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SUMMARY

Physical forces generated by tissue-tissue interac-
tions are a critical component of embryogenesis, aid-
ing the formation of organs in a coordinated manner.
In this study, using Xenopus laevis embryos and
phosphoproteome analyses, we uncover the rapid
activation of the mitogen-activated protein (MAP) ki-
nase Erk2 upon stimulation with centrifugal,
compression, or stretching force. We demonstrate
that Erk2 induces the remodeling of cytoskeletal pro-
teins, including F-actin, an embryonic cadherin
C-cadherin, and the tight junction protein ZO-1. We
show these force-dependent changes to be prereq-
uisites for the enhancement of cellular junctions
and tissue stiffening during early embryogenesis.
Furthermore, Erk2 activation is FGFR1 dependent
while not requiring fibroblast growth factor (FGF)
ligands, suggesting that cell/tissue deformation trig-
gers receptor activation in the absence of ligands.
These findings establish previously unrecognized
functions for mechanical forces in embryogenesis
and reveal its underlying force-induced signaling
pathways.

INTRODUCTION

During the early development of animals, groups of differentiated

cells vigorously move within the embryo in an orchestrated

manner. Accordingly, tissue architectures are dramatically re-

modeled during organogenesis. In vivo, cells are attached to

each other through cell-cell interaction structures, such as adhe-

rens and tight junction proteins, and to extracellular substrates

through cell-substrate interaction molecules, such as integrin

and fibronectin (Ramos et al., 1996; Winklbauer, 2012).

Therefore, the status or morphogenesis of one population of
Cell R
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cells influences the behavior of their neighboring cells. Such in-

fluences are thought to be initially mediated physically rather

than chemically, as mechanical cues are transmitted at the inter-

face of tissues. One example is the gastrulation cell movement.

In the Xenopus embryo, convergent extension (CE) and conver-

gent thickening of the mesoderm generate forces for involution

and blastopore closure during gastrulation (Shook et al., 2018;

Zhou et al., 2015). The leading-edge cells of involuted meso-

derms actively migrate toward the future anterior side of the

embryo and physically pull the following axial mesoderm cells,

which are less migratory. This movement establishes the proper

final topology of the three germ layer—namely, the ectoderm,

mesoderm, and endoderm—to shape the embryo (Davidson

et al., 2002). Pulling forces are also essential for normal CE

movements in notochord morphogenesis (Hara et al., 2013).

Furthermore, the physical interaction of the leading-edge cells

with the following cells is required for the former cells to acquire

the polarity information for anterior migration (Weber et al.,

2012). A recent study revealed that the elongating notochord

along the anterior-posterior axis in CE physically pushes the pos-

terior domain of the axial mesoderm, which serves as a reservoir

of progenitor cells of presomitic mesoderms (Xiong et al., 2018).

In mouse embryogenesis, external mechanical forces exerted by

the interaction between the embryo and the maternal uterine tis-

sues are critical for establishing the anterior-posterior axis; they

directly control the location of the distal visceral endoderm (DVE

formation) at the distal tip (Hiramatsu et al., 2013). More recently,

it has been shown that luminal pressure, which is an internal

force during blastocyst development, increases cell cortical ten-

sion and tissue stiffness of the trophectoderm (Chan et al., 2019).

All of these findings suggest that physical force may be a key

driver for the morphogenesis of early embryos, although the

mechanisms underlying these phenomena remain poorly

understood.

To understand the contribution of physical forces to embryo-

genesis, it is essential to investigate how embryonic cells sense

such forces and how mechanical signals are transmitted and in-

terpreted by the cells. To address these questions, we previously
eports 30, 3875–3888, March 17, 2020 ª 2020 The Authors. 3875
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investigated the chemical response of embryos to physical force

exerted by centrifugation. Centrifugal force initially compresses

embryos, and as a consequence, it induces deformation of the

embryo from a spherical to a flattened shape. This deformation

leads to a drastic change in the phosphoproteomic profile (Ha-

shimoto et al., 2019), despite the fact that the centrifuged em-

bryo assumed its original morphology and developed without

displaying evident abnormalities. In the present study, we iden-

tified a pathway by which the force application impacts the

embryonic ectoderm, remodeling cell-cell junctions to increase

tissue integrity. We also compared centrifugal force to other

force applications, compression and stretching, and found that

these different types of force application result in similar

biochemical and cellular changes of the embryonic tissue.

A fundamental aspect of mechanoresponse is the ability of

cells to sense mechanical stresses and consequently trigger

cascades of chemical reactions. Given the known contribution

of phosphorylation to rapid signaling events, alterations in pro-

tein phosphorylation may represent some of the earliest chemi-

cal changes in response to mechanical stresses. In our previous

study, we used quantitativemass spectrometry to globally inves-

tigate force-induced phosphorylation changes in Xenopus laevis

embryos subjected to centrifugation and discovered several

functional classes of proteins that displayed rapid increases in

phosphorylation upon centrifugation (Hashimoto et al., 2019).

Here, we characterize Erk, a mitogen-activated protein kinase

(MAPK) family kinase that is activated through receptor tyrosine

kinases (RTKs), establishing it as an early target for mechanical

stress-dependent phosphorylation. Erk translocated from the

cytoplasm to the nucleus upon its phosphorylation. Furthermore,

we found that tissue stiffness was increased by the centrifugal

and other forces, most likely via the remodeling of actomyosin

during early development.

Erk kinases are known to be activated in cells upon stimulation

with various growth factors (Seger and Krebs, 1995). Among

these factors, FGFs (fibroblast growth factors) and their recep-

tor(s) play critical roles in cell differentiation and cell behaviors

during development. However, against our expectation that

FGF ligands would be involved in Erk activation, we found that

a ligand-independent activation of FGF receptor(s) is involved

in the mechanical-force-dependent Erk phosphorylation and its

subsequent nuclear translocation.
Figure 1. Mechanical Stress by Centrifugation Activates Erk2

(A) Schematic diagram of the force applied to embryos by centrifugation.

(B) Normal density curves of the ratio of phosphosites between centrifuged and co

the density curve in the total phosphosites and that in Erk2 substrates, respec

Whitney U test.

(C) Heatmap of the Erk2 substrates (phosphosites) used in (B).

(D) Phosphopeptides of Erk2 were quantified by phosphoproteomic analysis duri

(E) Western blot using anti-pErk1/2 and anti-Erk1/2 antibodies.

(F) The quantification of the pErk intensities examined as in (E). Three independe

(G) Immunofluorescence using anti-pErk and anti-total Erk1/2 antibodies. Cells i

(H) Embryos were treated with DMSO or the Mek inhibitor PD0325901 (25 mM). S

(I) Time course of Erk2 phosphorylation.

(J) The quantification of the pErk intensities in the nuclei examined as in (I). Scale

(K) Western blot using anti-pErk1/2 and anti-Erk1/2 antibodies.

