . Finally, we remove the
background by setting ë61"•<#'¥9; = 0.

AII.3 Fitting procedure
Given this initial condition, we solve the PDE and infer the predicted distributions over
time. We then compare these time-courses to measured distributions of photoconverted
Ezrin that have been fitted using ç(d, s = ℓLµ /2), again setting ë61"•<#'¥9; = 0. Fitting a
curve rather than utilizing the raw data is necessary to prevent artifactual estimates of )*
and +'(( , for example arising from over-fitting to noise in the measurements. Further, we
discard later time-points where global intensity is low so as to limit confounding effects of
noise in measurement, removing frames where ℎ% <

πH∫ª
º

.

Fits of a given cell q are measured using a cost function ℰ$ ()* , +'(( ). Taking uâ#2; (d, t)
and u'6?à (d, t) to define the discrete functions representing predicted versus observed
distributions within the confocal slice over the time and space intervals of the simulation,
ℰ$ ()* , +'(( ) is defined as a variant on the Kolmogorov–Smirnov statistic:
¿

ℰ$ ()* , +'(( ) =

max (∥
%

¿

¿

uâ#2; (d, t) −
Obc

u'6?à (d, t) ∥)

(AB. 23)

Obc

We choose this cost function as it penalizes differences in global intensity preferentially,
meaning the fitting will first conform to the measured global intensity and then fit more
local differences in distribution. This is an appropriate choice as two of the three kinetic
processes will lead to reductions in global intensity: dissociation and diffusion out of the
plane.
We finally perform a minimization over all of the cells using the above methods. This
involves finding the minimal cost of ℰ()* , +'(( ) where
ℰ()* , +'(( ) =

ℰ$

(AB. 24)

$

AII.4 Approximating èÉ≠
Given degeneracy in steady state distributions across a broad range of +'9 values (Fig.
M1B), the choice of the value for this parameter does not influence the resultant pattern

or relative dynamics of simulations. We thus use an approximate approach to obtain a
reasonable value for this parameter.
We can approximate +'9 by considering a cell with homogeneous Ezrin on its apical
membrane. If we take !"#$% as an estimate of ! in such a cell, then we can propose

•I¡
/

&X −

+'(( !"#$% ≈ 0, where &X ≈ &%'% − ℓg !"#$% . Solving these equations, we get +'9 ≈
/•IMM *FQRH
LHIH ôℓ¬ *FQRH

= 1.88×10ô/ _`ôl o ôl . We stress that while this value is a rough measure, the

choice of this value does not affect any conclusions made in this work.
Appendix III: finite difference method for solving the 1D PDE
The finite difference method for solving a 1D PDE involves discretizing the . / operator.
Given the use of periodic boundary conditions, the . / operator is defined as:
. / !$ =

!5';($ôl,9) − 2!$ + !5';($Sl,9)
nd /

(AB. 25)

Appendix IV: operator splitting method for solving 1D PDE with periodic boundary
conditions
Given the stiff nature of the PDE solved here (eqs.6-7), we utilize a variational method for
simulation, known as operator splitting (64). Equations are solved in a discrete 1D grid of
size zO representing a 1D space of size ^O , where the vector √ represents the Ezrin
distribution. The PDE is split into two operations, diffusion ƒ> and reaction ƒ≈ :
,% !L

!/
= )* . !L + +'9 &X /
− +'(( !L
!"#$% + ! /
>$((¥?$'9

AB. 26

= ƒ≈ ƒ> √∆

AB. 27

/

≈21"%$'9

⟹ √∆S¢

For each time-step, we perform each operation independently. In doing this, we isolate
the diffusion operation, which can be solved using a spectral method. Taking to ℱ and
ℱ ôl denote the discrete Fourier transform and its inverse, and ⊘ to denote element-wise
division, we define ƒ> using a backwards Euler method:

ƒ> (√)
p$

= ℱ ôl ℱ(√) ⊘ (¢ − nt…)
q
= −4)* ∂ / ( )/
^O

(AB. 28)
q = 0,1, . . . , (zO − 1)

(AB. 29)

We then define ƒ≈ using the forwards Euler method:
ƒ≈ (√) = (1 − nt+'(( )√

(AB. 30)

We also note that ƒ≈ can be solved using inbuilt Python packages (e.g.
scipy.integrate.odeint). We opt for this approach given increased stability.
Appendix V: operator splitting method for solving the 2D PDE used to estimate éÑ
and èÉêê
We can likewise solve the 2D PDE defined in (eq.10) by operator splitting. Equations are
solved in a discrete 2D grid of size zO ×z7 representing a 2D space of size ^O ×^7 , where
the 2D matrix √ represents the 2D Ezrin distribution. The PDE is, again, split into two
operations, diffusion ƒ> and reaction ƒ≈ :
,% !L

= )* . / !L − +'(( !L
>$((¥?$'9

⟹ √∆S¢

≈21"%$'9

= ƒ≈ (ƒ> (√∆ ))

(AB. 31)
(AB. 32)

We opt for the cosine transform method to solve the diffusion component, entailing
reflective boundary conditions, although the choice of boundary conditions should have
minimal influence on parameter estimation as photoconverted Ezrin is near base-line
levels at cell-cell contacts in the time-lapse movies we have recorded. Taking to
ôl

and

denote the discrete cosine transform and its inverse, we define ƒ> using a backwards

Euler method:
ƒ> (√)
p$À

=

ôl

(√) ⊘ (¢ − nt…)
q
Ã
= −)* ∂ / ( )/ + ( )/ q = 0,1, . . . , (zO − 1); Ã = 0,1, . . . , (z7 − 1)
^O
^7

ƒ≈ is then solved using the forward Euler method as above.

(AB. 33)
(AB. 34)

Appendix VI: Measuring polarity
We sought to identify an unbiased metric of cell polarization in order to track the dynamics
of symmetry breaking. Once polarized, the apical membrane can be binned into two
regions: one where Ezrin levels are high Õπ$ , and the other where Ezrin levels are low
Õ3' . Taking !π$ (t) and !3' (t) to denote the average Ezrin intensity in regions Õπ$ , and Õ3'
for a given time t, we define Polarity r(t) as:
r(t) =

!π$ (t) − !3' (t)
!π$ (t) + !3' (t)

(AB. 35)

To account for noise in measurement and to provide a relative measure, we normalize
this value between 0 and 1, corresponding to the pre-polarized and polarized states. This
was achieved by fitting a logistic function (^(t) =

Œ
lS2 œ–(H—Hª )

+ ú) to r(t). Taking ^(−∞) =

r5$9 and ^(∞) = r51O , we generate a normalized metric of polarity r, plotted in Fig. M2D.
r (t) =

r(t) − r51O
r5$9 + r51O

(AB. 36)

We define our regions Õπ$ , and Õ3' using a bi-gaussian fitting of the probability distribution
function of Ezrin intensity at the end of centralization, which when plotted as a histogram
clearly identifies a bimodal distribution of high versus low Ezrin intensity. Fitting this
distribution, we identify a minimum between the two peaks, a threshold concentration
!%π#2?π that separates the high versus low intensity peaks. We define Õπ$ as the range of
positions that sit between the first and last instance where ! > !%π#2?π , and Õ3' is ascribed
to the remaining pair of regions. Õπ$ and Õ3' are set using the Ezrin distribution at the end
of centralization and are fixed when measuring polarity at early time points. In this, we
establish an unbiased spatial delimitation of the “center" (Õπ$ ) and “periphery" (Õ3' )
Appendix VII: Code availability
All scripts relating to in silico modeling were written in Python. Code to perform
simulations

in

this

paper
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https://jakesorel.github.io/Apical_Domain_2020
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Github

page

8-16 cell stage

A

DMSO

DRB

Figure S1

B
Number of cells

F-actinPard6DAPI 3D

20

Total cell number
ns

15
10
5
0
DRB

D
C

F-actin

Pard6

F-actinPard6DAPI 3D

Number of polarized cells

DMSO

15

**

Triptolide

DMSO

F-actinPard6DAPI 3D

F

5
0

DMSO

****

5

0

DMSO

G

J

Nubmer of cells

20

Total cell number
ns

15
10
5
0

DMSO

Triptolide

10

Triptolide

Percentage of polarized cells(%)

