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SUMMARY

Cell-cell contact formation constitutes an essential
step in evolution, leading to the differentiation of
specialized cell types. However, remarkably little is
known about whether and how the interplay between
contact formation and fate specification affects
development. Here, we identify a positive feedback
loop between cell-cell contact duration, morphogen
signaling, and mesendoderm cell-fate specification
during zebrafish gastrulation. We show that long-
lasting cell-cell contacts enhance the competence
of prechordal plate (ppl) progenitor cells to respond
to Nodal signaling, required for ppl cell-fate spe-
cification. We further show that Nodal signaling
promotes ppl cell-cell contact duration, generating
a positive feedback loop between ppl cell-cell con-
tact duration and cell-fate specification. Finally, by
combiningmathematicalmodeling and experimenta-
tion, we show that this feedback determines whether
anterior axial mesendoderm cells become ppl or,
instead, turn into endoderm. Thus, the interdepen-
dent activities of cell-cell signaling and contact
formation control fate diversification within the
developing embryo.

INTRODUCTION

Cell-cell contact formation is thought to be important for cell-fate

specification in both vertebrate and invertebrate development

(Babb and Marrs, 2004; Goldstein, 1992; Guisoni et al., 2017;

Larue et al., 1996; Michel et al., 2011; Shaya et al., 2017; Ste-

phenson et al., 2010; Tassy et al., 2006; Yoder and Gumbiner,

2011). In mouse embryogenesis, for instance, cell-cell contact

formation is required for the induction of the pluripotent inner

cell mass giving rise to the embryo proper (Stephenson et al.,

2010). Conversely, cell-fate specification determines the ability

of cells to form contacts of different size and strength (Brieher

and Gumbiner, 1994; Krieg et al., 2008; Luu et al., 2015; Maı̂tre
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et al., 2012, 2015; Ogata et al., 2007), a process important for

cell segregation and tissue formation (Barone et al., 2012;

Chen et al., 2006; Krens and Heisenberg, 2011; Luu et al.,

2015). Finally, there is increasing evidence that morphogen

signaling not only controls cell-fate specification but also influ-

ences cell-cell contact formation by modulating cell mechanics

and dynamics (Durdu et al., 2014; von der Hardt et al., 2007;

Kim et al., 1998; Krieg et al., 2008; Maı̂tre et al., 2012, 2016;

Ulrich et al., 2003; Witzel et al., 2006). While these observations

suggest that cell-fate specification and cell-cell contact forma-

tion are tightly interconnected processes, little is yet known

about how their interplay affects embryo patterning andmorpho-

genesis in development.

In the zebrafish embryo, anterior axial mesendoderm cells

are the first population of mesendoderm progenitor cells to

be specified at the dorsal germ ring margin and to segregate

from the ectoderm progenitor cells via synchronized cell ingres-

sion (Montero et al., 2005). Once ingressed, they form a

compact cell cluster, the prospective prechordal plate (ppl),

and collectively migrate toward the animal pole of the gastrula

(Montero et al., 2003, 2005) (see also Figure 1A for a schematic

representation of ppl and adjacent tissues). Ppl cell-fate spec-

ification becomes apparent in progenitor cells by the expres-

sion of the marker gene goosecoid (gsc), a direct target of

the Nodal/TGFb signaling pathway (Schulte-Merker et al.,

1994). Nodal ligands are known to signal through serine/threo-

nine kinase receptor complexes consisting of a type I receptor,

a type II receptor, and the co-receptor One-eyed-pinhead

(Oep) (Schier, 2009). The ligand/receptor complex is thought

to be endocytosed (Constam, 2009), a process that facilitates

the activation of Smad2 (Itoh et al., 2002; Tsukazaki et al.,

1998), the formation and nuclear translocation of Smad2/

Smad4 complexes, and the transcription of Nodal target genes

(Inman and Hill, 2002). Previous studies have suggested that

persistent gsc expression in ppl progenitors requires contin-

uous expression of the cell-cell adhesion receptor E-cadherin

(Cdh1) (Babb and Marrs, 2004), pointing to the intriguing possi-

bility that E-cadherin-mediated cell-cell adhesion is required for

proper ppl cell-fate specification. Here, we used a combination

of experiment and theoretical modeling to analyze the interplay

between cell-cell adhesion and ppl cell-fate specification dur-

ing zebrafish gastrulation.
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Figure 1. Cell-Cell Adhesion and Goosecoid

Expression Positively Correlate within the

Prechordal Plate In Vivo

(A) Schematic representation of a 70% epiboly

stage (7.5 hpf) embryo. Lateral view shows a sec-

tion through the dorsal midline of the embryo. Ecto,

ectoderm; IF, interstitial fluid; ppl, prechordal plate;

pm, posterior axial mesendoderm; pam, paraxial

mesendoderm.

(B) Schematic representation of a homotypic/ho-

mochronic transplantation assay.

(C) Representative images of ppl cells transplanted

from a Tg(gsc::mEGFP) embryo injected with

qDots into a Tg(gsc::mEGFP) non-injected embryo.

Transplantation was performed at shield stage

(6 hpf) and images were taken between 60%

epiboly stage (6.5 hpf) and 70% epiboly stage

(7.5 hpf). Scale bar, 50 mm.