(L) The quantification of the intensities of pErk and Erk examined as in (K). Data

See also Figure S1.
Altogether, our findings indicate that in addition to the

conventional ligand-dependent RTK pathways, previously

unrecognized mechanoresponse pathways help to regulate

cytoskeletal dynamics and maintain tissue integrity, including

during development.

RESULTS

Erk2 Is a Target of Force-Dependent Phosphorylation
Although it is increasingly recognized that mechanical stimuli

influence a variety of biological processes, it remains poorly un-

derstood how cells sense and respond to mechanical forces,

especially in whole organisms such as developing embryos. In

our previous work (Hashimoto et al., 2019), we established a

method for the phosphoproteome analysis of Xenopus laevis

embryos under the mechanical stress conditions (i.e., centrifu-

gation and compression). We briefly treated the embryos with

proteinase K to loosen the vitelline membrane so that embryos

can easily be deformed in response to mechanical force.

Importantly, the force-induced morphological changes were

reversible, as most of the embryos underwent normal gastrula-

tion (see Method Details).

Under our experimental conditions, we previously found that

the mechanical force by centrifugation (Figure 1A) increased

the phosphorylation levels of specific functional classes of pro-

teins (Hashimoto et al., 2019). Among these, we focused on

Erk2/MAPK1 substrates that had significantly elevated phos-

phorylated levels, suggesting that Erk2 is activated in response

to force (Figures 1B and 1C). A time-course analysis showed

that Erk2 phosphorylation (pErk) is induced rapidly, being phos-

phorylated after a 10-min centrifugation at a threonine (T188) and

tyrosine (Y190), which is then followed by a gradual decrease in

phosphorylation (Figure 1D). We confirmed these findings by

western blotting with antibodies against phosphorylated Erk2

(anti-pErk2), demonstrating that Erk2 phosphorylation was

increased by centrifugation in a force-dependent manner (Fig-

ures 1E and 1F). We showed that Erk2 phosphorylation occurred

in response to a force load as small as 303 g. These results indi-

cate that Erk2 is a sensitive target of the mechanical force

applied to Xenopus embryos.

To understand the dynamics of the pErk2 protein response to

mechanical force, we next used immunofluorescence
ntrol conditions from phosphoproteomic data. Blue and orange lines represent

tively. The p value represents statistical significance evaluated by the Mann-

ng the indicated times. Data are means ± SEM from three biological replicates.

nt experiments were quantified. Error bar: standard deviation (SD).

n the animal hemisphere were observed. Scale bar: 25 mm.

cale bar: 25 mm.

bar: 50 mm.

are mean from two independent experiments. Error bar: SD.
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microscopy to examine the change over time in the intracellular

localization of total Erk2 and pErk2 in Xenopus embryos. We

specifically monitored the outer surface (ectoderm) cells in the

animal hemisphere of intact embryos at stage (st.) 10.5. As

shown in Figure 1G, in the control embryo, the total Erk2 was

localized mainly to cytoplasmic puncta, and the pErk2 level

was very low. After centrifugation, pErk2 became evident in the

nucleus and at the plasma membrane, whereas most of the total

Erk2 remained in the cytoplasmic puncta. Treating the cells with

the Mek inhibitor PD0325901 markedly suppressed the pErk2

signals (Figure 1H), indicating that the centrifugation-induced

anti-pErk2 signals in the nucleus and plasma membrane de-

pended on the Mek activity.

We next examined the time course of Erk2 activation. Embryos

were centrifuged at 4503 g for different lengths of time, and then

Erk2 activation was assessed by immunofluorescence micro-

scopy. The pErk2 was detectable within a 3-min centrifugation

and peaked after 10 min (Figures 1I–1L). The nuclear localization

of pErk2 is likely attributed to Erk2 being fully activated upon its

phosphorylation (Chen et al., 1992). The accumulated pErk2

signal by centrifugation (450 3 g for 10 min) was rapidly

decreased within 15 to 20 min (Figures S1A–S1D).

Next, we tested whether the Erk2 activation required de novo

protein synthesis. As shown in Figures S1E and S1F, neither of

the protein synthesis inhibitors cycloheximide and anisomycin

affected the Erk2 activation at concentrations sufficient to block

the onset of gastrulation, suggesting that de novo protein syn-

thesis was not required for the Erk2 activation induced by centri-

fugation. These results indicated that the activation of Erk2 by

mechanical stress likely represents a rapid cellular response

that does not require transcription or translation.

Tissue Deformation Induces Erk2 Phosphorylation
Centrifugation of whole embryos induces a flattening of the

embryonic shape, causing abnormal contacts between the ecto-

derm and other tissues, such as the mesoderm and endoderm,

which secrete signaling molecules (e.g., embryonic FGF

[FGF4]) (Isaacs et al., 1992). Therefore, to exclude the possibility

that such signaling molecules may induce Erk2 activation, we

excised a part of the ectoderm (animal cap explant) and sub-

jected it to centrifugation. Animal cap explants were isolated at

st. 9, cultured until sibling embryos reached st. 10.5, and then

centrifuged. Even in this condition, the centrifuged explants

were flattened, and Erk2 became phosphorylated similarly to

intact embryos (Figure S1G), indicating that the mesoderm or

endoderm are dispensable and that the ectodermal tissue is suf-

ficient for this mechanoresponse.

As the mechanism of Erk2 activation, we postulated two pos-

sibilities. One possibility is via embryonic deformation, and the

other is via displacement of the nucleus or other organelles

induced by the direct gravitational force to the cells. In order to

test these possibilities, we used embryos with intact vitelline

membranes, instead of embryos treated with proteinase K, as

described above. The embryos with intact vitelline membrane

underwent little deformation, and the Erk2 activation was signif-

icantly attenuated (Figures S1H and S1I). This observation

indicates that tissue deformation, rather than gravitational force,

is the likely cause of the Erk2 activation.
3878 Cell Reports 30, 3875–3888, March 17, 2020
In addition to centrifugation, we applied a different type of

force—compression—to the embryos (Figure 2A) by using a

coverslip placed on top of st. 10.5 embryos for 5 min. The em-

bryos were deformed to approximately 50% and 30% of their

original heights, which was associated with a flattening and sur-

face area expansion of the embryos by 1.5- and 2.0-fold, respec-

tively. Similar to centrifugation, compression also induced Erk2

phosphorylation (Figures 2B and 2C), supporting our hypothesis

that tissue deformation induces Erk2 activation.

Furthermore, we also tested the application of stretching stim-

ulation to the embryonic tissue. Animal cap explants excised at

st. 9.5 (before gastrulation) were placed on a fibronectin-coated

silicone chamber and left to adhere to the substrate (Figure 2D,

left). When sibling embryos reached st. 10.5, the explants were

mechanically stretched by pulling the chamber until they elon-

gated to 1.5-fold and then kept in this state for 5min before relax-

ation (Figure 2D, right). Erk2 phosphorylation was markedly

induced in response to stretching. Altogether, we conclude that

activation of the Erk signaling pathway is a common response

to mechanical forces that cause cell/tissue deformation.