8-16 cell stage

Apical Pard6 enrichment

DMSO

E
Triptolide

Late 8-cell stage

10

Triptolide

100

DMSO-washed out
DRB-washed out

80
60
40
20
0
0.5

3.5

9.5

t=2.5hr

t=8.5hr

I

Bright Field

t=0.5hr

DRB-washed out

DMSO-washed out
Bright Field
Ezrin-RFP 3D

H

Ezrin-RFP 3D

Time post-wash out (hr)
t=0.5hr

t=2.5hr

t=8.5hr

Figure S1. Inhibition of transcription abolished apical domain formation
without affecting actomyosin polarization. (A) DMSO- or DRB-treated embryos at
8-16 cell stage examined to reveal F-actin, Pard6 and DNA. (B) Total cell numbers in
embryos treated with DMSO or DRB from 4/8-cell to the late 8-cell stage. Each dot
represents an analyzed embryo. ns, not significant; Mann-Whitney U test. (C)
DMSO- or Triptolide-treated embryos at the late 8-cell stage analyzed for F-actin,
Pard6 and DNA. (D) Quantification of polarized cells in DMSO- and Triptolide-treated
embryos at the 8-16 cell stage. **p=0.0088, Student’s t-test. N=13 embryos for
DMSO, N=15 embryos for Triptolide. N=2 independent experiments. (E) Extent of
cell polarization in each cell quantified by the intensity of apical enrichment of Pard6
(Methods) in cells treated with DMSO (control) or Triptolide from the early 8-cell
stage. Each dot represents an analyzed cell. ****p<0.0001, Mann-Whitney U test. (F)
DMSO- or Triptolide-treated embryos analyzed at 8-16 cell stage for F-actin, Pard6
and DNA. (G) Quantification of total cell number in DMSO- and DRB-treated
embryos. Each dot represents an analyzed embryo. ns, not significant in Student’s ttest. For B, D, E and G, Data are shown as individual data points with Box and
Whisker plots (lower: 25%; upper: 75%; line: median; whiskers: min to max). (H,I)
Snapshots from time-lapse movies of embryos after washing out DMSO. Arrows
indicate the apical domain. (J) Line chart shows percentage of polarized cells at
different post-wash out time-points in DMSO washed-out (control) or DRB washedout groups. For t=0.5h, N=87 cells for DMSO and N=97 cells for DRB group were
analyzed; for t=3.5h, N=101 cells for DMSO and N=102 cells for DRB group were
analyzed; for t=9.5h, N=109 cells for DMSO and N=107 cells for DRB were
analyzed. For all analyses, N=11 embryos for DMSO group were analyzed; N=13
embryos for DRB treated group were analyzed. N=2 independent experiments.
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Figure S2. Reduce cell size elevates the concentration of transcripts and
induces premature cell polarization. (A) Quantification of cell volume in small
sister cells/pairs in relation to control sister cells/pairs generated from experiments
illustrated in Fig. 1F and Supplementary Fig. S2F. Data is shown as the mean ± S.D.
Each dot represent one analyzed embryo. N=6 independent experiments. (B)
Control or small sister cells from the same 2-cell stage embryo were cultured for one
day and single molecular fluorescence in situ hybridization was used to determine
the transcripts for housekeeping gene Polr2a. Quantifications are shown in C, D, and
E. (C) Transcripts expression profile of Polr2a. Data retrieved from published dataset
(24). (D) Quantification of transcripts number of Polr2a in control and small sister
cells (resection performed at the 2-cell stage) at the late 4-cell stage. ns, not
significant, Mann-Whitney U test. Each dot represents an analyzed embryo. N=13
control or smaller sister cells. N=3 independent experiments. (E) Fold change of
RNA concentration in small sister cells compared to control sister cells. The RNA
concentration is defined as the number of transcripts divided by the cell volume. The
RNA concentration of small sister cells divided by the RNA concentration of the
control sister cells was used to reveal the fold change. Data is shown as the mean ±
S.D. Each dot represents one embryo. (F) Schematic diagram of blastomere
resection at the 4-cell stage. Cells were separated and two resected; the two small
cells and two control cells were then re-aggregated. (G, H) Time-lapse movies of
control or small sister pairs from experiment in F. (I) Control and cell with reduced
size from the experiment illustrated in Fig. 1F and Fig. S2F cultured until blastocyst
stage and stained to reveal Cdx2 (trophectoderm), Nanog (epiblast) and Sox17
(primitive endoderm). Quantification is shown in J and K. (J) Quantification of rate of
blastocyst formation in control and small cells resected at the 2-cell stage, illustrated
in I. Both control and small cells are capable of forming a blastocyst with all three
lineages. Number indicates the number of structures analyzed. N=2 independent
experiments. (K) Quantification of rate of blastocyst formation in control and small
cells resected at the 4-cell stage, illustrated in I. Both control and small cells are
capable of forming a blastocyst with all three lineages. Number indicates the number
of structures analyzed. N=2 independent experiments. (L) Scheme of pulsed DRB
treatment in 2-cell stage resection experiment. Resection performed at the mid 2-cell
stage (as indicated in Fig. 1F). Resected cells were subjected to DRB treatment for 3
hours at the late 4-cell stage followed by time-lapse imaging. (M, N) Time-lapse

imaging of control sister cells (M) and smaller + DRB-treated sister cells (N) in the
experiment shown in L. Arrows indicate apical domains. Asterisks, cytoplasm from
resected cells. Scale bars, 15µm.
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Figure S3. Functional screen to identify regulators of the timing of cell
polarization. Candidate regulators were selected based on two hypotheses. The
first hypothesis proposes that activators of cell polarization accumulate after zygotic
genome activation at the 2-cell stage, to trigger cell polarization. To select
candidates based on this hypothesis, single cell RNA-sequencing data was analyzed
(24) and transcripts that were upregulated between the 2- to 8-cell stage pooled;
their gene ontology was analyzed and 118 candidate genes selected falling under
the categories of “Rho-GTPase regulators”, “actin cytoskeleton regulators”, and “cell
polarity regulators”. The second hypothesis proposes that stage specific transcription
factors activate essential regulators of cell polarization around the early 8-cell stage.
To select candidates based on this hypothesis, we analyzed ATAC-seq data (25)
and transcription factors active between the 4-8 cell stages (in total 6 transcription
factors were selected). For the 124 combined candidates, one or two dsRNAs
targeting individual candidates or combinations were injected at the zygote stage
and the timing of the establishment of cell polarization determined by imaging Pard6
at the late 8-cell stage. Depletion of 2 candidates (Xab2, Rps11) lead to cell division
defects, and the depletion of another two candidates (Tfap2c, Tead4) delayed cell
polarization. Sequences of primers for generating dsRNA are listed in Table S4.
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Figure S4. Tfap2c and Tead4 expression is required for cell polarization. (A)
Representative images of embryos injected with dsGFP or dsTfap2c RNAs and
immunostained to reveal Tfap2c at the 8-16 cell stage (N=30 embryos). (B)
Representative images of embryos injected with dsGFP and dsTead4 RNAs and
immunostained for Tead4 at the late 8-cell stage (N=15 embryos). N=2 independent
experiments. (C) Expression profile of Tfap2c and Tead4 transcripts from zygote to
the 32-cell stage. Data presented as means ± S.E.M. (D) Quantification of Tfap2c
and Tead4 nuclear protein levels from the 2- to the 8-16 cell stage. Data presented
as means ± S.E.M. N=7 embryos for 2-cell stage; N=15 embryos for 4-cell stage;
N=26 embryos for early 8-cell stage; N=17 embryos for 8-16 cell stage. Note that
although Tfap2c mRNA is maternally stored, the protein is only expressed after
zygotic genome activation. N=3 independent experiments. (E) Expression profile of
Tfap2c and Tead4 proteins from the 2-cell stage to the morula stage. (F) 2-cell stage
embryos were injected with dsGFP or dsTfap2c+dsTead4, after which the cells were
separated, and one blastomere was subjected to resection. The timing of cell
polarization in each group was determined by live imaging. (G) Quantification of the
timing of cell polarization in control or resected cells from embryos injected with
dsGFP or dsTfap2c+dsTead4. Each dot represents one embryo. 10 embryos
injected with dsTfap2c+dsTead4 failed to polarize throughout the live imaging and
were therefore removed from quantification. **p<0.01, student’s t-test. Scale bars,
15µm.
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Figure S5. Genetic depletion of Tfap2c and Tead4 leads to the failure of cell
polarization. (A) Signal intensity quantification in cells with strong, medium or low
levels of Tfap2c (classification shown in squares). Representative images of cells
expressing different levels of Tfap2c are shown on the right. Each dot represents a
single cell (N=23 embryos). Normalization was performed by calculating the ratio of
Tfap2c signal intensity over that of DAPI. A normalized ratio of less than 0.1 was
considered to represent a “Tfap2c-null” cell. All cells are from embryos injected with
Cas9 and gRNAs targeting Tfap2c were stained with anti-Tfap2c and DAPI at 8-16
cell stage. N=4 independent experiments. (B) Quantifications of the signal intensity
for cells with strong, medium or low levels of Tead4 (classification was shown in
squares). Each dot represents a single cell (N=16 embryos). Representative images
of cells expressing different levels of Tead4 are shown on the right. Each dot
represents a single cell. Normalization was performed by calculating the ratio of
Tead4 signal intensity over that of DAPI. A normalized ratio of less than 0.6 was
considered to represent a “Tead4-null” cell. N=3 independent experiments. All cells
are from embryos injected with Cas9 and sgRNAs targeting Tead4 and stained for
Tead4 and DAPI at 8-16 cell stage. (C) DNA-sequencing was performed to
determine the genotype of cells injected with Cas9 only (as a control) or cells
injected with gRNA targeting Tfap2c. The cells with a low level of Tfap2c (criterion
described in A) were sequenced. (D) DNA-sequencing to determine the genotype of
cells injected with Cas9 only (as a control) or cells injected with gRNA targeting
Tead4. The cells with a low level of Tead4 (criterion described in B) were
sequenced. (E) Embryos expressing wild-type (injected with only Cas9 mRNA as
control); single depletion of Tfap2c (injected with Cas9 and sgRNAs targeting only
Tfap2c); single depletion of Tead4 (injected with Cas9 and sgRNAs targeting only
Tead4 sgRNAs); double depletion of Tfap2c and Tead4 (injected with Cas9 and
sgRNAs targeting both Tfap2c and Tead4) were analyzed at the 8-16 cell stage to
reveal Tfap2c, Tead4 and Pard6. N=2 independent experiments. (F) Ezrin-RFP and
DAPI localization in embryos expressing wild-type (injected with only Cas9 mRNA as
control); single depletion of Tfap2c (injected with Cas9 and sgRNAs targeting only
Tfap2c); single depletion of Tead4 (injected with Cas9 and sgRNAs targeting only
Tead4 sgRNAs); double depletion of Tfap2c and Tead4 (injected with Cas9 and
sgRNAs targeting both Tfap2c and Tead4). Maximum projection is shown in all
images. Scale bars, 15µm.
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Figure S6. Tead4 expression drives Yap nuclear localization independently of
the apical domain. (A) Expression profiles of Yap and Tead4 from the 2-cell to the
8-16 cell stage. Quantification is shown in B. (B) Quantification of Yap
nuclear/cytoplasm (N/C) ratio from the 2- to the early 8-cell stage. Data presented as
means ± S.E.M. N=10 cells from N=5 embryos for 2-cell stage, N=13 cells from N=4
embryos for 4-cell stage, N=21 cells from N=5 embryos for early 8-cell stage. N=2
independent experiments. (C) Positive correlation between Tead4 nuclear
expression and Yap nuclear/cytoplasm ratio, each dot represents one analyzed cell.
R2 = 0.7168, p<0.0001. (D) Embryos injected with Ezrin-RFP mRNA only (control),
dsTead4 and dsTead4+Tfap2c RNAs and analyzed at the early 8-cell stage to reveal
Yap localization. (E) Quantification of Yap N/C ratio in cells injected with Ezrin-RFP
mRNA only, or co-injected with dsTead4, dsTfap2c+dsTead4 RNAs. Data shown as
individual data points with Box and Whiskers plot (bottom: 25%; upper: 75%; line:
median; whiskers: min to max). N=20 cells from N=4 embryos for Ezrin-RFP only;
N=18 cells from N=3 embryos for dsTead4; N=27 cells from N=5 embryos for
dsTfap2c+dsTead4. N=2 independent experiments. ****p<0.0001. One-way ANOVA
test. (F) Embryos microinjected with Ezrin-RFP mRNA only, Tead4 and
Tead4+Tfap2c mRNAs and analyzed for Yap localization at the early 8-cell stage.
Arrows indicate cells overexpressing Tead4. (G) Quantification of Yap N/C ratio in
cells microinjected with Ezrin-RFP mRNA only; with Tead4; or with Tfap2c+Tead4
mRNAs. Data shown as individual data points with Box and Whisker plots (lower:
25%; upper: 75%; line: median; whiskers: min to max). N=20 cells for each group,
from N=3 embryos for Ezrin-RFP group; N=4 embryos for Tead4 group and N=5
embryos for Tfap2c+Tead4 group. N=2 independent experiments. ****p<0.0001,
one-way ANOVA test. Tead4 knockdown decreases Yap nuclear localization and
conversely Tead4 overexpression enhances Yap nuclear localization by the early 8cell stage. Scale bars, 15µm.
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Figure S7. Advancing the activity of Tfap2c, Tead4 and RhoA-Q63L induces
premature apical domain formation. Overexpression of Tfap2c and Tead4
induced cell protrusions enriched by apical proteins. (A) Schematic of
experiment in which one 2-cell stage blastomere was injected with mRNA encoding
Ezrin (as a control), Tfap2c, Tead4 or Tfap2c+Tead4. (B) Embryos injected with
mRNA encoding Tfap2c and Ezrin-RFP (as an injection marker) in one blastomere at
the 2-cell stage were analyzed at the 4-8 cell stage to reveal DAPI, F-actin, Tfap2c
and Ezrin-RFP. N=7 embryos per each condition were examined. N=1 independent
experiment. (C) Embryos injected with mRNA encoding Tead4 and Ezrin-RFP (as an
injection marker) in one blastomere at the 2-cell stage were analyzed at the late 4cell stage to reveal DAPI, F-actin, Tead4 and Ezrin-RFP. N=8 embryos for Ezrin only
and N=14 embryos for Tead4 overexpression were examined. For both B and C,
arrows indicate injected cells. N=2 independent experiments. (D-G) Representative
images of embryos injected with Ezrin-RFP alone (D) or with Tead4 (E), Tfap2c (F)
or Tead4+Tfap2c (G) mRNA at the late 4-cell stage. Arrows indicate cell protrusions
induced by Tfap2c or Tfap2c+Tead4 overexpression. Quantifications are shown in I
and Fig. 3C. (H) Embryos injected with Ezrin-RFP only (control), or co-injected with
Tfap2c+Tead4 mRNAs in one of the two blastomeres at the 2-cell stage and
analyzed at the 4-8 cell stage to reveal Pard6, Ezrin-RFP and DNA. Arrows indicate
protrusions/apical domains. (I) Quantification of structures induced by different
conditions. Data presented as a stacked bar graph where numbers in each bar
indicate number of cells analyzed. N=29 embryos for Ezrin-RFP + LifeAct-GFP
group, N=21 embryos for Tfap2c overexpression group; N=15 embryos for Tead4
overexpression group; N=13 embryos for Tfap2c+RhoA-Q63L overexpression group;
N=43 embryos for Tfap2c+Tead4 overexpression group; N=4 independent
experiments. (J) Quantification of compaction of cells expressing Ezrin (control),
Tfap2c, Tead4, Tfap2c and Tead4 at the late 4-cell stage. Compaction was
assessed based on the intercellular angle as previously described (27). Numbers in
each bar indicate the number of embryos analyzed. N=4 independent experiments.
(K) Embryos showing the localization of Ezrin-RFP and LifeAct-GFP in 1) embryos at
the late 4-cell stage (control group); 2) cells overexpressing Tfap2c+Tead4 showing
induced apical protrusions at the late 4-cell stage; 3) cells overexpressing RhoAQ63L showing disorganized cell morphology at the late 4-cell stage; 4) cells