(D) Representative images of cell-cell contact

dynamics between transplanted and host ppl cells

at 60% epiboly stage (6.5 hpf). Scale bar, 20 mm.

(E and F) Correlation between gsc::mEGFP

expression rate and average contact duration (E) or

average number of contacts (F) in ppl progenitors

between 6.5 and 7.5 hpf. Transplanted cells were

tracked for 60 min and average EGFP and qDots

intensities were measured for each cell at 3 min

intervals. The linear coefficient (Lc) of EGFP/qDots

as a function of time was normalized by the median

EGFP/qDots level of all transplanted cells at the first

time point in the respective experiment, and used

as a proxy of the level of endogenous gsc expres-

sion. Average ppl cell-cell contact duration and

number were computed after tracking cell-cell

contacts formed by each transplanted ppl cell for

60 min. n (cells), 34; 4 embryos. Pearson correlation

(r) and relative p values (p) are shown. See also

STAR Methods, Figure S1, and Movie S1.
RESULTS

Goosecoid Expression Scales with Cell-Cell Contact
Formation In Vivo

To determine if cell-cell adhesion and ppl cell-fate specification

are functionally linked, we used a zebrafish transgenic line

expressing membrane-bound EGFP (mEGFP) under the control

of the gsc promoter (Smutny et al., 2017) and analyzed

gsc::mEGFP expression as a readout of ppl cell-fate specifica-

tion within individual cells of the ppl as a function of time and
Developmen
cell-cell contact formation. To analyze

cell-cell contact formation, we determined

the number and duration of cell-cell con-

tacts, assuming that highly adhesive cells

form more and/or longer-lasting contacts

than less adhesive cells. In order to facili-

tate this analysis, we performed homo-

typic and homochronic transplantation of

ppl progenitors from donor Tg(gsc::

mEGFP) embryos containing qDots into

the ppl of host Tg(gsc::mEGFP) embryos

devoid of qDots (Figures 1B and 1C,

Movie S1). This allowed us to unambigu-
ously identify cell-cell contacts between individual host and

donor cells (Figures 1D and S1B) and measure gsc::mEGFP

levels in each of the transplanted cells over time (Figures

S1C–S1F). We found that gsc::mEGFP expression in ppl cells

steadily increased as a function of time (Figures S1C–S1E),

and that the average duration and average number of contacts

for any given ppl cell varied from 10 to 40 min (Figures 1E

and S1B) and 3 to 15 contacts (Figures 1F and S4C). Importantly,

we also observed that the level of gsc::mEGFP expression in in-

dividual ppl cells positively correlated with the duration but not
tal Cell 43, 198–211, October 23, 2017 199



the number of cell-cell contacts (Figure 1E and 1F), suggesting

that the duration rather than the number of contacts is critical

for gsc expression within ppl cells.

Cell-Cell Contact Formation between Ppl Cells
Promotes Nodal Signaling In Vitro

To experimentally test if long-lasting cell-cell contacts promote

gsc expression, we first took a reductionist approach and iso-

lated individual gsc::mEGFP positive cells from Tg(gsc::

mEGFP) embryos at the onset of gastrulation (6 hr post fertiliza-

tion, hpf) using fluorescence-activated cell sorting (FACS). We

then seeded these cells at low density on non-adhesive sub-

strates (Figure 2A), allowing us to follow gsc::mEGFP expres-

sion in single cells versus cells that formed a contact with

another cell after seeding (cell doublets; Figure 2B and

Movie S2). We found that ppl cell doublets showed a signifi-

cantly higher rate of gsc::mEGFP expression than single ppl

cells (Figures 2C and 2D). This increased expression rate was

specific for the gsc promoter, as mEGFP driven by a control

promoter (b-actin) showed equal expression in single cells

compared with doublets (Figures 2C and 2D). Collectively,

these results suggest that cell-cell contact formation enhances

gsc expression in ppl progenitors.

Gsc expression is directly controlled by Nodal signaling

(Schulte-Merker et al., 1994). It is thus conceivable that cell-

cell contact formation promotes gsc expression by enhancing

Nodal signaling in the contacting ppl cells. To address this pos-

sibility, we turned to maternal zygotic one-eyed-pinhead mutant

embryos (MZoep), which are defective in Nodal signal reception

and thus endogenous mesendoderm specification (Gritsman

et al., 1999). We reasoned that if cell-cell contact formation

indeed promotes gsc expression by enhancing Nodal signaling,

cell-cell contact formation should not affect gsc expression in

Nodal signaling-defective MZoep mutant cells. To trigger ppl

specification in MZoep cells, we took advantage of previous ob-

servations that mutant cells are still able to respond to the exog-

enously applied Nodal ligand Activin (Warga and Kane, 2003),

although being unresponsive to endogenously produced Nodal

ligands. We then isolated cells from Tg(gsc::mEGFP);MZoep

mutant embryos, exposed them to the Nodal ligand Activin to

induce ppl specification, and compared gsc expression in

cultured single cells versus cell doublets (Figure 2A). Interest-

ingly, we found that gsc::mEGFP expression was only enhanced

in doublets compared with single cells when the exogenous

Nodal ligand Activin was continuously present in the culture

medium during the measurements. In contrast, no such

enhancement was observed when Activin was removed from

the culturemedium shortly before themeasurements (Figure 2D).