Erk2 Phosphorylation Induces the Remodeling of Cell
Junctions and Increases Tissue Stiffness
To investigate whether the mechanical force and Erk2 activation

affected the overall cytoskeletal organization, we examined

cross-sections of early gastrula embryos (st. 10.5) stained with

fluorescent phalloidin to visualize F-actin (Figure 3A), focusing

on the superficial layer of the animal hemisphere. In control em-

bryos, F-actin was concentrated in the basolateral region. In

contrast, in centrifuged embryos,more F-actin was accumulated

in the apical region, indicating that mechanical force induced

F-actin remodeling. In addition, the Mek inhibitor PD0325901

suppressed this apical accumulation, confirming that this F-actin

remodeling was regulated by Erk2 (Figures 3A and 3B). We also

found that C-cadherin, which was predominantly expressed in

earlyXenopus embryos, accumulated heavily at the cell junctions

along with F-actin (Figure 3C). ZO-1, an important component of

tight junctions, was also accumulated at tight junctions upon

centrifugation, as we noted in the previous study (Figure 3C;

also seeHashimotoet al. [2019]).Wealso confirmed the accumu-

lation of C-cadherin and ZO-1 at the cell junctions in the com-

pressed embryos (Figures S2A–S2C) and the accumulation of

ZO-1 in the stretched animal cap explants (FiguresS2DandS2E).

We speculated that the apical accumulation of F-actin and the

junctional enhancement would affect the tissue stiffness of the

embryonic surface. To test this possibility, wemeasured the stiff-

ness of the embryos by atomic force microscopy (AFM) (Fig-

ure 3D). The stiffness of three or four points of the animal pole

region in each embryo was measured, and Young’s modulus

at each point was calculated. This analysis showed that the

average stiffness of the centrifuged embryos was twice that of

the control embryos (Figure 3E). In addition, we found that this

increase in stiffness was inhibited by PD0325901, indicating

that the mechanical stress increased tissue stiffness through

Erk2 activity.

We further confirmed our finding that Erk2 inhibition

decreased tissue stiffness using another method (Figures 3F

and 3G). In this experiment, the embryos were treated with
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Figure 2. Mechanical Stress by Compres-

sion or Stretching Activates Erk2

(A) Schematic diagram of the force applied to

embryos by compression.

(B) Immunofluorescence using anti-pErk anti-

bodies. Cells in the animal hemisphere were

observed. Scale bar: 100 mm.

(C) Fluorescent intensity of cells that were com-

pressed for 5 min were quantified. n = 40�50 cells

from three independent embryos for each

condition. *p < 0.01.

(D) Schematic diagram of the force applied to

embryos by stretching. The stretched chamber

was kept for 5 min, and then the animal caps were

fixed for immunofluorescence.

(E) Immunofluorescence using anti-pErk anti-

bodies. Left panels: images of whole animal caps.

Scale bar: 100 mm. Right panels: images at the

cellular level from the apical side. Scale bar: 50 mm.

(F) Fluorescent intensity of three animal cap ex-

plants for each condition was quantified. *p < 0.01.
DMSO or PD0325901 and incubated in the culture medium

30 min prior to centrifugation. After centrifugation, the defor-

mation of the embryos was quantified as the embryonic area

when viewed from above. As shown in Figure 3G, the area

of each embryo was increased as the centrifugation time

increased. In the presence of PD0325901, the areas of the

embryos were larger than those of controls, suggesting that

the Mek/Erk2 pathway normally confers embryonic rigidity.

Taken together, these results demonstrated that Xenopus

embryos altered their actin cytoskeletal network and cell junc-

tions to increase their surface stiffness in response to the me-

chanical force, and these reactions were regulated by the Erk2

signaling pathway.

FGF Receptor Plays an Essential Role in Mechanical-
Force-Induced Erk2 Activation
To investigate how Erk2 is activated by mechanical force, we

treated embryos with several kinase inhibitors and tested

whether these treatments affected the mechanical-force-
Cell Rep
induced Erk2 activation. Among the

tested inhibitors, we found that a broad-

spectrum tyrosine kinase inhibitor, AG18

(Levitzki and Gazit, 1995), effectively

reduced the Erk2 activation (Figure 4A).

This finding suggested that protein tyro-

sine kinases (PTKs) might be involved in

the Erk2 activation. It is well known that

PTKs activate the Ras/Raf/Mek/Erk2

signaling pathway through Grb2/Sos

(Clark et al., 1992). We therefore con-

structed a dominant-negative Grb2,

which only contained the SH2 domain

(Grb2-SH2), and expressed it in Xenopus

embryos with membrane-tethered

GFP (mGFP) as a lineage tracer in a

mosaic manner. This construct was previ-

ously shown to block endogenous Grb2
and to compromise Erk2 activities (Gupta and Mayer, 1998).

The treated embryos were centrifuged at the early gastrula stage

(st. 10.5), followed by immunofluorescence microscopy with

anti-pErk1/2 antibodies. As shown in Figure 4B, the Grb2-SH2-

expressing cells had much lower nuclear Erk2 phosphorylation

than did the control cells. These results indicated that upstream

PTKs may activate the Mek/Erk pathway.

One of the well-characterized PTKs expressed during Xen-

opus embryogenesis is FGF receptor 1 (FGFR1). We therefore

treated embryos with specific FGFR inhibitors, BGJ398 and

SU5402 (Guagnano et al., 2011; Mohammadi et al., 1997),

and found that they also suppressed the centrifugation-

induced Erk2 activation (Figures 4C and 4D). Furthermore,

we sought to inhibit FGFR1 tyrosine kinase by expressing

two different dominant-negative FGFR1 mutants. One

(FGFRDC) has the extracellular domain and the transmem-

brane domain but lacks the entire cytoplasmic tyrosine kinase

domain (Amaya et al., 1991). The other (FGFR-KRYF) has

point mutations in Lys residues that are important for ATP
orts 30, 3875–3888, March 17, 2020 3879
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Figure 3. Erk2 Phosphorylation Induces

Remodeling of Cell Junctions and Increases
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(A) Cross-section of embryos treated with DMSO or

the Mek inhibitor PD0325901 (25 mM, 30 min prior to

and during centrifugation at 450 3 g, 10 min) and

stained with fluorescent phalloidin and Hoechst

33342. Cells in the animal hemisphere were observed.

Scale bar: 50 mm.

(B) Intensities of phalloidin fluorescence in the apical

and basal sides of superficial layer cells were quanti-

fied. The y axis shows the ratio of apical to basal

F-actin intensity. n = 18, 18, and 27, respectively. *p <

0.01.

(C) Embryos centrifuged at 450 3 g for 10 min, and

control embryos were stained with fluorescent phal-

loidin and with anti-C-cadherin and anti-ZO-1 anti-

bodies. Scale bar: 50 mm.

(D) Embryonic stiffness was measured as Young’s

modulus by an atomic force microscope (AFM).

(E) The quantification of the embryonic stiffness

examined as in (D). In total, 10�15 embryos were

prepared for each condition, and three to four points in

the animal pole region of each embryo were

measured.