overexpressing Tfap2c+Tead4+RhoA-Q63L showing induced premature full apical
domain at the late 4-cell stage. Scale bars, 15µm.
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Figure S8. Premature expression of Tfap2c, Tead4, and activated RhoA is
sufficient to advance the timing of polarization and differentiation. (A) Overview
of the comparison of the timing of cell polarization in cells with or without
overexpression of Tfap2c, Tead4 and RhoA in the same embryo or in cells of
embryos with or without injection of a control marker (LifeAct-GFP). Timing of cell
polarization was quantified from the timepoint at which the first cell of an embryo
becomes polarized. ***p<0.001; ****p<0.0001, ordinary One-way ANOVA test. (B)
Apical domain zippering in embryos expressing Tfap2c+Tead4+RhoA-Q63L at the
late 8-cell stage (N=24 embryos). Pink rectangular outlines indicate different
magnified regions (below). Colored arrows indicate boundaries of apical domains in
different cells. N=4 independent experiments. (C) Embryos expressing Ezrin-RFP
(control) and Tfap2c+Tead4+RhoA-Q63L at the late 8-cell stage stained to reveal
Pard6 and the tight junction marker, ZO-1 (N=8 embryos for Ezrin alone, N=12
embryos for Tfap2c+Tead4+RhoA-Q63L). Magnified regions are outlined. Arrows
indicate the points where the apical domain and tight junction converge. N=2
independent experiments. (D) Quantification of the timing of zippering in adjacent
blastomeres in control embryos or embryos overexpressing Tfap2c, Tead4, and
RhoA-Q63L showing premature cell polarity at the 4-cell stage in the latter group.
Data presented as a stacked bar graph where numbers in each bar indicate the
number of cells analyzed.

(E) Apical domain zippering in embryos expressing

Tfap2c+Tead4+RhoA-Q63L in half of the embryos at the late 8-cell stage (N=8
embryos). Rectangular outlines indicate different magnified regions (below). Colored
arrows indicate boundaries of apical domains in different cells. N=2 independent
experiments. (F) Overview of the comparison of the timing of apical domain zippering
in cells with or without overexpression of Tfap2c, Tead4 and RhoA in the same
embryo or in cells of embryos with or without injection of a control marker (LifeActGFP). Timing of polarization was quantified from the timepoint at which the first pair
of cells zipper their apical domains. *p<0.05, ordinary One-way ANOVA test. (G)
Embryos expressing Ezrin-RFP (control) and Tfap2c+Tead4+RhoA-Q63L at the mid
8-cell stage stained to reveal DNA, Cdx2, and Pard6. Injected cells (arrows) express
Ezrin-GFP (N=8 embryos). N=4 independent experiments. (H) GFP-Gata3
transgenic embryos were injected with Ezrin-RFP mRNA alone (as a control) or
together with Tfap2c/Tead4/RhoA-Q63L and imaged at the late 8-cell stage for RFP
and GFP to reveal Gata3 expression. (I) Quantification of normalized Cdx2

expression in either cells injected with Ezrin-RFP or with Tfap2c+Tead4+RhoA-Q63L
mRNAs as in G. The intensity of Cdx2 expression in cells of each group is
normalized to the intensity of DAPI (DNA) in the same cell; injected cells were
normalized against non-injected cells in the same embryo for each group. Each dot
represents a single embryo. ****p<0.0001, Mann-Whitney U test. Overexpression of
Tfap2c+Tead4+RhoA-Q63L advanced the timing of apical domain formation and
upregulated Cdx2 expression. Arrows indicate an injected cell. (J) Quantification of
normalized GFP-Gata3 expression in cells injected with Ezrin-RFP or with
Tfap2c+Tead4+RhoA-Q63L mRNAs as in H. The intensity of GFP expression in
injected cells of each group is normalized to the intensity of non-injected cells. Each
dot represents a single embryo. **p<0.01, Mann-Whitney U test. Overexpression of
Tfap2c+Tead4+RhoA-Q63L induced earlier Gata3 expression. N=2 independent
experiments. Arrows indicate an injected cell. Scale bars, 15µm.
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Figure S9. Actin turnover and RhoA signaling regulates the apical protein
clustering and apical domain formation. (A) PIV analysis of LifeAct-GFP and
Ezrin-Ruby membrane particle movements in compacted 8-cell stage cells. The
directions of the flow for LifeAct-GFP and Ezrin-RFP are coordinated. (B) Feather
plot shows the time-dependent changes of the sum of vectors in a selected
rectangular area (shown in images on the left) projecting from the cell-cell contact to
the cell-contact free surface. Direction of the arrows indicate the direction of the sum
of the vectors, and the length of the arrows indicates the velocity of the sum of the
vectors. (C) Feather plot shows the time-dependent changes of the sum of vectors in
a selected rectangular area (shown in images on the left) projecting from the cell-cell
contact to the cell-contact free surface in a cell that is completing the 2-4 cell stage
cytokinesis. (D) PIV analysis and vector velocity direction of the cells treated with
Blebbstatin. (E) Histogram showing vector velocity distribution of LifeAct-GFP flow in
cells with or without Blebbstatin. (F) Representative images of late 8-cell stage
embryos treated with DMSO or Blebbistatin from the early 8-cell stage and reveal the
localization of Ezrin-RFP. Quantification of Ezrin clusters shown in G. (G)
Quantification of the Ezrin-RFP clusters in experimental conditions shown in F. (H)
Representative images of embryos treated with DMSO or JASP from early 8-cell
stage to the late 8-cell stage showing distribution of Pard6 or F-actin. N=8 embryos
examined per condition, N=2 experiments. (I) Representative images of embryos
treated with DMSO or CK666 from early 8-cell stage to the late 8-cell stage showing
Pard6 or F-actin. N=8 embryos examined per condition, N=2 experiments. (J)
Representative images of embryos treated with DMSO or SMiFH2 from the early 8cell stage to the late 8-cell stage to show the localization of Ezrin-RFP and F-actin.
N=8 embryos examined per condition, N=2 experiments. (K) Quantification of the
apical enrichment of Ezrin localization in experimental conditions shown in H-I.
****p<0.0001, Mann-Whitney U test. (L) Quantification of the apical enrichment of
Pard6 localization in experimental conditions shown in J. ns, not significant, MannWhitney U test. Scale bars, 15µm.
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Figure S10. Tfap2c and Tead4 control gene expression at the early 8-cell stage.
(A) Heatmap plot shows the expression profile of differentially expressed genes
between embryos injected with dsGFP (as a control) and dsTfap2c, dsTead4 or
dsTfap2c+dsTead4 in two different genetic backgrounds at the 8-cell stage. (B)
Volcano Plots show the genes that were up- or down-regulated upon the depletion of
Tfap2c, Tead4 or Tfap2c+Tead4 in different genetic backgrounds. For each group 2
or 3 replicates were analyzed and genes showing consistent up- or downregulated
are shown. Dotted lines indicate the cut-off boundaries for significantly up- or
downregulated genes. (C) Venn plot shows the number of genes downregulated in
Tfap2c, Tead4 or Tfap2c+Tead4 knockdown groups in two distinct genetic
backgrounds. (D-J) Expression levels of cell polarity regulators upon the depletion of
Tead4, Tfap2c or Tead4+Tfap2c. A indicates the embryos obtained from the
mating♀C57BL/6J×CBA/J ♂C57BL/6J×DBA/2J; B indicates the embryos obtained
from the mating♀C57BL/6J×DBA/2J ♂C57BL/6J×DBA/2J. Data shown as mean ±
S.E.M. (K) Normalized expression levels of various Cdc42ep family members upon
the depletion of Tead4, Tfap2c or Tead4+Tfap2c. For all graphs, data are shown as
mean ± S.E.M.
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Figure S11