This suggests that cell-cell contact formation promotes the

competence of progenitor cells to respond to Nodal signals

inducing gsc expression and thus ppl specification.

Next, we asked how cell-cell contact formation affects the

competence of progenitors to respond to Nodal signals.

Cell-cell contact formation has previously been shown to

trigger cell polarization (Desai et al., 2009). We thus speculated

that the Nodal signal transduction pathway might be polarized

upon cell-cell contact formation, and that such polarization

might affect the competence of contacting cells to receive

Nodal signals. To test this hypothesis, we analyzed the
200 Developmental Cell 43, 198–211, October 23, 2017
subcellular distribution of various components previously

associated with Nodal signal transduction in ppl doublets

versus single cells. We found that in cell doublets expressing

an EGFP-tagged version of the Nodal ligand Ndr2 (M€uller

et al., 2012), the ligand preferentially localized to cell-cell con-

tacts (Figure 2E), while no such polarized distribution was

observed in single cells (Figure S2A). We further found that a

myc-tagged version of the Nodal receptor ActvR1b and the

early endosomal marker EEA1 colocalized with Ndr2 at cell-

cell contacts (Figures 2E and 2F), suggesting that ligand-

induced Nodal receptor internalization into early endosomes

becomes polarized in ppl progenitors upon contact formation

(Blanchet et al., 2008; Jullien and Gurdon, 2005). To determine

whether such polarized receptor internalization leads to

increased Nodal signaling in cell doublets, we measured nu-

clear accumulation of the Nodal/TGFb signaling mediator

Smad2 (Schier, 2003) in ppl cell doublets versus single cells

(Figures 2G and 2H). We found that the nuclear-to-cytoplasmic

ratio of EGFP-Smad2 was significantly increased in ppl cell

doublets compared with single cells after 1 hr in culture (Fig-

ure 2H). This supports the assumption that cell-cell contact

formation promotes Nodal signaling and thus ppl specification

by polarizing the Nodal signal-transducing machinery to cell-

cell contacts. Notably, similar effects of cell-cell contact for-

mation on Nodal receptor subcellular distribution and Smad2

nuclear localization were found in MZoep mutant cell doublets

exposed to Activin (Figures S2B–S2D), suggesting that the

effector processes by which cell-cell contact formation pro-

motes ppl cell-fate specification are conserved between

wild-type (WT) and MZoep mutant cells.

Nodal Signaling Promotes Ppl Cell-Cell Contact
Formation In Vitro

Nodal signaling has previously been implicated in modulating

cell-cell adhesion and contact formation (Brieher and Gumbiner,

1994; Krieg et al., 2008; Maı̂tre et al., 2012; Trichas et al., 2011).

We thus asked whether there might be feedback from enhanced

Nodal signaling in ppl cell doublets on cell-cell contact forma-

tion. To address this possibility, we ubiquitously expressed

Ndr2-EGFP in Tg(gsc::tRFP) embryos and utilized FACS to

isolate induced mesendoderm progenitor cells expressing

different levels of Ndr2-EGFP and, as a result of this, gsc::tRFP

(Figures 3A, S2E, and S2F). We then analyzed the ability of those

isolated mesendoderm progenitors to form cell-cell contacts

in vitro as a function of their Ndr2/Gsc expression levels. To eval-

uate contact formation, we analyzed the shape of cell doublets,

indicative of the relative size of cell-cell contacts formed in those

doublets (Maı̂tre et al., 2012). We found that the contact size

scaled with the amount of Ndr2/Gsc expressed in ppl progeni-

tors (Figure 3B), suggesting that Nodal signaling promotes ppl

cell-cell contact formation. To further evaluate how contact

size relates to contact duration, which in the ppl we found to

correlate with gsc expression and cell-fate specification (Fig-

ure 1E), we transplanted ppl cells expressing different levels of

Ndr2/Gsc into the animal pole of WT embryos and monitored

their contact size and duration in vivo (Figures 3C and S2G).

We found that cell-cell contacts between transplanted ppl

cells expressing high amounts of Ndr2 were both larger and

longer lasting compared with those observed between ppl cells



Figure 2. Prechordal Plate Cell-Cell Contact

Formation Promotes Nodal Signaling

In Vitro

(A) Schematic representation of the experimental

design. Gsc::mEGFP positive cells were isolated

via FACS from WT Tg(gsc::mEGFP) embryos in-

jected with fluorescent dextran-Alexa648 at shield

stage (6 hpf) and seeded on non-adhesive sub-

strates for subsequent imaging. MZoep;Tg(gsc::

mEGFP) embryos injected with dextran-Alexa648

were dissociated at 3 hpf, and cells were exposed

to Activin for 3 hr in culture. Activin-induced

Gsc::mEGFP positive cells were then selected by

FACS and seeded on non-adhesive substrates for

subsequent imaging. During imaging, selected

cells were kept in culture medium either containing

Activin (MZoep A+/A+) or not (MZoep A+/A-).

(B) Representative images of doublets (D) and

single cells (S) obtained from WT Tg(gsc::mEGFP)

at shield stage (6 hpf) after 160min in culture. Scale

bar, 10 mm.