(F). Schematic diagram to quantify the embryonic

deformation. Deformation of the embryos was

measured as the area of the binary image of the em-

bryo from the upper view.

(G) Embryos were treated with DMSO or PD0325901

and centrifuged for the indicated time at 110 3 g. The

quantification of the embryonic deformation was

examined as in (F). Graph shows the relative size of

embryos with or without Mek inhibitor PD0325901. n =

46 �50 embryos. *p < 0.01.

See also Figure S2.
binding and in two Tyr residues essential for its autophosphor-

ylation activity (Figure S3B) (Barone and Courtneidge, 1995;

Furge et al., 2001). FGFRDC inhibits the ligand-dependent

tyrosine kinase activation (Amaya et al., 1991), and

FGFR-KRYF is expected to inhibit the kinase itself regardless

of its ligands. We expressed these mutants, respectively, with

mGFP in Xenopus embryos, which were then centrifuged at

the early gastrula stage. Interestingly, as shown in Figures

4E–4G, the FGFR-KRYF mutant blocked Erk2 activation,

whereas FGFRDC did not. As a proof of concept, we

confirmed that both mutants are capable of inhibiting the
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endogenous Erk2 activation in the meso-

derm, which is thought to occur in a

ligand-dependent manner (Figure S3A).

Taken together, the inability of FGFRDC

to inhibit centrifugation-induced FGFR

signaling implied that centrifugation may

activate the FGFR via an FGF-ligand-inde-

pendent mechanism.

To gain further insights into the FGFR1-

dependent signaling mechanism leading to

Erk2 activation, we used two additional

FGFR1 mutants, DC110 and DIgDC110 (Fig-

ure S3B). The cytoplasmic domain of DC is

only a few amino acids (aa) long, whereas
that of DC110 is 110 aa longer. DIgDC110 lacks most of the

immunoglobulin domain, including the FGF-ligand-binding

domain (Farrell and Breeze, 2018; Plotnikov et al., 1999). Inter-

estingly, both of these mutants efficiently inhibited centrifuga-

tion-induced Erk2 phosphorylation (Figures S3C and S3D).

Therefore, the cytoplasmic 110-aa region may play an important

role in this mechanoresponse. The finding that DIgDC110, which

lacks the FGF-ligand-binding domain, can inhibit Erk2 activation

strongly suggests that mechanical forces activate the Erk

pathway through an alternative mechanism than the conven-

tional FGF ligand-receptor interaction.
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Figure 4. Erk2 Phosphorylation Induced by

Centrifugation Requires FGFR Activity

(A) The broad-spectrum protein tyrosine kinase

inhibitor (PTKi) AG18 (100 mM) inhibited the Erk2

activation. Scale bar: 50 mm.

(B) Dominant-negative (DN) Grb2 (Grb2-SH2) was

expressed with mGFP as a lineage tracer in Xenopus

embryos. The embryos were centrifuged and sub-

jected to immunofluorescence analysis. The pERK

intensity in cells with or without Grb2-SH2 expression

was quantified. Scale bar: 75 mm.

(C) FGFR inhibitors BGJ398 (50 mM) and SU5402

(50 mM) reduced the Erk2 activation. The experiments

were conducted at the same time with those of Fig-

ure 4A. Scale bar: 100 mm.

(D) Statistical data of (C). "Control" and "DMSO" are

also identical to those of Figure 4A. *p < 0.01.

(E) Dominant-negative FGFR mutant (FGFRDC) was

expressed with mGFP, and embryos were centri-

fuged. Scale bar: 100 mm.

(F) Dominant-negative FGFR mutant (FGFR-KRYF)

was expressed with mGFP, and embryos were

centrifuged. Scale bar: 100 mm.

(G) Statistical data of (E) and (F). *p < 0.01.

See also Figure S3.
Mechanical Force Induces an Increase in FGFR
Phosphorylation
To demonstrate that FGFR is indeed activated by centrifugation

or compression, autophosphorylation of FGFR was monitored

as an indicator for FGFR activation. In human FGFR1, Tyr635/

654 are phosphorylated, and these residues are important for

its activity (Mohammadi et al., 1996). In Xenopus laevis FGFR1,
Cell R
the corresponding residues are conserved,

as are the surrounding residues, with over

100 aa in the sequence being identical to

the human FGFR1 sequence. We thus

used a commercially available anti-phos-

pho-FGFR (Tyr635/654) antibody (anti-

pFGFR) to examine whether FGFR phos-

phorylation increased in response to me-

chanical force. As shown in Figure 5A,

centrifuged cells showed anti-pFGFR stain-

ing at the plasma membrane, whereas

uncentrifuged control cells did not. In addi-

tion, the staining at the plasma membrane

disappeared in FGFR-inhibitor-treated cells

but was not affected in cells treated with

the Mek inhibitor. A similar change was

observed with dnFGFR- KRYF but not with

dnFGFRDC in the compressed embryo (Fig-

ure 5B). Accordingly, pErk2 phosphorylation

induced by compression was significantly

reduced in dnFGFR-KRYF-expressing cells

(Figures S4A and S4B), consistent with our

hypothesis that Erk2 is a downstream target

for FGFR in the force-dependent pathway.

These results indicate that FGFR is

phosphorylated and activated in response

to mechanical forces.
We have shown that mechanical forces induce the relocali-

zation of F-actin, ZO-1, and C-cadherin (Figure 3C). In order

to test whether these responses require the activation of

the FGFR-Erk2 pathway, we again used Mek inhibitor

PD0325901 and FGFR inhibitor BGJ398. Both inhibitors

abolished the centrifugation-induced accumulation of C-cad-

herin and ZO-1 to the cell junction (Figures S4C and S4D).
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Figure 5. FGFR Is Phosphorylated in

Response to Mechanical Stress

(A) Centrifuged embryos (450 3 g, 10 min) were

immunostained with anti-phosphorylated FGFR1

(pFGFR) antibodies. Centrifugation increased the

staining on the plasma membrane. The FGFR

inhibitor BGJ398 (50 mM) suppressed it, whereas

theMEK inhibitor PD0325901 (25 mM) did not. Scale

bar: 50 mm.

(B) mRFP mRNA with or without FGFR1 mutant

mRNAs, FGFR-KRYF and DC, were injected into

embryos at the four-cell stage. The embryos were

compressed (0.3 mm, 5 min) at the early gastrula

stage and immunostained with anti-pFGFR1 anti-

bodies. The asterisks indicate KRYF-expressing

cells. *p < 0.01. Scale bar: 50 mm.

(C) Statistical data of (B). *p < 0.01.

(D) mRNAs encoding FGFR-KRYF or Grb2-SH2

were co-injected with GFP mRNA at the four-cell

stage. Embryos were centrifuged at 450 3 g for

10 min and stained with indicated antibodies or

phalloidin. Scale bar: 50 mm.

(E) Fluorescent intensity of the plasma membrane

was quantified (n = 40).