Figure S11. Apical domain formation is not affected by the depletion of
Marcks, Marcksl1, Ebp4.5l1 or Tpm4. (A) Representative images of embryos
injected with dsGFP (as a control) or dsMarcks or dsMarcksl1 RNA at the 2-cell
stage and cultured until the late 8-cell stage showing distribution of phosphorylated
Ezrin (p-ERM) or F-actin. N=10 embryos for dsGFP and dsMarcks RNA; N=11
embryos for dsMarcksl1 RNA. Quantification of number of polarized cells shown in
B. (B) Quantification of the number of p-ERM polarized cells in different conditions
shown in A. Depletion of Marcks or Marcksl1 did not inhibit apical domain formation.
(C) Representative images of embryos injected with dsGFP RNA (as a control) or
dsEbp4.5l1 or dsTpm4 RNAs at the 2-cell stage and cultured until the late 8-cell
stage to reveal the distribution of phosphorylated Ezrin (p-ERM) and F-actin. N=11
embryos for each condition. Quantification of number of polarized cells shown in D.
(D) Quantification of the number of p-ERM polarized cells in different conditions
shown in C. Depletion of Ebp4.5l1 or Tpm4 did not inhibit apical domain formation.
For both B and D, data are shown as contingency table. Numbers in each bar
indicate the number of analyzed cells in each condition. Scale bars, 15µm.
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Figure S12. Ezrin centralization is regulated by PIP2 binding and RhoA
signaling. (A) Scheme of the imaging setting for images shown in B and D. The
apical domain was facing the objective. A depth of 10-15µm was scanned for each
cell. (B) Localization of LifeAct-GFP and Ezrin-RFP in the blastomere of the late 8cell stage embryo, with or without overexpression of RhoA-Q63L. The top view of
one blastomere is shown. (C) Quantification of the size of Ezrin clusters in cells with
or without overexpression of RhoA-Q63L. N=5 cells for each conditions, N=2
experiments. (D) Localization of LifeAct-GFP or Ezrin-RFP in embryos treated with
water (as a control) or C3-transferase. (E) Quantification of the size of Ezrin clusters
in cells treated with water or C3-transferase. N=5 cells from water group, N=4 cells
from C3-transferase group. N=2 experiments. Scale bars, 15µm. (F) The localization
of PIP2 (visualized by Plcd1-PH-Ruby) and Ezrin-Venus at the late 8-cell stage. (G)
Kymograph showing the time-evolving signal intensity of the converted EzrinDendra2 in the converted region indicated by the red squares shown in Fig. 6A
(within the forming apical domain) and Fig. 6C (outside the forming apical domain).
The line chart shown on the right illustrates the correlation between the signal
distribution of Ezrin-Dendra2 before photo-conversion and 5 mins post-conversion.
(H) Simulation of the Ezrin distribution with or without cell-contacts (see
Supplementary Modeling and Methods for the details of the simulation). The model
predicts that the cells with or without contacts would be able to form polarized Ezrin
distribution. (I) Rose plot showing the simulated distribution of apical domain
orientation in cells with or without cell-contacts. The cell-contacts restrict the
orientation of the apical domain (center of apical membrane arbitrarily set to 0º). (J)
Evidence for threshold recruitment. Considering time-points mid-polarization, ∆E/∆T
for the theoretical simulation (left) and experimental panel (right) measures the rate
of change of Ezrin at a given position, showing that regions of high Ezrin increase in
concentration, whereas regions of lower Ezrin are depleted. Control embryos
(control) and Tfap2c/Tead4 over-expressed (TT) embryos are plotted, demonstrating
a shift in the polarization threshold. Similar curves are predicted from a toy model
involving cooperative association and random dissociation, using a higher Ecrit in TT
than control (see Supplementary Modeling). (K) Representative images and
quantification for the photoconversion experiments for embryos overexpressing or
depleting

of

RhoA.

8-cell

stage

embryos

expressing

Ezrin-Dendra2

with

constitutively activated RhoA, or treated with RhoA inhibitor C3-transferase, were

imaged at the mid 8-cell stage. Diffusive spread of photoconverted Ezrin away from
the photo-conversion site is measured by a signal spread metric (σ - σ0), where σ is
the standard deviation of positions weighted by the signal intensity, and σ0 is the
value of σ in the first frame. An increased value of (σ - σ0) implies a spreading of the
photo-converted signal. Signal spread is presented for one representative embryo of
the wild type (WT) and RhoA-Q63L overexpression (RhoA) conditions. (L) Time
courses of simulations tracking polarization dynamics at low diffusion regime (to
represent RhoA depletion). The distribution of Ezrin within the apical membrane is
plotted, with colors corresponding to the elapsed simulation time. (M) Phase space
of polarization states. Analyzing 10 repeats of each parameter set (considering
50x50 combinations) given different initial conditions, simulations were classed as
displaying predominantly (i) monopolar (red), (ii) multipolar (>1 peak, black) or (iii)
unpolarized (blue) steady states. Scale bars, 15µm.

Table S1. List of candidates that are selected from single cell RNA sequencing for the
polarity regulators screen.
Rho-GTPases
regulators

actin
cytoskeleton
regulators

cell polarity
regulators

cell polarity
regulators

cell polarity
regulators

Arhgap1

Arpc3

Dlg5

Tm4sf1

Tbxa2r

Arhgap10

Arpc5

Llgl2

Smpdl3a

Tdgf1

Arhgap12

Cfl1

Llgl1

Ppp1ca

Ptpn18

Arhgap19

Cfl2

Vangl1

Plekgh2

Psen1

Arhgap28

Cttn

Vangl1

Tmem92

Psap

Arhgap29

Cap1

Vangl2

Wdr83

Itgae

Arhgap5

Capzb

Ywhab

Lpar1

Zfp740

Arhgap8

Ccdc43

Ywhae

Lpar5

Rbpj

Arhgdig

Mybpc2

Ywhah

Lpar6

Gabpa

Arhgef16

Marcks

Ywhaq

Lrg1

Hand1

Arhgef3

Marcksl1

B4galt1

Lgr4

Mapt

Arhgef19

Dstn

Cd9

Gpr161

Six1

Rnd1

Rack1

Mark3

P2y14

Trp63

Rnd2

Krtcap2

Fabp3

Efna1

Xab2

Rnd3

Gmfg

Fabp5

Efna2

Rps11

Cdc42ep1

Ebp41

Fam89b

S1pr2

Oog1

Cdc42ep4

Pfn1

Glrx3

S1pr5

Pkm

Arhgdia

Jup

Celsr2

Igf1r

Pkn2

Net1

Celsr3

Igf2r

Pkn3

Arhgap11a

Cd151

Gpr137b

Sphk1

Arhgap35

Celsr1

Gpr160

Sphk2

Ripor1

Als2

Gpr171

Ap2m1

Gpr172b

Snx5

Gpr19

Mesdc2

Gpr50

Pdzd3

Gprc5c

Sycn

Gprc5a

Spint1

Amhr2

Tagln2

Stub1

Table S2. List of transcription factors that are selected from ATAC-seq analysis for
the polarity regulators screen.
Transcription factor
Gata1
Gata3
Gata4
Tfap2c
Tead4
Pou5f1

Table S3. List of genes associated with actin regulation that show downregulation
upon the depletion of Tfap2c and/or Tead4.
Relative expression
in genetic
Relative expression in
background A
genetic background B
Epb4.1l5
0.193407383
0.240496776
Nck2
0.205169353
0.110920152
Arhgap42
0.135194377
0.227468161
Tagln2
0.00948158
0.298489185
Frmpd1
0.544863862
0.240496776
Amn
0.018159782
0.403686086
Diaph2 (low expression)
0.193407383
0.227468161
Cdc42ep3
0.135194377
0.227468161
Plet1
0.541571189
0.270116619
Arhgdib
0.135194377
0.227468161
Vav1
0.00948158
0
Cdc42ep1
0.135194377
0.227468161
Plekhg2
0.541571189
0.270116619
Tpm4
0.00948158
0.192164705
Anln
0.018159782
0.403686086
Frmd4b
0.544863862
0.240496776
Trip10
0.00948158
0.192164705
Tmsb10
0.00948158
0.192164705
Arhgef16
0.135194377
0.227468161
Fgfr2
0.544863862
0.240496776
Shroom3
0.541571189
0.295028955
Rassf8
0.541571189
0.295028955
Tbcd
0.00948158
0.192164705
Marcksl1
0.205169353
0.110920152
Marcks
0.205169353
0.110920152
Troap
0.00948158
0.192164705
Cdc42ep4
0.135194377
0.227468161
Arhgef19
0.135194377
0.227468161
Lcp1
0.544863862
0.110920152
Arpc1b
0.135194377
0.227468161

Table S4. Primer sequences for sgRNA, dsRNA preparation and for real-time qPCR
experiments.
Primer name
Sequence (5' to 3')
Tead4-BamHI-F