(C) Fold increase of average gsc::mEGFP in-

tensities in single cells (S) versus cell doublets (D)

as a function of time in culture for ppl cells isolated

from Tg(gsc::mEGFP) or Tg(gsc::tRFP);Tg(b-actin::

mEGFP) at shield stage (6 hpf). Plotted values,

mean ± 95%CI. n (gsc::mEGFP, single cells), 41; n

(gsc::mEGFP, doublets), 40; 5 independent ex-

periments. n (b-actin::mEGFP, single cells), 18; n

(b-actin::mEGFP, doublets), 19; 5 independent

experiments.

(D) Average gsc::mEGFP fold increase for doublets

(D) and single (S) ppl cells taken from WT or

MZoep;Tg(gsc::mEGFP) embryos at shield stage

(6 hpf) and cultured for 120 min in the presence

(A+/A+) or absence (A+/A–) of Activin within the

culture medium. Plotted values, mean ± SEM. n

(b-actin::mEGFP, single cells), 18; n (b-actin::

mEGFP, doublets), 19; 5 independent experi-

ments. n (gsc::mEGFP, single cells), 52; n (gsc::

mEGFP, doublets), 42; 5 independent experi-

ments. n (MZoep, gsc::mEGFP, (A+/A�), single

cells), 52; n (MZoep, gsc::mEGFP, (A+/A�), dou-

blets), 47; n (MZoep, gsc::mEGFP, (A+/A+), single

cells), 36; n (MZoep, gsc::mEGFP, (A+/A+), dou-

blets), 36; 7 independent experiments. Statistical test, two-way ANOVA and Bonferroni post test; **p < 0.005; ***p < 0.001; ns, not significant.

(E) Confocal image of a ppl cell doublet isolated from embryos overexpressing Ndr2EGFP and ActvR1b-myc at 6 hpf and kept in culture for 60 min, showing the

subcellular localization of Ndr2-EGFP relative to ActvR1b-myc and EEA1 visualized by immunohistochemistry in the top cell. The bottom cell (outlined by white

dashed line) only expresses H2A-Cherry to mark its nucleus. Scale bar, 5 mm. Inset shows high magnification of the colocalization between EEA1, Ndr2-EGFP,

and ActvR1b-myc at the cell-cell contact. Scale bar, 1 mm.

(F) Intensity ratios of colocalizing EEA1, Ndr2-EGFP, and Actvr1b-myc at cell-cell (cc) versus cell-medium (cm) interfaces of ppl cell doublets obtained from

embryos at 6 hpf and kept in culture for 60 min. Values are shown as Tukey box-and-whisker plots with median (bar) and average values (cross). n (doublets), 6;

2 independent experiments.

(G) Representative images of ppl cells isolated from Tg(gsc::tRFP) embryos at shield stage (6 hpf) expressing EGFP-Smad2 and H2B-BFP after 60 min in culture.

Scale bar, 5 mm.

(H) EGFP-Smad2 nuclear-to-cytoplasmic (N/C) ratios for ppl cell doublets (D) and single cells (S) taken fromWT Tg(gsc::tRFP) embryos expressing EGFP-Smad2

and H2B-BFP after 60 min in culture. Values are shown as Tukey box-and-whisker plots with median (bar) and average values (cross). n (single cells), 27; n

(doublets), 22; 3 independent experiments. Statistical test, Student t test, two tailed; ***p < 0.001. See also Figure S2 and Movie S2.
expressing lower amounts of Ndr2 (Figures 3D and 3E). This sug-

gests that Nodal signaling promotes both ppl cell-cell contact

size and duration.

To determine how Nodal signaling promotes ppl cell-cell con-

tact formation and duration, we analyzed actomyosin contrac-

tility and E-cadherin expression, which have previously been

shown to constitute key cell properties controlling germ-layer
progenitor cell-cell contact formation (Krieg et al., 2008; Maı̂tre

et al., 2012). We found that with increasing levels of Ndr2 expres-

sion, the amount of both phosphorylated and thus activated

Myosin II as well as E-cadherin increased (Figure 3F). This sug-

gests that Nodal signaling promotes progenitor cell-cell contact

formation by both upregulating contractility of the actomyosin

cortex pulling on the contact edge and cell-cell adhesion
Developmental Cell 43, 198–211, October 23, 2017 201



Figure 3. Nodal Signaling Promotes Pre-

chordal Plate Cell-Cell Contact Formation

In Vitro and In Vivo

(A) FACS sorting strategy: mesendoderm (ppl) cells

were obtained from 6 hpf Tg(gsc::tRFP) embryos

injected with ndr2-EGFP mRNA at the one-cell

stage and sorted into two groups according to

Ndr2-EGFP expression levels.

(B) Representative bright-field images of cell

doublet shapes from the two groups. Cell doublet

compaction was quantified as the ratio of rotational

inertia along the longest and shortest axis. Values

are shown as Tukey box-and-whisker plots with

median (bar) and average (cross) values. n (1), 18, n

(2), 35; 3 independent experiments. Scale bar,

5 mm. Statistical test, Student t test, two tailed.

**p < 0.01.

(C) Representative multi-photon images of mes-

endoderm progenitor cells transplanted from

Tg(gsc::mEGFP) embryos injected with either 1 pg

or 100 pg ndr2 mRNA into the animal pole of

similar staged WT Tg(gsc::mEGFP) embryos.