(F) mRNAs encoding FGFR-KRYFwere injected into

four-cell embryos. At st. 10.5, embryos were

centrifuged. After staining with fluorescent phalloi-

din, embryos were embedded in agarose gel and

sectioned with vibratome. Upper panels: cells not

expressing mGFP (control); lower panels: cells ex-

pressing KRYF and mGFP. Scale bar: 50 mm.

See also Figure S4.
The dominant-negative mutants FGFR-KRYF and Grb2-SH2

also blocked the accumulation of ZO-1, C-cadherin, and F-

actin (Figures 5D and 5E). We further demonstrated by sectional

view of the centrifuged embryos that the apical accumulation of

F-actin induced by centrifugation was remarkably blocked by

FGFR-KRYF (Figure 5F). These results revealed that the

FGFR-Erk2 pathway is required for the F-actin reorganization
3882 Cell Reports 30, 3875–3888, March 17, 2020
and the junctional enhancement in

response to the mechanical force.

FGFR-Erk2 Activation and Junction
Remodeling during Normal
Gastrulation
To explore the physiological significance

of our findings, we examined the phos-

phorylation of FGFR and Erk2 in the

ectoderm of a normal embryo during

gastrulation. We focused on ectodermal

cells undergoing epiboly movement, in

which the ectodermal cell sheet in the

animal hemisphere expands radially but

with a preference toward posterior,

eventually covering the whole embryo.

We found that FGFR and Erk2 were

phosphorylated in the st. 12 (late gas-

trula) embryos much more evidently

than in the st. 10 embryos (Figures 6A

and 6B). In contrast, neither FGFR nor
Erk2 was phosphorylated in the animal caps cultured until

st. 12, which did not undergo epiboly movement and were

probably free from the tensile force generated by gastrulation

movements. The phosphorylation of FGFR in the ectoderm

was inhibited by FGFR-KRYF but not by DC (Figure 6C), sug-

gesting that the FGFR-Erk2 pathway in the ectoderm may

also be employed via a ligand-independent mechanism,



A
Ph

al
lo

id
in

W
G

A

Stage 10 Stage 12 Animal cap

Cultured until 
stage 12

pF
G

FR

Stage 10.5 Stage 12 Animal cap
D

E

C
-c

ad
he

rin

Stage 10.5 Stage 12 Animal capF

Fl
uo

re
sc

e n
ce

i n
te

ns
ity

(a
.u

.)

Phalloidin WGA

m
R

F P
pF

G
FR

mRFP + KRYF mRFP + ∆CC
pE

rk
W

G
A

B Stage 10 Stage 12 Animal cap

ZO
-1

G

N
or

m
al

iz
ed

flu
or

es
ce

n c
e

in
te

ns
ity

 (a
.u

.)

H *

C
-c

ad
he

rin
ZO

-1

Merge (KRYF + GFP)

0
10
20
30
40
50
60
70
80

0

10

20

30

40

Stag
e 1

0.5

Stag
e 1

2

Anim
al 

ca
p

Stag
e 1

0.5

Stag
e 1

2

Anim
al 

ca
p

0

0.5

1.0

1.5

Con
tro

l

KRYF

Con
tro

l

KRYF

C-cadherin ZO-1

*

(legend on next page)

Cell Reports 30, 3875–3888, March 17, 2020 3883



similar to the mechanoresponses upon centrifugation or

compression. Furthermore, we found that F-actin, C-cadherin,

and ZO-1 were significantly accumulated at the cell junction

during gastrulation compared to those in animal caps (Figures

6D–6F). These changes were similar to the cellular response

to the artificial mechanical stresses, such as centrifugation

and compression. In the animal cap cells, the accumulation

of these proteins was not observed consistently, suggesting

that the FGFR-Erk2 pathway was not activated in the animal

caps (Figures 6A and 6B). When FGFR-KRYF was expressed,

the accumulation of C-cadherin and ZO-1 in st. 12 embryos

was clearly abrogated (Figures 6G and 6H), indicating the ne-

cessity of FGFR signaling for this process. In addition, we

observed that Erk2 inhibition by Mek inhibitor PD0325901

treatment immediately blocks gastrulation movements,

including epiboly (Figure S4E), suggesting the importance of

the role of the FGFR/Erk2 signaling in this process.

The activation of the FGFR/Erk2 pathway and junctional

remodeling in the ectodermal cells during gastrulation sug-

gests that these cells may be under tensile force generated

by gastrulation movements. In the zebrafish embryos, the

ectoderm area is thought to be under the stress of the stretch-

ing cell sheet due to the epiboly movement during gastrulation

(Campinho et al., 2013; Hernández-Vega et al., 2017). Thus,

we examined whether the cortical tension of ectoderm cells

increases during Xenopus gastrulation by laser ablation (Fig-

ure 7A). mRNA-encoding mGFP was injected into the animal

pole region. mGFP-expressing cells, which localized around

the animal pole of the st. 10 embryos and in the anterior re-

gion of the st. 12 embryos, were subjected to laser ablation.

As shown in Figures 7A–7C, the displacement rate after the

ablation was much higher in st. 12 embryos than in st. 10

embryos. This indicates that the tensile stress to the ecto-

dermal cells increases as the epiboly movement proceeds,

and this tensile force may induce the FGFR-Erk2 activation

and junctional remodeling.

As the tensile force increased and cell junctional structures

seem to become more intense during gastrulation, we assumed

that these changes might also contribute to the increase in

embryonic stiffness. We measured the stiffness of the animal

region of st. 10 embryos and the anterior region of st. 12 embryos

by AFM. As shown in Figure 7D, st. 12 embryos were stiffer than

st. 10 embryos. Stiffness of the animal caps isolated from st. 9.5

embryos and cultured until st. 12was not increased as expected.

Furthermore, the increased stiffness during gastrulation was

inhibitedby theexpressionof theFGFR-KRYFmutant (Figure 7E).
Figure 6. FGFR1 and Erk2 Phosphorylation and Junctional Enhanceme

(A) St. 10.5 and 12 embryos and animal caps isolated at st. 9 and cultured until sibli

The animal pole region of st. 10 embryos and the anterior region of st. 12 embry

(B) St. 10.5 and st. 12 embryos were immunostained with anti-pErk antibodies. S

(C) FGFR-KRYF or DC were expressed with mRFP. At st. 12, embryos were fixe

boundaries of injected and uninjected cells. Scale bar: 50 mm.

(D) St. 10.5 and 12 embryos and animal caps were stained with fluorescent-labe

(E) Statistical data of (D).

(F) St. 10.5 and 12 embryos and animal caps were immunostained with an anti-C

(G) mRNAs encoding FGFR-KRYF and GFP were coinjected in one blastomere of

C-cadherin or ZO-1 antibodies. Scale bar: 50 mm.

(H) The intensities of immunostaining on the plasma membrane were quantified
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Importantly, KRYF did not seem to affect the stiffness at st. 10.5.

This suggests that FGFR signalingmay not function for regulating

stiffness until this stage, consistent with our findings that FGFR is

not phosphorylated at this time (Figures 6A and 6B). Taken

together, we propose a model in which mechanical force acti-

vates the FGFR-Erk2 pathway and induces junction remodeling,

and this mechanochemical system functions in epiboly move-

ment during normal gastrulation, which confers stiffness and

integrity of the ectodermal tissue (Figure 7F).