TTACGGATCCTATGACCTCCAACGAGTGGAG

Tead4-XbaI-R

ACGTTCTAGAGCAGAATTCGCCCTTTTCAC

EcoRI-Tfap2c-F

ACGTGAATTCCAGCGACATGGGAGGAGG

BamHI-Tfap2C-R

ACGTGGATCCCCTCCTTGCAGCCATTTTACTTCC

dsGFP-F

GAATTAATACGACTCACTATAGGGAGAACGTAAACGGCCA

dsGFP-R

CAAGTTCAGC
GAATTAATACGACTCACTATAGGGAGAGGGTGTTCTGCTG

dsTfap2c_F

GTAGTGGTCG
ACGTTAATACGACTCACTATAGGGCCACGTCACTCTCCTCA

dsTfap2c_R

CG
ACGTTAATACGACTCACTATAGGGTATCGATGGCGATTAGA

dsTead4-F

GCC
ACGTTAATACGACTCACTATAGGGTGTTGGAGTTCTCGGCT

dsTead4-R

TTC
TAATACGACTCACTATAGGGTAATCATGTTCTCCGGGCTC

Tfap2c-gRNA1-F

TAATACGACTCACTATAGCGCCGACCATTACTCGCATC

Tfap2c-gRNA1-R

TTCTAGCTCTAAAACCCAGATGCGAGTAATGGTC

Tfap2c-gRNA2-F

TAATACGACTCACTATAGTGGTAAGGCGGCGGGAAGTA

Tfap2c-gRNA2-R

TTCTAGCTCTAAAACCCTTACTTCCCGCCGCCTT

Tfap2c-gRNA3-F

TAATACGACTCACTATAGGCGCCGCCTCTCTCGCACAC

Tfap2c-gRNA3-R

TTCTAGCTCTAAAACCCGGTGTGCGAGAGAGGCG

Tead4-gRNA1-F

TAATACGACTCACTATAGGATAATTTTGCGGCGGCCGC

Tead4-gRNA1-R

TTCTAGCTCTAAAACCCTGCGGCCGCCGCAAAAT

Tead4-gRNA2-F

TAATACGACTCACTATAGGTCGGGAGAGCTCCACTCGT

Tead4-gRNA2-R

TTCTAGCTCTAAAACCCAACGAGTGGAGCTCTCC

Tead4-gRNA4-F

TAATACGACTCACTATAGCGAAATTGAGCGAAGCTTCC

Tead4-gRNA4-R

TTCTAGCTCTAAAACCCTGGAAGCTTCGCTCAATT

ds-Als2-F

ACGTTAATACGACTCACTATAGGGGTGAGAGCAGTAACCG

ds-Als2-R

AGCC
ACGTTAATACGACTCACTATAGGGCCTCAAAGCCTGATCCA

ds-Amhr2-F

CAG
ACGTTAATACGACTCACTATAGGGCAGGAAGGAGGTCATG
CAGT

ds-Amhr2-R

ACGTTAATACGACTCACTATAGGGAGGGTACAGTTCCAGTA

ds-Ap2m1-F

CCAGC
ACGTTAATACGACTCACTATAGGGTTGATGACTGCACCTTC

ds-Ap2m1-R

CAC
ACGTTAATACGACTCACTATAGGGCATGCGCTTGATCTTCC

ds-Arhgap10-F

ATA
ACGTTAATACGACTCACTATAGGGTGCCTCCTTACGGGAAT

ds-Arhgap10-R

TTT
ACGTTAATACGACTCACTATAGGGTTCTGCTCCACTTGGAG

ds-Arhgap11a-F

GTC
ACGTTAATACGACTCACTATAGGGGCTTTTTAGGAAGTCGG

ds-Arhgap11a-R

GGT
ACGTTAATACGACTCACTATAGGGCAGGATAAAATCTGGCA

ds-Arhgap12-F

CTCG
ACGTTAATACGACTCACTATAGGGCCTCCTGGTGAAGAAG

ds-Arhgap12-R

ACCA
ACGTTAATACGACTCACTATAGGGTCAGGTCCAGGCTTAGG

ds-Arhgap19-F

TTG
ACGTTAATACGACTCACTATAGGGATTGGTGGTCAGCAACA

ds-Arhgap19-R

TCA
ACGTTAATACGACTCACTATAGGGTCGAACACTGTTGCCTG

ds-Arhgap1-F

GTA
ACGTTAATACGACTCACTATAGGGTACCTGAGTGAGCTGA

ds-Arhgap1-R

GCGA
ACGTTAATACGACTCACTATAGGGGGAAGATGCCCTCAGT

ds-Arhgap28-F

GGT
ACGTTAATACGACTCACTATAGGGCTGCTGCTGCTGAAGTC

ds-Arhgap28-R

AAG
ACGTTAATACGACTCACTATAGGGTGTCTTGGTAACTCCTG

ds-ARHGAP29-F

GCA
ACGTTAATACGACTCACTATAGGGCCTGAAGACAAGAAAC

ds-Arhgap29-F

ACCCA
ACGTTAATACGACTCACTATAGGGCCTGAAGACAAGAAAC

ds-ARHGAP29-

ACCCA
ACGTTAATACGACTCACTATAGGGTGTCTGTAAAAGCCCCA

F2
ds-ARHGAP29-R

AGC
ACGTTAATACGACTCACTATAGGGACTAATCGTGCCTGATT
GGAA

ds-Arhgap29-R

ACGTTAATACGACTCACTATAGGGACTAATCGTGCCTGATT

ds-ARHGAP29-

GGAA
ACGTTAATACGACTCACTATAGGGTTGGCAGTAAAATTGTT

R2
ds-Arhgap35-F

CCGT
ATGCTAATACGACTCACTATAGGGGCTCCCTGGAGGATTGT

ds-Arhgap35-R

GT
ATGCTAATACGACTCACTATAGGGATTCACATTGGACCTTG

ds-Arhgap5-F

CAG
ACGTTAATACGACTCACTATAGGGAGAGGGAACAAGAAAG

ds-Arhgap5-F2

GCCA
ACGTTAATACGACTCACTATAGGGAAGACCTTCAACCCAC

ds-Arhgap5-R

CAAC
ACGTTAATACGACTCACTATAGGGTCGAATGGGATCCGTCT

ds-Arhgap5-R2

ATC
ACGTTAATACGACTCACTATAGGGGCATGAAAGCGCTCTGT

ds-Arhgap8-F

TTT
ACGTTAATACGACTCACTATAGGGAATCAAGGTGAACTCAT

ds-Arhgap8-R

CCCC
ACGTTAATACGACTCACTATAGGGCGAGAATCTGCTCGTAG

ds-Arhgdia-F

GCT
ATGCTAATACGACTCACTATAGGGCAGAACAGGAACCCAC

ds-Arhgdia-R

TGCT
ATGCTAATACGACTCACTATAGGGCGGACACGATCTCTCTG

ds-Arhgdig-F

TTC
ATGCTAATACGACTCACTATAGGGGCTTGGTCAAGTACAAG

ds-Arhgdig-R

CAGG
ATGCTAATACGACTCACTATAGGGGTTCAGCCTGTCGTCAT

ds-Arhgef16-F

CAG
ACGTTAATACGACTCACTATAGGGGGAGGACATCAGCGAC

ds-Arhgef16-R

ATCT
ACGTTAATACGACTCACTATAGGGAGGCCGCTTCTCGATCT

ds-ArhGef19-F

C
ACGTTAATACGACTCACTATAGGGCTGGGGACTCAGGACA

ds-ArhGef19-R

AGC
ACGTTAATACGACTCACTATAGGGGACTCCTCTAGGCGAGC

ds-Arhgef3-F2

CA
ACGTTAATACGACTCACTATAGGGCCTTGATATTCCCCGGA
GC

ds-Arhgef3-R2

ACGTTAATACGACTCACTATAGGGAGCTCTCCATGACAACA

ds-Arpc3-F

CAGG
ACGTTAATACGACTCACTATAGGGTTCAAGGCCAATGTCTT

ds-Arpc3-R

CTTC
ACGTTAATACGACTCACTATAGGGTCACTCTGAGGGTCAA

ds-Arpc5-F

AAACC
ACGTTAATACGACTCACTATAGGGAGGTGGACTCGTGCCTA

ds-Arpc5-R

CG
ACGTTAATACGACTCACTATAGGGTCAAAACTCGAACAAT

ds-B4galt1-F

GGACC
ACGTTAATACGACTCACTATAGGGGTCTCTCCTCACAAGGT

ds-B4galt1-R

GGC
ACGTTAATACGACTCACTATAGGGCGAACTTGTCCATTGCA

ds-Cap1-F

ACA
ACGTTAATACGACTCACTATAGGGCCTCCTCCCCCAATCTC

ds-Cap1-R

TAC
ACGTTAATACGACTCACTATAGGGCTTCCAGTTCCAGCAGA

ds-Capzb-F

GC
ACGTTAATACGACTCACTATAGGGAGACCACGGTGGGCAA

ds-Capzb-R

GGATTACCTTT
ACGTTAATACGACTCACTATAGGGAGACCACCCTCCACCA

ds-Ccdc43-F

GGTCGTTCTTA
ACGTTAATACGACTCACTATAGGGGTGGAGCGATGGTCAG

ds-Ccdc43-R

AAA
ACGTTAATACGACTCACTATAGGGTGTTTCGGAACAAGGTT

ds-CD151-F

CTGT
ACGTTAATACGACTCACTATAGGGCAAGCTGCAGCAAGAG

ds-CD151-F

TTCC
ACGTTAATACGACTCACTATAGGGAGTGTTCCAGCTTGAG

ds-Cdc42ep1-F

GCTT
ACGTTAATACGACTCACTATAGGGGATGCTGTGACAAGCCT

ds-Cdc42ep1-R

TCC
ACGTTAATACGACTCACTATAGGGCATCAGCAAACTCAAA

ds-Cdc42ep4-F

GGCA
ACGTTAATACGACTCACTATAGGGCTGACCCACTCCTTGAC

ds-Cdc42ep4-R

GA
ACGTTAATACGACTCACTATAGGGCCATCCGTCATCCTCCA

ds-Celsr1-F

C
TAATACGACTCACTATAGGGGGTATCCACAGTGTCACCGC

ds-Celsr1-R

TAATACGACTCACTATAGGGGTCGTTCTGGATGTTGAAGAC

ds-Celsr2-F

A
TAATACGACTCACTATAGGGGTCCACAGTGTGACAGCCC

ds-Celsr2-R

TAATACGACTCACTATAGGGCTGGGGCATCAGTATCCCT

ds-Celsr3-F

TAATACGACTCACTATAGGGGCCCCTGAGCAACCAAAC

ds-Celsr3-R

TAATACGACTCACTATAGGGCTGAAGGGTGAGGAGAGCTG

ds-Cfl1-F

ACGTTAATACGACTCACTATAGGGGGACAAGAAGAACATC

ds-Cfl1-R

ATCCTGG
ACGTTAATACGACTCACTATAGGGGGTGGCTCACAAAGGC

ds-Cttn-F

TTG
ACGTTAATACGACTCACTATAGGGGTGCAAGCTGACCGTGT

ds-Cttn-R

AGA
ACGTTAATACGACTCACTATAGGGGGCACACTTGTCCTGTC

ds-Dlg5-F

TGT
ACGTTAATACGACTCACTATAGGGCAGAGGTCCAGGCGCA