Transplantation was performed at shield stage

(6 hpf), and images were taken between 65%

epiboly stage (7 hpf) and 75% epiboly stage (8 hpf).

Scale bar, 20 mm.

(D) Average contact durations for mesendoderm

cells expressing either low (1 pg) or high (100 pg)

levels of ndr2. Cell-cell contacts were tracked for

60 min between 65% epiboly stage (7 hpf) and 75%

epiboly stage (8 hpf). Values are shown as Tukey

box-and-whisker plots with median (bar) and

average (cross) values. n (1 pg), 72; n (100 pg), 82;

2 independent experiments each. Statistical test,

Mann-Whitney t test, two tailed. **p < 0.01.

(E) Average size of cell-cell contacts between

mesendoderm progenitor cells expressing either

low (1 pg) or high (100 pg) levels of ndr2 mRNA.

Cell-cell contact area was measured 120 min after

transplantation at 75% epiboly stage (8 hpf) and

normalized on cell volume to account for variation

due to cell size. Values are shown as Tukey box-

and-whiskers plots with median (bar) and average

values (cross). n (1 pg), 51; n (100 pg), 48; 2 inde-

pendent experiments each. Statistical test, Mann-

Whitney t test, two tailed. **p < 0.01.

(F) Representative western blot showing the

level of Pan-Cadherin (anti-PanCad antibody),

phosphorylated myosin regulatory light chain 2

(anti-pp-MRLC2 antibody), and glyceraldehyde-3-

phosphate dehydrogenase (anti-GAPDH antibody;

control) expression in the two groups. PanCad/

GAPDH and pp-MRLC2/GAPDH ratios were

calculated after densitometry of 4 different experi-

ments. See also Figure S2.
molecule expression potentially exerting lateral pressure at the

contact (Maı̂tre and Heisenberg, 2013). Together, these findings

suggest that Nodal signaling mediates a positive feedback loop

between ppl cell-fate specification and cell-cell contact

formation.
202 Developmental Cell 43, 198–211, October 23, 2017
A Positive Feedback Loop between Cell-Cell Contact
Duration and Nodal Signaling Determines Ppl Cell-Fate
Specification In Vivo

To determine how far such mechanism might apply to the phys-

iological context of the developing embryo, we asked whether



Figure 4. Mutual Enhancement between Prechordal Plate Cell-Cell Contact Formation and Nodal Signaling In Vivo

(A) Representative multi-photon images of ppl cells transplanted from Tg(gsc::mEGFP) embryos injected with either control MOs, qDots, and dextran-Cascade

Blue (control cells), or e-cadherinMOs and qDots (e-cadherinmorphant cells) into similar stagedWT Tg(gsc::mEGFP) embryos. Transplantation was performed at

shield stage (6 hpf) and images were taken between 65% epiboly stage (7 hpf) and 75% epiboly stage (8 hpf). Scale bar, 50 mm.

(B) Linear coefficient (Lc) of gsc::mEGFP/qDots increase as a function ofmean contact duration for transplanted control and e-cadherinmorphant cells between 7

and 8 hpf. Frequency distributions of linear coefficients and mean contact durations are shown on the respective axes. Lc values are also shown as Tukey box-

and-whisker plots. n (control cells), 33; n (e-cadherin morphant cells) 24; 2 independent experiments. Statistical test, Student t test, two tailed. *p < 0.05.

(C) Representative multi-photon images of ppl cells transplanted from Tg(gsc::mEGFP) embryos injected with either mRNA encoding for a chemically activated

form of Actvr1, qDots, and dextran-Cascade blue (control cells) or mRNA encoding for a light-activated form of Actvr1 and qDots (Opto-Actvr1 cells) into similar

stagedWT Tg(gsc::mEGFP) embryos. Transplantation was performed at shield stage (6 hpf), and images were taken between 75% epiboly stage (8 hpf) and 90%

epiboly stage (9 hpf). Scale bar, 50 mm. See also Figure S3.

(D) Linear coefficient (Lc) of gsc::mEGFP/qDots increase as a function of mean contact duration for transplanted control and Opto-Actvr1-expressing cells

between 8 and 9 hpf. Frequency distributions of linear coefficients and mean contact durations are shown on the respective axes. Mean contact durations are

also shown as Tukey box-and-whisker plots. n (control cells), 14; n (Opto-Actvr1 cells), 13; 2 independent experiments. Statistical test, Student t test, two tailed.

**p < 0.01. Note that the absolute values of Lc may differ from Figures 1E and 1F as a later temporal window has been analyzed in these experimental sets.
interfering with ppl cell-cell contact duration would affect gsc

expression within the ppl. To this end, we reduced the level of

E-cadherin expression in ppl progenitors by injecting previously

characterized morpholinos (MO) targeted against e-cadherin

(Babb and Marrs, 2004). We then transplanted a mixture of con-

trol and e-cadherin MO injected ppl cells from donor to host

Tg(gsc::mEGFP) embryos (Figure 4A, Movie S3). We found that

both the level of gsc::mEGFP expression and average contact

duration were diminished in e-cadherin morphant compared

with control ppl cells (Figure 4B), consistent with our hypothesis

of cell-cell contact duration promoting ppl cell-fate specification.