DISCUSSION

In addition to the regulation of gene transcription and translation

and the resulting exerted protein functions, it is increasingly

important to understand how physical environments influence

biological phenomena, as we have learned from previous reports

using cultured cells (Engler et al., 2006; Kim et al., 1999; Pelham

andWang, 1997). Furthermore, a growing body of evidence also

suggests that physical forces generated in the embryo are indis-

pensable for normal morphogenesis during embryogenesis (Bar-

riga et al., 2018; Keller, 2012; Mammoto et al., 2013; Miller and

Davidson, 2013; Wozniak and Chen, 2009). Particularly in

embryogenesis, groups of differentiated cells—namely, embry-

onic tissues—migrate vigorously within an embryo and are

relocated from one place to another to form various organs,

generating pushing, pulling, or friction forces (Heisenberg and

Bellaı̈che, 2013;Miller and Davidson, 2013; Petridou et al., 2017).

To examine the impact of these physical forces, we previously

performed a global phosphoproteome analysis, in which we

applied mechanical force by centrifugation to developing Xeno-

pus laevis embryos and found that the force induced the phos-

phorylation of numerous proteins (Hashimoto et al., 2019).

Furthermore, we found that subsets of proteins implicated in

cytoskeleton dynamics become phosphorylated, and the phos-

phoproteomic profile suggested that mechanical force induces a

transition from a mesenchymal to an epithelial cell state. In the

present study, we expanded these findings using Xenopus em-

bryos as the experimental system and reported the phenotypes

at the cell level.

We first focused on Erk2, which is pivotal in coordinating a va-

riety of extracellular signals, such as growth factors, and

confirmed that it became phosphorylated within 10min of centri-

fugation, which is considered an early response. Erk2 was previ-

ously shown to be activated by fluid shear stress and cyclic

mechanical strain in tissue culture cells in vitro (Reusch et al.,

1997; Tseng et al., 1995). It has been shown that Erk and Rho
nt during Normal Gastrulation

ng embryos reached at st. 12were immunostainedwith anti-pFGFR antibodies.

os were observed. Scale bar: 50 mm.

cale bar: 50 mm.

d and immunostained with anti-pFGFR antibodies. The dotted lines indicate

led phalloidin and wheat germ agglutinin (WGA). Scale bar: 50 mm.

-cadherin and anti-ZO-1 antibodies. Scale bar: 50 mm.

four-cell embryos. At st. 12, embryos were fixed and immunostained with anti-

(n = 20) and normalized with average of the control group. *p < 0.01.
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Figure 7. Increase of Cortical Tension and Stiffness during Normal Gastrulation

(A) Laser ablation of the animal pole region of st. 10 embryos and the anterior region of st. 12 embryos. Left panels: images before and 12 s after ablation indicated

by green and magenta, respectively, were overlaid. Scale bar: 10 mm. Arrow heads: the ablation points. Right panels: kymographs of the dotted areas in the left

panels.

(B) Time-course kinetics of the displacement after laser ablation. n = 9 and 11 for st. 10 and 12 embryos, respectively.

(C) Displacement 4 s after ablation. n = 28 and 34 for st. 10 and 12 embryos, respectively. *p < 0.01.

(D) Stiffness of embryos or animal caps were measured by AFM. St. 10.5 and 12 embryos and animal caps isolated at st. 9 and cultured until sibling embryos

reached at st. 12 were used. The animal pole region of st. 10.5 embryos and the anterior region of st. 12 embryos were measured. n = 27 �29. *p < 0.01.

(E) mGFP alone or FGFR-KRYF and mGFP were expressed at the animal pole region. Stiffness of mGFP-expressing cells were measured at st. 10.5 or 12 by

AFM. *p < 0.01.

(F) Graphical summary. Our results demonstrate that the application of mechanical force to ectodermal cells in Xenopus embryos activates FGFR in a ligand-

independent manner, subsequently activating the Erk2 signaling pathway. This mechanotransduction induces F-actin remodeling and enhancement of cell

junctions, which in turn regulate tissue stiffness and integrity.
GTPases are activated and regulate actin cytoskeleton in the

wound-healing process in Xenopus embryos (Li et al., 2013),

raising an interesting question of the difference between the

cellular reactions to wound healing and to tissue stretching by

mechanical stimuli.

Notably, the centrifugal force induced a remodeling of cyto-

skeletal components such as F-actin, an embryonic cadherin,

C-cadherin, and the tight junction protein ZO-1, which enhanced

epithelial cell integrity (Nieto, 2013). In particular, F-actin accu-

mulated at the apical cell surface and enhanced the cortical

actin, which we assume was the main cause of the increased

cell/tissue stiffness. Because Erk2 is required for F-actin
remodeling, and inhibiting Erk2 compromised the centrifuga-

tion-induced tissue stiffening, we propose that Erk2 activation

initiates a sequence of events from cytoskeletal remodeling to

tissue stiffening. It is also reported that ZO-1 changes its

conformation in a tension-dependent manner (Spadaro et al.,

2017). It is possible that a conformational change of ZO-1 occurs

in Xenopus embryos and that Erk2 may regulate the process.

While it was initially considered that these cellular responses

might be induced by the downward movement of subcellular

organelles during the centrifugation, we were able to confirm

that similar responses were produced by compressing whole

embryos or stretching animal cap explants. These findings
Cell Reports 30, 3875–3888, March 17, 2020 3885



indicate that these cellular changes are a common reaction to

general physical stresses that cause cellular deformation as a

result of tissue expansion.

Finally, an obvious question is how mechanical force triggers

Erk2 activation, which leads to the remodeling of cell-cell adhe-

sion and tight junctions. An unexpected finding was that the

FGF ligandwas dispensable for the force-dependent cellular re-

sponses; the force-induced cellular changes were not affected

by a dominant-negative FGFR1 that blocks FGF ligands

(FGFR-DC). This finding was further supported by the observa-

tion that isolated animal cap cells, which neither express FGF4

nor have direct contact with FGF4-producing cells of the meso-

derm and endoderm of the marginal zone, showed Erk2 activa-

tion upon their centrifugation or stretching. In addition, we

found that the FGFR mutant that lacks the FGF-ligand-binding

domain (DIgDC110) acts as a dominant-negative inhibitor of

FGFR signaling. FGFRs have been reported to be activated

independently of ligands when they are mutated or overex-

pressed (Dieci et al., 2013). Not only the extracellular domain,

but also the transmembrane and the cytoplasmic domain,

have been implicated in the regulation of the active dimer for-

mation of FGFRs; for example, Grb2 interacting with the cyto-

plasmic domain of FGFR suppresses ligand-independent

FGFR activation (Bocharov et al., 2013; Lin et al., 2012). Our

result that the 110-aa cytoplasmic region (DC110) of FGFR1

confers the activity of signal inhibition suggests that the cyto-

plasmic domain may play an important role in the force-induced

FGFR activation. Mechanical forces deform the tissue, causing

severe changes in the cells’ plasmamembrane and cytoskeletal

networks. Such dynamics may cause conformational changes

of FGFRs or other proteins such as ion channels that might

functionally associate with FGFRs. In future studies, it will be

essential to address in detail how these cellular dynamics

activate FGFRs at the molecular level. This research would

provide a new avenue for understanding force-dependent

signaling pathways (Figure 7F).