ds-Dlg5-R

TA
ACGTTAATACGACTCACTATAGGGGCATATCCACCAGCCCA

ds-Dstn-F

TAG
ACGTTAATACGACTCACTATAGGGGTGTCATTTTCTGTCTC

ds-Dstn-R

AGTGC
ACGTTAATACGACTCACTATAGGGGCACCTAGCTTTTCAGC

ds-Epb41-F

AATACAG
ACGTTAATACGACTCACTATAGGGCCCAGATTCTGAAACG

ds-Epb41-R

AAGG
ACGTTAATACGACTCACTATAGGGGCTGTCCCACAGGGCTA

ds-Esrrb-F

AAC
ACGTTAATACGACTCACTATAGGGGAGGACTCCGCCATCA

ds-Esrrb-R

AAT
ACGTTAATACGACTCACTATAGGGCTTTTTAGCAGGTGGGG

ds-Fabp3-F

AAA
ACGTTAATACGACTCACTATAGGGCGGTACCTGGAAGCTA

ds-Fabp3-R

GTGG
ACGTTAATACGACTCACTATAGGGGAGTCAGGATGAGTTTC

ds-Fabp5-F

CCG
ACGTTAATACGACTCACTATAGGGCAAAACCGAGAGCACA

ds-Fabp5-R

GTGA
ACGTTAATACGACTCACTATAGGGTTTGACCGCTCACTGAA
TTG

ds-Fam89b-F

ACGTTAATACGACTCACTATAGGGGGCCTTCTTAACGCTAG

ds-Fam89b-R

TGG
ACGTTAATACGACTCACTATAGGGGAGGCTCCTCGTCATCA

ds-Gabpa-F

GAC
ACGTTAATACGACTCACTATAGGGTGCAGTGTTCTTTGGAT

ds-Gabpa-R

GCT
ACGTTAATACGACTCACTATAGGGCCGAAATGTTGAGTGTG

ds-Gata1-F

GTG
ACGTTAATACGACTCACTATAGGGTATGCTAGCTGGGCCTA

ds-Gata1-R

TGG
AGCTTAATACGACTCACTATAGGGTGCTGACAATCATTCGC

ds-Gata3-F

TTC
ACGTTAATACGACTCACTATAGGGGCCACTCCAGTCCTCAT

ds-Gata3-R

CTC
ACGTACGTTAATACGACTCACTATAGGGCGCAGTTCACACA

ds-Gata4-F

CTCCCT
ACGTTAATACGACTCACTATAGGGGCTCCTACTCCAGCCCC

ds-Gata4-R

TAC
ACGTTAATACGACTCACTATAGGGGCCGCAGGCATTACATA

ds-GFP-F

CAG
GAATTAATACGACTCACTATAGGGAGAACGTAAACGGCCA

ds-GFP-R

CAAGTTCAGC
GAATTAATACGACTCACTATAGGGAGAGGGTGTTCTGCTG

ds-Glrx3-F

GTAGTGGTCG
ACGTTAATACGACTCACTATAGGGGATAGGTGGGCCAATTA

ds-Glrx3-R

GAG
ACGTTAATACGACTCACTATAGGGGGAAGCATCAGAAGAG

ds-Gmfg-F

CTGG
ACGTTAATACGACTCACTATAGGGTTGAGGAAATTTCGTTT

ds-Gmfg-R

CCG
ACGTTAATACGACTCACTATAGGGCACCAGCCTGTTTTTAC

ds-GPR137b-F

TTCC
ACGTTAATACGACTCACTATAGGGCTGGCTGCTCTACTGCT

ds-GPR137b-R

TCC
ACGTTAATACGACTCACTATAGGGCACACTGATGAGCCCTT

ds-Gpr160-F

TGA
ACGTTAATACGACTCACTATAGGGTATGGCTTCTTGCATTAC
CCA

ds-Gpr160-F2

ACGTTAATACGACTCACTATAGGGCTTCTCACTCGCACTTG

ds-Gpr160-R

TCG
ACGTTAATACGACTCACTATAGGGTCTGAGTGCTGACATAG

ds-Gpr160-R2

GCG
ACGTTAATACGACTCACTATAGGGCGGGTCAACCAAAACG

ds-Gpr161-F

TAAG
ACGTTAATACGACTCACTATAGGGGCCTTCATGGTCACCTG

ds-Gpr161-F2

G
ACGTTAATACGACTCACTATAGGGGCCTTCATGGTCACCTG

ds-Gpr161-R

G
ACGTTAATACGACTCACTATAGGGGTGAGATGTGGGGACA

ds-Gpr161-R2

GACC
ACGTTAATACGACTCACTATAGGGCTGTGATCCTGTTGGAA

ds-Gpr171-F

ATGC
ACGTTAATACGACTCACTATAGGGTCTTAGCCTTTGTCAGC

ds-Gpr171-R

ATCG
ACGTTAATACGACTCACTATAGGGGTCTGATTGCAAGGAA

ds-Gpr172b-F

GTTGG
ACGTATGGCTAGCATGACTGGTGGACAGCAAATGGGTGCT

ds-Gpr172b-F2

CCTGCCCTGTGTGCTAG
ACGTTAATACGACTCACTATAGGGGTGCCTGTCTACTGGGC

ds-Gpr172b-R

CT
ACGTATGGCTAGCATGACTGGTGGACAGCAAATGGGTGCT

ds-Gpr172b-R2

GCAAAGGTGAGGCCTCTTC
ACGTTAATACGACTCACTATAGGGAGGGACTTAAGGCTGC

ds-Gpr19-F

CAGT
ACGTTAATACGACTCACTATAGGGGGTCCGCTACTTCCAGT

ds-Gpr19-R

ACCT
ACGTTAATACGACTCACTATAGGGTCCGTGCCTATTCTCCA

ds-Gpr50-F

GAT
ACGTTAATACGACTCACTATAGGGATCCTGTTCATCTCTCA

ds-Gpr50-F2

CCTCA
ACGTTAATACGACTCACTATAGGGCTGCCAAAGCCCGACT

ds-Gpr50-R

AC
ACGTTAATACGACTCACTATAGGGGTGGATAGAGGCAGGT

ds-Gpr50-R2

TTGC
ACGTTAATACGACTCACTATAGGGCAGATAGATGCAAGTGT
TGCG

ds-Gprc5a-F

ACGTTAATACGACTCACTATAGGGTTCTGAGCTGCCTGCTC

ds-Gprc5a-R

CT
ACGTTAATACGACTCACTATAGGGACCAAGGCTGTGCTGA

ds-Gprc5c-F

GAAT
ACGTTAATACGACTCACTATAGGGCTCACCCTTGTGGAGGT

ds-Gprc5c-R

CAT
ACGTTAATACGACTCACTATAGGGAAGAGGACAAAGGTCC

ds-Hand1-F

AGGC
ACGTTAATACGACTCACTATAGGGCTGCCCCAGATTTCCCT

ds-Hand1-R

G
ACGTTAATACGACTCACTATAGGGAGCACGTCCATCAAGTA

ds-Igf1r-F

GGC
ACGTTAATACGACTCACTATAGGGGGAGAGACGTCATGCA

ds-Igf1r-R

AGTG
ACGTTAATACGACTCACTATAGGGGCATGGTTCTCGCAAAG

ds-Igf2r-F

AC
ACGTTAATACGACTCACTATAGGGCCTGCATGGTGTCAGAA

ds-Igf2r-R

GAC
ACGTTAATACGACTCACTATAGGGCTGGCAGTTGTCTCCTT

ds-Itgae-F

CCT
ACGTTAATACGACTCACTATAGGGCCCTGGACCACTACAA

ds-Itgae-R

GGAA
ACGTTAATACGACTCACTATAGGGATTGAAGGCTGCGTGTC

ds-Jarid2-F1

TCT
ACGTTAATACGACTCACTATAGGGGAGATTTTTCTAGATTG

ds-Jarid2-F2

GAAAAGGGATAGAAG
ACGTTAATACGACTCACTATAGGGAGTTCAGCTGTCAACC

ds-Jarid2-R1

ACACAATCTC
ACGTTAATACGACTCACTATAGGGCCTTTTCCTCAAGGATG

ds-Jarid2-R2

CTATTGAAG
ACGTTAATACGACTCACTATAGGGGCTTTGGCCGATTCCTT

ds-Jup-F

TCCAAAC
ACGTTAATACGACTCACTATAGGGCACTTGACAAGCAACA

ds-Jup-F2

GTCCC
ACGTTAATACGACTCACTATAGGGGTCCTCACCTGTGCCAC

ds-Jup-R

G
ACGTTAATACGACTCACTATAGGGCTCTCAGGATGGCGTGG
AT

ds-Jup-R2

ACGTTAATACGACTCACTATAGGGGTTTGGCTGGTTGAGCA

ds-Krtcap2-F

GTT
ACGTTAATACGACTCACTATAGGGATGCAGATCTACAGCCG

ds-Krtcap2-R

CC
ACGTTAATACGACTCACTATAGGGAGTTTCTCTTCTTGCCC

ds-Lgr4-F

TTGC
ACGTTAATACGACTCACTATAGGGCTGCAAGGTAGCTGGG

ds-Lgr4-R

TCTC
ACGTTAATACGACTCACTATAGGGAATGGCCATCAATAAAA

ds-Llgl1-F

ATGC
ACGTTAATACGACTCACTATAGGGCACCAACTCGGGCTCT

ds-Llgl1-R

GT
ACGTTAATACGACTCACTATAGGGTGAATTGTTCCTCAGAT

ds-Llgl2-F

GCAA
ACGTTAATACGACTCACTATAGGGTGCTGGAGTTGAACGAT

ds-Llgl2-R

GAG
ACGTTAATACGACTCACTATAGGGTTGACAAAGACCTGCC

ds-Lpar1-F

GC
ACGTTAATACGACTCACTATAGGGCTCATTGACACCAGCCT

ds-Lpar1-R

GAC
ACGTTAATACGACTCACTATAGGGACAAAGGTCACCAGGT

ds-Lpar5-F

TGAAA
ACGTACGTTAATACGACTCACTATAGGGCCAGATGAACATG

ds-Lpar5-R

TACGGCA
ACGTTAATACGACTCACTATAGGGAGCCTGCCCTTCCACAG

ds-Lpar6-F

TT
ACGTTAATACGACTCACTATAGGGACAGTGATGGGAGGAA

ds-Lpar6-F2

GTGC
TAATACGACTCACTATAGGGTCGCTCATGAGGACACAGAC

ds-Lpar6-R

ATCGTAATACGACTCACTATAGGGAAACAGAAGATGACCA

ds-Lpar6-R2

AGTGGA
TAATACGACTCACTATAGGGGGAGCCGGAGAGATAGTTCC

ds-Lrg1-F

ACGTTAATACGACTCACTATAGGGAGCTGAGTTCGCTGCCC

ds-Lrg1-R

T
ACGTTAATACGACTCACTATAGGGTCCAACATATCCAGGTG

ds-Mapt-F

CTG
ACGTTAATACGACTCACTATAGGGTGACGAGAAGAAAGCC
AAGG

ds-Mapt-R

ACGTTAATACGACTCACTATAGGGGGACCACTGCCACCTTC

ds-Marcks-F

TT
ACGTTAATACGACTCACTATAGGGCGAAAAGGATGAGGCT

ds-Marcksl1-F

GC
ACGTTAATACGACTCACTATAGGGGCGTGAGAAGCAATGG