To further test whether Nodal signaling controls the positive

feedback loop between ppl cell-cell contact duration and cell-

fate specification, as suggested by our in vitro experiments (Fig-

ures 2 and 3), we analyzed if increasing Nodal signaling in ppl

cells in vivo would promote both cell-cell contact duration and

ppl cell-fate specification. To specifically increase Nodal

signaling in individual ppl progenitor in vivo, we took advantage
of a light-activatable Nodal receptor (Opto-Actvr; Sako et al.,

2016), and transplanted a mixture of Opto-Actvr-expressing

ppl cells and control cells expressing a version of the Nodal

receptor insensitive to light activation from donor to host

Tg(gsc::mEGFP) embryos (Figure 4C and Movie S4). We then

triggered ectopic Nodal signaling in the transplanted Opto-

Actvr-expressing ppl cells by exposure of the transplanted em-

bryo to LED light and monitored cell-cell contact duration and

gsc expression in the light-activated versus control cells (Fig-

ure S3). Strikingly, we found that both the duration of cell-cell

contacts and the level of gsc::mEGFP expression was strongly

increased in the light-activated cells (Figure 4D), supporting the

notion that Nodal signaling plays an important role in mediating

the interplay between ppl cell-cell contact duration and cell-

fate specification.

To formally test the plausibility of our assumption that a

positive feedback loop between cell-cell contact duration and

Nodal signaling determines ppl cell-fate specification within the
Developmental Cell 43, 198–211, October 23, 2017 203
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gastrulating embryo, we mathematically modeled these interac-

tions in silico. Since these interactions occur at two vastly

different spatial scales (contact formation between cells in the

ppl, and molecular interactions inside each ppl cell) and were

quantified in partially different experimental conditions (in vivo

and in culture), we first constructed two separate stochastic

models each describing only the interactions at a given spatial

scale, and eventually combined these two models to describe

the experimentally observed correlation between ppl cell-cell

contact formation and gsc expression in vivo (Figure 5).

In our first cell-cell contact model, we exclusively described

the formation and loss of cell-cell contacts within the ppl and

subsequent localization of Nodal signaling pathway components

to the cell-cell contact, not taking into account intrinsic cell

states (Figure 5A). Each ppl cell was assumed to have at most

16 simultaneous cell-cell contacts (Figures S4A–S4C), mathe-

matically described by 16 contact sites per cell, which can be

either occupied (in contact with another cell) or empty. Transition

between the two states was assumed to occur independently for

each cell-cell contact site following first-order mass action

kinetics. Once a cell-cell contact is established, Nodal signaling

pathway components localize to the cell-cell contact site and,

consequently, the contact starts to increase Nodal signaling

pathway activity. This process was experimentally determined

to take around 3 min (Figures S4D–S4E) and mathematically

described by an additional first-order reaction. Strikingly, our

cell-cell contact model could not only closely reproduce the

mean number of cell-cell contacts per cell and the mean cell-

cell contact duration in vivo but also their respective distributions

(Figures 5B and S4C).
Figure 5. Stochastic Modeling and Predictions

(A) Schematic representation of our cellular model. Each ppl cell has at most 16 sim

sites’’ per cell, which can be either empty (Ci
U = 1; Ci

B =0; Ci
A = 0) or occupied, w

pathway components. Once a cell-cell contact is established (Ci
U/Ci

B), Nodal sig

the contact becomes ‘‘active.’’

(B) Distribution of cell-cell contact durations between transplanted donor and hos

Bars represent the experimental frequencies of cell-cell contact durations obtaine

approximately 60 min, and the black solid curve represents the best fit of ou

representation of short-lasting cell-cell contacts compared with the exponential

correct for this error, we provide an algorithm to estimate the ‘‘unbiased’’ (red dash

one (black dash-dotted line), which we refer to as the instantaneous cell-cell con

(C) Schematic representation of our molecular model. The rate of Smad2 phospho

constant external input (one for ppl cell doublets and zero for single cells in cu

between cytosol and nucleus, while nuclear export of phosphorylated Smad2 di

(D) Experimentally observed (error bars are mean and SD) and model predictions

expression in single ppl cells (turquoise) versus doublets (green) obtained from s

embryo.; n (Smad2 N/C, single cells), 22; n (Smad2 N/C, doublets), 21; 3 independ

independent experiments; n (simulated, single cells), 100; n (simulated, doublets

(E) Schematic representation of our combined model, coupling the cellular (A) and

downstream of Smad2 increases cell adhesion, i.e., decreases the probability per

the effector concentration is described by its first-order Taylor series approximatio

adhesion energy, resulting in an exponential dependency of the cell-cell contac

rameters a and b. a represents the sensitivity of the propensity to lose a contact on

independently of the intrinsic state of a cell. Eff0, nominal effector concentration

(F) In vivo observed (red circles) and in silico simulated (blue diamonds) correlat

gsc::mEGFP/qDots. Frequency distributions of linear coefficients andmean conta

respective axes. n (experimental cells), 33; 4 independent experiments. n (simula

(G) Smad2 nuclear localization as a function of the instantaneous cell-cell conta

nuclear localization (green) as predicted by the deterministic version of our m

correspond to stable (crosses) or unstable (circles) steady states of the closed-lo