Embryogenesis is a dynamic process in which cell-cell inter-

actions and tissue integrity are required for orchestrated cell

movements and tissue rearrangements that achieve morpho-

genesis. Taking our observations in this study altogether, we

propose that the remodeling of cytoskeletal proteins in

response to physical forces is a cellular reaction that confers

in embryonic tissues a resilience to cell and tissue deformation

during early development. This resilience is accomplished

by enhancing cell junctions and cortical actin, and these

changes are critical for the maintenance of tissue integrity in

normal development. The tissue integrity, once established

by the force, might provide a platform for efficient force

transmission, which enables coordinated morphogenesis to

occur over an entire tissue. We therefore propose that this

mechanical feedback is one of the most important roles of em-

bryonic force.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-phosphoErk1/2 antibody Cell Signaling Technology cat. # 4370; RRID:AB_2315112

anti-phoshoErk antibody Santa Cruz Biotechnology cat. # sc-7383; RRID:AB_627545

anti-Erk1/2 antibody Cell Signaling Technology cat. # 4695; RRID:AB_390779

anti-phosphoFGFR 1 antibody Cell Signaling Technology cat. # 3471; RRID:AB_331072

anti-ZO-1 antibody Thermo Fisher Scientific cat. # 33-9100; RRID:AB_2533147

anti-C-cadherin antibody Development Studies Hybridoma Bank cat. # 6B6; RRID:AB_528113

goat anti-mouse IgG antibody, Alexa Fluor 488 Thermo Fisher Scientific cat. # A28175; RRID:AB_2536161

goat anti-mouse IgG antibody, Alexa Fluor 555 Thermo Fisher Scientific cat. # A28180; RRID:AB_2536164

goat anti-rabbit IgG antibody, Alexa Fluor 488 Thermo Fisher Scientific cat. # A11008; RRID:AB_143165

goat anti-rabbit IgG antibody, Alexa Fluor 555 Thermo Fisher Scientific cat. # A27039; RRID:AB_2536100

alkaline phosphatase-conjugated anti-mouse

IgG antibody

Thermo Fisher Scientific cat. # 31321; RRID:AB_10959407

alkaline phosphatase-conjugated anti-rabbit

IgG antibody

Thermo Fisher Scientific cat. # 31340; RRID:AB_228339

Chemicals, Peptides, and Recombinant Proteins

proteinase K Wako cat.# 160-14001

fibronectin Sigma-Aldrich cat. # F1141

PD0325901 Sigma-Aldrich cat. # PZ0162

SU5402 Wako cat. # 197-16731

BGJ398 ChemScene cat. # CS-0586

anisomycin Sigma-Aldrich cat. # A9789

cycloheximide Sigma-Aldrich cat. # C7698

goat serum MBL Lifescience cat.# SG30-0500

Alexa Fluor 546 Phalloidin Thermo Fisher Scientific cat.# A22283; RRID:AB_2632953

Hoechst 33342 abcam cat.# ab228551

Critical Commercial Assays

MESSAGE MACHINE SP6 Transcription Kit Thermo Fisher Scientific cat. # AM1340

Deposited Data

DDA data Hashimoto et al., 2019 PRIDE: PXD010676

Experimental Models: Organisms/Strains

Xenopus laevis (J-strain) N/A N/A

Recombinant DNA

Xenopus laevis FGF receptor 1 Amaya et al., 1991 GenBank: U24491.1

FGFRDC (1-397 aa) This paper N/A

FGFR1-KRYF (K508R/Y647F/Y648F) This paper N/A

FGFRDC110 (1-507 aa) This paper N/A

FGFRDIgDC110 (1-507 aa with deletion of 121-

274 aa)

This paper N/A

Xenopus laevis GRB2 XL274b24ex http://xenopus.nibb.ac.jp

GRB2-SH2 (58-161 aa) This paper N/A

Software and Algorithms

BLAST+ NIH ftp://ftp.ncbi.nlm.nih.gov/blast/executables/

blast+

Fiji NIH https://fiji.sc
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ProteomeDiscoverer 2.2 Thermo Fisher Scientific https://www.thermofisher.com/order/catalog/

product/OPTON-30795

Python 3.6 Python Core Team https://www.python.org

Pandas v0.22 https://pandas.pydata.org

seaborn v0.8 https://seaborn.pydata.org

Matplotlib v2.2 https://matplotlib.org

SciPy v1.0 https://www.scipy.org

Andor IQ2 Oxford Instruments https://andor.oxinst.com/products/

iq-live-cell-imaging-software/

JPK data processing JPK Instruments https://jpk-data-processing.updatestar.com
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by Lead Contact, Naoto Ueno

(nueno@nibb.ac.jp.). All unique/stable reagents generated in this study are available from the LeadContact with a completedMaterial

Transfer Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Xenopus embryos
Xenopus laevis eggs were obtained from females injected with 400 IU of human chorionic gonadotrophin (Takeda Pharm., Japan),

and were fertilized in vitro. Eggs were dejellied with 3% cysteine hydrochloride (pH 8.0), and embryos were subjected to microinjec-

tion in 0.1 3 Steinberg’s solution (Peng, 1991) containing 3% Ficoll 400. The embryos were staged according to Nieuwkoop and

Faber (1975).

Inhibitors and antibodies
PD0325901 (cat. # PZ0162, Sigma) was dissolved in DMSO at 50 mM. SU5402 (cat. # 197-16731, Wako, Japan) and BGJ398 (cat. #

CS-0586, ChemScene, NJ, USA) were dissolved in DMSO at 10 mM. Anisomycin (cat. # A9789, Sigma) and cycloheximide (cat. #

C7698, Sigma) were dissolved in DMSO at 5 mg/ml.

Primary antibodies used in this study were: anti-pErk1/2 (cat. # 4370, Cell Signaling Technology (CST)), anti-pErk (cat. # sc-7383,

Santa Cruz Biotechnology), anti-Erk1/2 (cat. # 4695, CST), anti-pFGFR (cat. # 3471, CST), anti-ZO-1 (cat. # 33-9100, Thermo Fisher

Scientific), and anti-C-cadherin (cat. # 6B6, Development Studies Hybridoma Bank).

Secondary antibodies for immunofluorescence were goat anti-mouse antibody Alexa Fluor 488 and 555 (cat. # A28175 and

A28180, respectively, Thermo Fisher Scientific) and goat anti-rabbit IgG antibody Alexa Fluor 488 and 555 (cat. # A11008 and

A27039, respectively, Thermo Fisher Scientific). For western blotting, alkaline phosphatase-conjugated anti-mouse and anti-rabbit

IgG antibodies (cat. # 31321 and 31340, respectively, Thermo) were used.