ds-Marcksl1-F2

AGACTTAAC
ACGTTAATACGACTCACTATAGGGGGCAGCCAGAGCTCTA

ds-Marcksl1-R

AGG
ACGTTAATACGACTCACTATAGGGGCATCTCGCCCTGCTCC

ds-Marcksl1-R2

TG
ACGTTAATACGACTCACTATAGGGTGCTCCTGCTCTTCCTC

ds-Marcks-R

TGT
ACGTTAATACGACTCACTATAGGGCTTCTTGAAGGAGAAG

ds-Mark3-F

CCGCTC
ACGTTAATACGACTCACTATAGGGAACTCCAGTTGCTTCAA

ds-Mark3-R

CCC
ACGTTAATACGACTCACTATAGGGATCATGTCACTGGGGTC

ds-Mesdc2-F

CAT
ACGTTAATACGACTCACTATAGGGTCCAGAACACAAGAGA

ds-Mesdc2-R

CCCTC
ACGTTAATACGACTCACTATAGGGATAGCTCCCATCCCGGA

ds-Mybpc2-F

G
ACGTTAATACGACTCACTATAGGGGGTACTTGATGGAGCGG

ds-Mybpc2-R

AAG
ACGTTAATACGACTCACTATAGGGACCAATCCGATCTGGAG

ds-Net1-F

GT
ACGTTAATACGACTCACTATAGGGAAATGAGCGCCACTTGT

ds-Net1-R

ACC
ACGTTAATACGACTCACTATAGGGCACTCTTCGTGGAGGTC

ds-Oog1-F

TGG
ATGCTAATACGACTCACTATAGGGTGAGCCTCTTGGTTTTC

ds-Oog1-R

TCC
ATGCTAATACGACTCACTATAGGGACATTGGGTATGCCGAT

ds-P2ry14-F

CAT
ACGTTAATACGACTCACTATAGGGATCGTGTTCTTTGGGCT

ds-P2ry14-R

CAT
ACGTTAATACGACTCACTATAGGGCGAGCACGATGCTGAA
GATA

ds-Pdzd3-F

ACGTTAATACGACTCACTATAGGGCCGACTTGGGCAGTTCT

ds-Pdzd3-R

TGT
ACGTTAATACGACTCACTATAGGAGCAGCAATCTCAGTGTT

ds-Pfn1-F

CTCC
ACGTTAATACGACTCACTATAGGGCGTAGGCTACAAGGAC

ds-Pfn1-R

TCGC
ACGTTAATACGACTCACTATAGGGATGAGGTCAGTACTGGG

ds-Pkm-F

AACG
ATGCTAATACGACTCACTATAGGGAGACCATCAAGAATGTC

ds-Pkm-R

CGTG
ATGCTAATACGACTCACTATAGGGCAAACACCATGTCCACA

ds-Pkn2-F

TCC
ACGTTAATACGACTCACTATAGGGGGTCAAACTAGCTGGA

ds-Pkn2-R

AACCC
ACGTTAATACGACTCACTATAGGGTGTTTTGCCTTGTTGTT

ds-Pkn3-F

TTGA
ACGTTAATACGACTCACTATAGGGGCAGCCTTATCCACAAG

ds-Pkn3-R

GAA
ACGTTAATACGACTCACTATAGGGGCAGACAGGCAAGGAG

ds-Plekhf1-F

AGAG
ACGTTAATACGACTCACTATAGGGGCCACATCGAAGAGTG

ds-Plekhf1-R

TGTG
ACGTTAATACGACTCACTATAGGGACTGGATGCACCACAG

ds-Plekhg2-F

ACAG
ACGTTAATACGACTCACTATAGGGCTTAGAGGAGGCAGCA

ds-Plekhg2-R

CCAG
ACGTTAATACGACTCACTATAGGGACAGACTCCTGGGTGC

ds-Pou5f1-F

AGTT
ACGTTAATACGACTCACTATAGGGGTTGGAGAAGGTGGAA

ds-Pou5f1-R

CCAA
ACGTTAATACGACTCACTATAGGGCCACATCCTTCTCTAGC

ds-Ppp1ca-F

CCA
ACGTTAATACGACTCACTATAGGGGGGGCCTGTCTCCAGA

ds-Ppp1ca-R

CTT
ACGTTAATACGACTCACTATAGGGCTCCACAGTAGTTGGGA

ds-Psap-F

GCTG
ACGTTAATACGACTCACTATAGGGGCCACCGAGACCATTAA
GAA

ds-Psap-R

ACGTTAATACGACTCACTATAGGGCGATCACACCGCACAG

ds-Psen1-F

AG
ACGTTAATACGACTCACTATAGGGCATCCACTGGAAAGGC

ds-Psen1-R

CC
ACGTTAATACGACTCACTATAGGGTCACCAACCACACCATT

ds-Ptpn18-F

GTT
ACGTTAATACGACTCACTATAGGGAAGGAAGCCTTCTCCCT

ds-Ptpn18-R

CAG
ACGTTAATACGACTCACTATAGGGTCCAGTCTGTGCTCCAT

ds-Rack1-F

CTG
ACGTTAATACGACTCACTATAGGGCCGGCAGATTGTCTCTG

ds-Rack1-R

G
ACGTTAATACGACTCACTATAGGGCTCCAGAAGCACAGAG

ds-Rbpj-F

GGAT
ACGTTAATACGACTCACTATAGGGACAAGAGTCTCAACCC

ds-Rbpj-R

TGTGC
ACGTTAATACGACTCACTATAGGGCGTGGAAATTCCCTCCT

ds-Ripor1-F

TCT
ACGTTAATACGACTCACTATAGGGCTCTCCCCTCACCTCCA

ds-Ripor1-R

CAG
ACGTTAATACGACTCACTATAGGGACAGCACCGGTGGTATG

ds-Rnd1-F

AGT
ACGTTAATACGACTCACTATAGGGCGAAAGACTGCTATCCC

ds-Rnd1-R

GAG
ACGTTAATACGACTCACTATAGGGTGTCTTGCAGCCAATAA

ds-Rnd2-F

GCA
ACGTTAATACGACTCACTATAGGGAGAGACTCAGGAGTTT

ds-Rnd2-R

TGCCC
ACGTTAATACGACTCACTATAGGGGTACGACGTAGCTGCCT

ds-Rnd3-F

ATGG
ACGTTAATACGACTCACTATAGGGCAAGGACTGCTTCCCA

ds-Rnd3-R

GAAA
ACGTTAATACGACTCACTATAGGGCGCAGATCAGACTTGC

ds-Rps11-F

AGC
ACGTTAATACGACTCACTATAGGGTCGGTCTAGGCTTCAAG

ds-Rps11-R

ACG
ACGTTAATACGACTCACTATAGGGACGCTTCTCAAAGCGAT
TGT

ds-S1pr2-F

ACGTTAATACGACTCACTATAGGGGCTGATTCTGGGTGGCT

ds-S1pr2-F3

TG
ACGTTAATACGACTCACTATAGGGGGGTGTCAGCATTCTGT

ds-S1pr2-R

CTG
ACGTTAATACGACTCACTATAGGGCAGCCAGCAGATGATG

ds-S1pr2-R3

AAAA
ACGTTAATACGACTCACTATAGGGTTTCCTTTCCCCGAATAT

ds-S1pr3-F

GA
ACGTTAATACGACTCACTATAGGGCCAACAGTGTGGTTCCT

ds-S1pr3-R

CAG
ACGTTAATACGACTCACTATAGGGCGCATACAAGATGACGA

ds-Sfn-F

TGG
ACGTTAATACGACTCACTATAGGGAGAGACCGAGCTCAGA

ds-Sfn-R

GGTG
ACGTTAATACGACTCACTATAGGGGACTGAAAAGTTCAGG

ds-Six1-F

GCCA
ACGTTAATACGACTCACTATAGGGGGCGAGGAGACCAGCT

ds-Six1-R

ACT
ACGTTAATACGACTCACTATAGGGAGCAGAAGGACCGAGT

ds-Slk-F

TCTG
ACGTTAATACGACTCACTATAGGGCAAGACCAGCAAACTG

ds-Slk-R

TGGA
ACGTTAATACGACTCACTATAGGGCTGTCCCCACCTCACTG

ds-Smpdl3a-F

C
ACGTTAATACGACTCACTATAGGGCTCCCTTATGCAACTGA

ds-Smpdl3a-R

CACC
ACGTTAATACGACTCACTATAGGGCACCATGTCCAGCAATG

ds-Snx5-F

TGT
ACGTTAATACGACTCACTATAGGGCAAGGAGATGTTTGGA

ds-Snx5-R

GGCT
ACGTTAATACGACTCACTATAGGGTGATGAGACTCGACCTT

ds-Spint1-F

CCAC
ACGTTAATACGACTCACTATAGGGTCCCACGCTGGTACTAC

ds-Spint1-R

GAC
ACGTTAATACGACTCACTATAGGGCAAAGCCGCTGGTGTAT

ds-Stub1-F

TTT
ACGTTAATACGACTCACTATAGGGACCAGGAGAGTGAGCT
GCAT

ds-Stub1-R

ACGTTAATACGACTCACTATAGGGCTGGGTGTAATGCAGGG

ds-Sycn-F

TTC
ACGTTAATACGACTCACTATAGGGCGCAGACCTGAAGAAG

ds-Sycn-R

TCAG
ACGTTAATACGACTCACTATAGGGGGTACTCTTCCAGGCGA

ds-Tagln2-F

GG
ACGTTAATACGACTCACTATAGGGCACTGTATCCTGAGGGG

ds-Tagln2-R

CAG
ACGTTAATACGACTCACTATAGGGATCTGCAACCCAATCAC

ds-Taxbr2-F

GTT
ACGTTAATACGACTCACTATAGGGAGCTATGGTGTTCTTCG

ds-Taxbr2-R

GGC
ACGTTAATACGACTCACTATAGGGCCCAGGAGTGCGAATAT

ds-Tdgf1-F

GAG
ACGTTAATACGACTCACTATAGGGGTACGCGATCGGTCTTT

ds-Tdgf1-R

CC
ACGTTAATACGACTCACTATAGGGGAGGAAGACAGTGGAG

ds-Tead4-F

CTGG
ACGTTAATACGACTCACTATAGGGTGTTGGAGTTCTCGGCT

ds-Tead4-R

TTC
TAATACGACTCACTATAGGGTAATCATGTTCTCCGGGCTC

ds-Tfap2c-F

ACGTTAATACGACTCACTATAGGGCCACGTCACTCTCCTCA

ds-Tfap2c-R

CG
ACGTTAATACGACTCACTATAGGGTATCGATGGCGATTAGA

ds-Tm4sf1-F

GCC
TAATACGACTCACTATAGGGTCCTCTGGGTCCTCTCTCCT

ds-Tm4sf1-R

TAATACGACTCACTATAGGGGAGGTTCTGCTTTCCCACAG

ds-Tmem92-F

ACGTTAATACGACTCACTATAGGGTCTTAAACTGCCCCAAA

ds-Tmem92-R

GGA
ACGTTAATACGACTCACTATAGGGACAAAAGGGGAGGGGT

ds-Trp63-F

CTTA
ACGTTAATACGACTCACTATAGGGCTGCCAGATTGCGAAG

ds-Trp63-R

ACAT
ACGTTAATACGACTCACTATAGGGATTCAGTGCCAACCTGT