S4, and S5.
In our second molecular model, we described the mecha-

nisms of Smad2 nuclear localization and the subsequent tran-

scriptional activation of gsc and other downstream genes, based

on our experiments on ppl cells in culture (Figure 5C). Given that

cell-cell contacts between ppl cells in culture persisted during

thewhole experimental period, wemodeled the number of active

contacts (zero for single cells and one for doublets) by a constant

external input. We further assumed that both phosphorylated

and unphosphorylated Smad2 monomers shuttle between

cytosol and nucleus with equal rate constants (Schmierer

et al., 2008). Once phosphorylated, Smad2 forms dimers, which

can enter the nucleus and activate transcription of gsc and other

downstream genes, while their nuclear export is assumed to be

negligible (Schmierer et al., 2008). The parameters of the model,

corresponding to the effect of cell-cell contacts on Smad2

nuclear localization and subsequent gene transcription, were

identified based on our experimental data and/or previously

published data (for details, see STAR Methods, Table S1, and

Figure S4). With this parametrization, the dynamics of our

stochastic model closely matched the experimentally observed

dynamics in vitro (Figure 5D), supporting the notion that Nodal

signaling mediates the effect of contact formation on gsc

expression.

Next, we askedwhether ourmolecular model, whichwas iden-

tified based exclusively on in vitro data, could also qualitatively

reproduce our experimental observation on gsc expression in

ppl cells in vivo. To this end, we combined the molecular model

with our cell-cell contact model to explain the interactions

between ppl cell-cell contact formation and Nodal signaling

in vivo (Figure 5E). Since the molecular details by which Nodal
ultaneous cell-cell contacts, mathematically described by i = 1. 16 ‘‘contact

ith (Ci
U = 0; Ci

B = 0; Ci
A =1) or without (Ci

U = 0; Ci
B = 1; Ci

A = 0) localized Nodal

naling pathway components localize to the cell-cell contact site (Ci
B/Ci

A), and

t ppl cells between 60% epiboly stage (6.5 hpf) and 70% epiboly stage (7.5 hpf).

d bymanually tracking transplanted ppl cells and their contacts over a period of

r cellular model. The finite measurement period leads to a systematic over-

distribution expected for an infinite measurement period (red solid curve). To

-dotted line) mean cell-cell contact duration from the experimentally measured

tact duration; n (contacts), 167.

rylation increases with the number of active cell-cell contacts represented by a

lture). Both phosphorylated and unphosphorylated Smad2 monomers shuttle

mers is negligible.

(filled areas are mean and SD) for Smad2 nuclear localization and gsc::mEGFP

hield-stage embryos (6 hpf) as a function of time since cell isolation from the

ent experiments. n (gsc::EGFP, single cells), 41; n (gsc::EGFP, doublets), 40; 5

), 100.

molecular models (C) in a positive feedback loop. An unidentified effector (Eff)

unit time to lose a cell-cell contact. The dependency of the adhesion energy on

n and the propensity to lose a cell-cell contact decreases exponentially with the

t loss rate ~kU on the effector concentration Eff parametrized by two free pa-

the concentration of Eff, and b scales the nominal propensity to lose a contact

.

ion between mean cell-cell contact durations and the linear coefficient (Lc) of

ct durations for both experimental data andmodel predictions are shown on the

ted cells), 100. See also Figure S4.

ct duration (turquoise), and cell-cell contact duration as a function of Smad2

odel. The intersections of the curves (commonly referred to as ‘‘nullclines’’)

op model. See also STAR Methods, Figures S4–S6, Table S1, and Movies S3,
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signaling affects cell-cell contact duration are not yet fully under-

stood, we assumed that Smad2 acts as a transcriptional acti-

vator of a yet unidentified factor (Eff) controlling the probability

of cell-cell contact loss per unit time by changing the adhesion

energy of the ppl cell (see also Figure 5E). We assumed that

the adhesion energy increases approximately linearly with the

concentration of Eff, while the rate of cell-cell contact loss de-

creases approximately exponentially with the adhesion energy.

Except for this small extension of themodel, all other interactions

remained unchanged and all parameters were kept at their

respective values identified from the in vitro experiments (for

more details, see STAR Methods). This simple relationship led

to a close qualitative match between experimentally observed

and theoretically predicted values of gsc expression levels as a

function of cell-cell contact duration in ppl progenitors in vivo

(Figure 5F). Importantly, our model closely reproduced the

mean gsc expression level in ppl cells, and the general relation-

ship between the mean cell-cell contact duration and gsc

expression level in those cells, two quantities that are mainly

determined by the model structure and by the parameters

identified based on our in vitro experiments. In contrast, our

model did not reproduce the comparatively high variance in

gsc::mEGFP expression between single ppl cells observed

in vivo, possibly resulting from factors not considered in our

model and a general underestimation of very short ppl cell-cell

contacts due to technical problems in detecting those contacts.

Together, these findings support our assumption that a positive

feedback loop between cell-cell contact duration and Nodal

signaling controls ppl cell-fate specification during gastrulation.