METHOD DETAILS

Xenopus embryo manipulations
To apply centrifugal force to embryos, the embryos were treated with 10 mg/ml proteinase K (cat.# 160-14001, Wako, Japan) in 0.33

MMR (Peng, 1991) for 15 to 30 minutes at st. 9, washed three times, and incubated until they reached st. 10.5. For centrifugation of

embryos, 35 mm-diameter dishes coated with 1 mL of 0.8% agarose in 0.33MMRwere used. Embryos in 0.33MMRwere placed

on the agarose gel, and centrifuged at 15�C using Kubota 6200 centrifuge with a PF-206 rotor. Although the centrifugation flattened

the embryos drastically, they recovered from the severe morphological changes, and developed to apparently normal embryos (44/

53 for centrifugation and 16/21 for compression).For fixation for immunofluorescence, 1/4 volume of 5 3 concentrated MEMFA

(0.1 M MOPS (pH 7.4), 2 mM EGTA, 1mM magnesium Sulfate and 3.7% formaldehyde) was added.

To apply the compression force, proteinase K-treated embryoswere placed between 0.3- or 0.5-mm-thick spacers, and then com-

pressed with a cover glass and 17 g weight for 5 minutes. For fixation for immunofluorescence, the cover glass was removed and 1/4

volume of 5 3 concentrated MEMFA was immediately added to the dish. To apply the stretch force, silicone chambers (cat. #

STB-CH-0.02, STREX Inc, Osaka, Japan) were coated with fibronectin (cat. # F1141, Sigma). It was coated with 10 mL of

0.2 mg/ml fibronectin solution, excess solution was removed, and then it was dried in air. For the stretch, the chamber was manually

stretched to 1.5-fold in length and hold for 5 minutes. For fixation for immunofluorescence, the stretched chamber was released, and

1/4 volume of 5 3 concentrated MEMFA was immediately added to the chamber.
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This study was carried out in strict accordance with the Guide for the Care and Use of Laboratory Animals of the National Institute

for Basic Biology. The protocol was approved by the Institutional Animal Care and Use Committee of the National Institutes of Natural

Sciences (Permit Number: 18A015).

Immunofluorescence microscopy
Embryos were fixed in MEMFA (0.1 MMOPS (pH 7.4), 2 mM EGTA, 1mMmagnesium Sulfate and 3.7% formaldehyde) for 2 hours at

room temperature or overnight at 4�C, and washed 3 times in PBS-0.1% Tween 20 (PBSTw). The embryos were then bleached with

10% hydrogen peroxide in methanol, except in the case of fluorescent phalloidin staining, and washed 3 times in PBS-0.1% Triton

X-100. Blockingwas donewith 20%goat serum (cat # SG30-0500,MBL, Japan) in PBSTw for one hour at room temperature. Primary

and secondary antibodies were diluted 200 times in the blocking solution. The embryos were then incubated in the antibody solution

at 4�C overnight. After washing 3 times, the embryos were observed. For microscopic observation, the embryos were placed on a

glass-bottom dish and observed by a laser-scanning confocal microscope (Leica SP8). Images were analyzed using the Leica SP8

software, ImageJ (https://imagej.nih.gov/ij/), and Fiji (https://fiji.sc).

Plasmid construction and in vitro transcription
To construct the Grb2-SH2 expression plasmid, the region encoding the SH2 domain (58-161 aa) was amplified by PCR using the

clone XL274b24ex (http://xenopus.nibb.ac.jp), which contains full-length Grb2 cDNA, as a template. The PCR product was ligated

into the pCS2+ vector.

cDNA encoding FGFR1 was a gift from Dr. Enrique Amaya (Amaya et al., 1991). The FGFR1 mutants, FGFRDC (1-397 aa),

FGFR1-KRYF which has K508R/Y647F/Y648F mutations, FGFRDC110 (1-507 aa) and FGFRDIgDC110 (1-507 aa with deletion of

the 121-274 aa region), were constructed by PCR-based mutagenesis. For in vitro transcription, the MESSAGEMACHINE SP6 Tran-

scription Kit (cat. # AM1340, Thermo Fisher Scientific) was used.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis of Erk2 substrates from proteomics data
Phosphoproteome data were derived from PRIDE: PXD010676 of the PRIDE partner repository. Phosphosites of Erk2 substrates

were obtained from PhosphoSitePlus (Hornbeck et al., 2015) as peptide sequences of 15 amino acids in length (downloaded in

February 2017) and were searched for homology with Xenopus laevis protein sequences in the Xenopus laevis protein background

(v9.1, gene model: 1.8.3.2) using BLAST+ (Camacho et al., 2009). Each phosphosite was normalized to the individual protein abun-

dance. The distribution of the normalized phosphosite ratio under the force-stimulated condition to that under the normal condition

was fitted to a normal distribution using the SciPy and Matplotlib python packages. A heatmap plot was constructed using seaborn

python packages.

Atomic force microscopy (AFM) measurements
AFMmeasurements were conducted with a JPK Nanowizard Cellhesion 200 (JPK Instruments AG, Germany) fitted to Axio Zoom V.

16 system (Zeiss). Cantilevers were customized; silicon nitride AFM probes, 0.02 N/m cantilever with 10 mmSiO2 particle (Novascan,

USA). Young’s modulus was calculated using JPK data processing software (JPK Instruments). The measurement condition was as

follows; set point 1.5-5.0 nN, approach speed 2 or 5 mm/s, data rate 500 or 1000 Hz, measured spring constant 0.016-0.018 N/m.

Xenopus embryos were treated with 10 mg/ml of proteinase K for 15 minutes at st. 9, and then the vitelline membrane was manually

removed. Embryos were placed in 0.33MMR on a plastic dish coated with 1% agarose and 3-9 points per embryo were measured.

Laser ablation
100 pg of mRNA encoding mGFP was injected near the animal pole of two blastomeres of 2-cell embryos. The vitelline membrane

wasmanually removed at st. 9 and cultured until indicated stages. Laser ablation was conducted as described previously (Hara et al.,

2013), using an Olympus IX 81 inverted microscope (20 3 /0.70 NA dry objective lens), equipped with a spinning-disc confocal unit

Yokogawa CSUX-1 and iXon3 897 EM-CCD camera (Andor), controlled with Andor IQ2 software. An N2 Micropoint laser (16 Hz,

365 nm, Photonic Instruments) was focused on membrane at a cell-cell contact site labeled with mGFP. Time lapse images were

acquired every 200 msec before and during the course of the laser ablation process and analyzed with Fiji software. Kymographs

were generated using Rescilce command from Fiji and slice count set as 10. Heatmap of resulting kymographs were based on fluo-

rescence intensity and generated with ‘‘magma’’ colormap of Matplotlib python package.

DATA AND CODE AVAILABILITY

Proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset iden-

tifier PRIDE: PXD010676 (Hashimoto et al., 2019). Any additional data is available upon request.
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