ds-Vangl1-F

GGT
TAATACGACTCACTATAGGGATTGCCAGGATTAGCAAGGA

ds-Vangl1-R

TAATACGACTCACTATAGGGATTGCCAGGATTAGCAAGGA

ds-Vangl2-F

TAATACGACTCACTATAGGGGATGACAACTGGGGAGAAAC

ds-Vangl2-R

A
TAATACGACTCACTATAGGGAACAGCAGGATGAGCAGCTT

ds-Wdr83-F

ACGTTAATACGACTCACTATAGGGGACACAGGGGAGCTGC

ds-Wdr83-R

TG
ACGTTAATACGACTCACTATAGGGCATCAGCAAACTCAAA

ds-Xab2-F2

GGCA
ACGTTAATACGACTCACTATAGGGTACCGATATCTGAAGGC

ds-Xab2-R2

ACG
ACGTTAATACGACTCACTATAGGGAGCGCAGGAAACGTAG

ds-Ywhab-F

ATACA
ACGTTAATACGACTCACTATAGGGGAGGAATGAGAAGAAG

ds-Ywhab-R

CAGCA
ACGTTAATACGACTCACTATAGGGTTCAAATGCTTCTTGGT

ds-Ywhae-F

AAGCC
ACGTTAATACGACTCACTATAGGGTGAAAGGGGACTACCA

ds-Ywhae-R

CAGG
ACGTTAATACGACTCACTATAGGGAGCTTTCTTCACTCAGC

ds-Ywhah-F

GTGT
ACGTTAATACGACTCACTATAGGGTACTACCGCTACCTGGC

ds-Ywhah-R

AGA
ACGTTAATACGACTCACTATAGGGTGCTTCTTCATCCTGCT

ds-Ywhaq-F

GGT
ACGTTAATACGACTCACTATAGGGAGAAGGAGATGCAGCC

ds-Ywhaq-R

TACG
ACGTTAATACGACTCACTATAGGGTTCTTGAGGGGAAGGA

ds-Zfp281-F

GGTT
ACGTTAATACGACTCACTATAGGGAGTCAGTCATTCAGTCT

ds-Zfp281-R

GCAG
ACGTTAATACGACTCACTATAGGGCATTAGTGGATTTTTCG

ds-Zfp740-F

AAAGCCTG
ACGTTAATACGACTCACTATAGGGAAAGGGCCACCGAAAA

ds-Zfp740-R

GAC
ACGTTAATACGACTCACTATAGGGACTGTGTACCCGCTTGT
GG

Tfap2c-gRNA1-F

TAATACGACTCACTATAGCGCCGACCATTACTCGCATC

Tfap2c-gRNA1-R

TTCTAGCTCTAAAACCCAGATGCGAGTAATGGTC

Tfap2c-gRNA2-F

TAATACGACTCACTATAGTGGTAAGGCGGCGGGAAGTA

Tfap2c-gRNA2-R

TTCTAGCTCTAAAACCCTTACTTCCCGCCGCCTT

Tfap2c-gRNA3-F

TAATACGACTCACTATAGGCGCCGCCTCTCTCGCACAC

Tfap2c-gRNA3-R

TTCTAGCTCTAAAACCCGGTGTGCGAGAGAGGCG

Tead4-gRNA1-F

TAATACGACTCACTATAGGATAATTTTGCGGCGGCCGC

Tead4-gRNA1-R

TTCTAGCTCTAAAACCCTGCGGCCGCCGCAAAAT

Tead4-gRNA2-F

TAATACGACTCACTATAGGTCGGGAGAGCTCCACTCGT

Tead4-gRNA2-R

TTCTAGCTCTAAAACCCAACGAGTGGAGCTCTCC

Tead4-gRNA4-F

TAATACGACTCACTATAGCGAAATTGAGCGAAGCTTCC

Tead4-gRNA4-R

TTCTAGCTCTAAAACCCTGGAAGCTTCGCTCAATT

Captions for Movie S1-S15:
Movie S1. Time-lapse imaging of control sister cell and resected sister cell expressing
Ezrin-RFP developing from 4-cell stage to blastocyst stage from experiment illustrated
in Figure 1e. Scale bars, 15µm. Time interval, 1 h. Arrows indicate the apical domains.
Movie S2. Time-lapse imaging of control sister pair or resected sister pair expressing
Ezrin-RFP developing from 4-cell stage to blastocyst stage from experiment illustrated
in Supplementary Fig. 4a. Scale bars, 15µm. Time interval, 1 h1. Arrows indicate the
apical domains.
Movie S3. Time-lapse imaging of the natural apical domains formation process in a
control embryo expressing Ezrin-RFP during the 4- to 8-cell stage development. Scale
bar, 15µm. Time interval, 22min.
Movie S4. Time-lapse imaging of the membrane protrusions formation induced by
Tead4 and Tfpa2c overexpression at the late 4-cell stage. Scale bar, 15µm. Time
interval, 22min. Arrows indicate the membrane protrusions.
Movie S5. Time-lapse imaging of the membrane disorganization induced by RhoAQ63L overexpression at the late 4-cell stage. Scale bar, 15µm. Time interval, 22min.
Movie S6. Time-lapse imaging of the apical domains formation induced by Tead4,
Tfap2c and RhoA-Q63L overexpression. Scale bar, 15µm. Time interval, 22min.
Arrows indicate the apical domain.
Movie S7. Natural embryo injected with Ezrin-RFP mRNA in whole embryo, and
LifeAct-GFP mRNA in half of the embryo at the 2-cell stage, developing from 4- to late
morula stage. Both LifeAct-GFP injected or non-injected cells develop the apical
domain at the late 8-cell stage. Scale bar, 15µm. Time interval, 30min.
Movie S8. Embryo injected with Ezrin-RFP mRNA in whole embryo, and Tead4,
Tfap2c, RhoA-Q63L and LifeAct-GFP mRNA in half of the embryo, developing from 4to late morula stage. Tead4, Tfap2c, RhoA-Q63L and LifeAct-GFP mRNA injected
cells establish the apical domains at the late 4-cell stage, whereas non-injected cells

develop the apical domain at the late 8-cell stage. Scale bar, 15µm. Time interval, 30
min.
Movie S9. Gata3-GFP transgenic embryo injected with Ezrin-RFP mRNA in half of
the embryos developing from 8- to the blastocyst stage. Gata3-GFP signal appears
from the 16-cell stage in the control embryo. Scale bar, 15µm. Time interval, 30min.
Movie S10.

Gata3-GFP transgenic embryo injected with Ezrin-RFP and Tead4,

Tfap2c and RhoA-Q63L mRNA in half of the embryos developing from 8- to the
blastocyst stage. Gata3-GFP signal is upregulated at the late 8-cell stage in the
overexpressed cells of the embryo. Scale bar, 15µm. Time interval, 30min.
Movie S11. Natural embryo injected with Ezrin-RFP (whole embryo) and LifeAct-GFP
(half of the embryo) mRNA imaged from mid 8-cell stage to the late 8-cell stage. Scale
bar, 15µm. Time interval, 6min.
Movie S12. Natural embryo injected with Ezrin-RFP and LifeAct-GFP mRNA imaged
from mid 8-cell to late 8-cell stage with short time-interval to reveal Ezrin and Actin
dynamics. Scale bar, 15µm. Time interval, 1min.
Movie S13. Natural embryo injected with Ezrin-RFP and LifeAct-GFP mRNA imaged
at the mid 8-cell stage prior to the development of the apical domain. Scale bars, 15µm.
Time interval, 4s.
Movie S14. PIV analysis of the natural embryo injected with LifeAct-GFP mRNA
imaged at the mid 8-cell stage prior to the development of the apical domain.
Movie S15. Embryos injected with Ezrin-RFP and LifeAct-GFP mRNA were treated
with Blebbstatin and imaged at the mid 8-cell stage prior to the development of the
apical domain. Scale bars, 15µm. Time interval, 4s.
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