Bistability of the Feedback Loop between Ppl Cell-Cell
Contact Duration and Nodal Signaling Controls Ppl
versus Endoderm Cell-Fate Specification
With a working model in hand, we further asked if the model can

provide additional insight into the role of the feedback loop

between cell-cell contact duration and Nodal signaling in ppl

cell-fate specification. Notably, we found that when assuming

a dependency of the cell-cell unbinding rate on the Eff concen-

tration leading to the best agreement of model predictions with

the experimentally observed data (Figures 5F and S5), the

deterministic version of our model was bistable (Figures 5G

and S5). Bistability is often associated with cellular decision

making, with each of the stable steady states corresponding,

for example, to different cell fates (Losick and Desplan, 2008).

However, stochastic models typically show rather gradual dy-

namic changes during the transition between mono- and bista-

ble regions of the parameter space, in contrast to the sharp

transition of deterministic models (Gn€ugge et al., 2016; Meunier

and Verga, 1988). We found that our model lies in one such

transition area, as small variations in the parameters resulted

in the deterministic version of the model being monostable (Fig-

ure S5). Translated to the situation within the ppl, the observa-

tion that the network is bistable, but also close to monostable,

could mean that ppl cells remain sufficiently long in their

respective state of cell-cell contact formation and associated

gsc expression to decisively influence their fate. This reasoning

was further supported by the observation that both in vivo and

in silico cells showing low gsc::mEGFP expression rates and

low contact durations at the beginning of the experiment typi-
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cally did not change their behavior until the end of the imaging

period (Figures S1 and S6).

Previous and our own observations suggest that the ppl gives

rise to both mesoderm and endoderm structures of the zebrafish

head (Kimmel et al., 1990; Melby et al., 1996), and that the

duration of Nodal signaling determines whether cells within the

region of the anterior axial mesendoderm remain within the ppl

or turn into endoderm progenitors (Sako et al., 2016). Based

on our model predictions, we thus hypothesized that ppl cells

displaying either long contact times and high gsc expression

levels or very short contact times and low gsc expression levels

remain sufficiently long in their respective states in order to influ-

ence, or even determine, whether they become ppl or endoderm.

To test this hypothesis, we monitored simultaneously the

expression of gsc, as a marker for ppl cell-fate specification,

and sox17, as a marker for endoderm specification, within

individual cells of the forming ppl in double transgenic

Tg(gsc::tRFP);Tg(sox17::EGFP) embryos from shield to 75%

epiboly stage (6–8 hpf; Figure 6A, Movie S6). Consistent with

our previous observations, we found that cells were either posi-

tioned in the bulk of the ppl expressing high levels of gsc::tRFP

and low levels of sox17::EGFP or were found outside of the ppl

expressing only very low levels of gsc::tRFP and high levels of

sox17::EGFP (Sako et al., 2016). We further observed that

gsc::tRFP-expressing cells were occasionally leaving the ppl

plate cell cluster and switching on sox17::EGFP expression (Fig-

ure 6A andMovie S6). Interestingly, those leaving cells displayed

considerably shorter contact duration with neighboring cells

when compared with cells that remained within the ppl (Fig-

ure 6B), suggesting that reduced ppl cell-cell contact duration

leads to ppl cells turning into endoderm. To further test whether

the proportion of sox17-expressing cells leaving the ppl is under

the control of a positive feedback loop between cell-cell contact

duration and Nodal signaling, we analyzed the proportion of

sox17::EGFP positive cells originating from transplanted ppl

cells (Figure 6C) that typically displayed a bimodal distribution

of sox17::EGFP negative cells remaining within the ppl and

sox17::EGFP positive cells leaving the ppl (Figure S7). In exper-

iments where we transplanted a mixture of control and e-cad-

herin morphant ppl cells from donor to host Tg(sox17::EGFP)

embryos (Figure 6C), we found an increased proportion of

sox17::EGFP positive cells originating from transplanted e-cad-

herin morphant cells compared with control cells (Figure 6D).

This suggests that reducing ppl cell-cell contact duration

increases their likelihood of becoming endoderm. We also

determined the proportion of sox17::EGFP positive cells in ex-

periments where we transplanted a mixture of control and

Opto-Actvr-expressing ppl cells from donor to host Tg(sox17::

EGFP) embryos. Consistent with the notion that Nodal signaling

mediates the positive feedback loop between cell-cell contact

duration and ppl cell-fate specification, we found that after light

activation of Nodal signaling in the transplanted cells, their likeli-

hood of leaving the ppl and turning into sox17-expressing endo-

derm cells was reduced (Figure 6D). Taken together, these

results suggest that the positive feedback loop between ppl

cell-cell contact duration and Nodal signaling within the ppl con-

trols whether cells become mesoderm or endoderm.

One key prediction of our stochastic model is that the duration

of past cell-cell contacts is memorized by the molecular state



Figure 6. A Positive Feedback Loop between Prechordal Plate Cell-Cell Contact Formation and Nodal Signaling Determines Cell-Fate Spec-

ification

(A) Representative images of cells within the ppl of Tg(gsc::tRFP);Tg(sox17::EGFP) embryos at shield (6 hpf, 0 min) and 75% epiboly stages (8 hpf, 120min). Each

image contains a planar x,y view (left) of the ppl and y,z cross-section (right) through the ppl at the level indicated by the dashed white line in the planar view.

Arrowheads indicate a tracked ppl cell eventually expressing sox17::EGFP. Scale bar, 50 mm.

(B) Average contact durations for ppl cells either remaining within the ppl or ppl cells that are about to leave the ppl and turn into sox17::EGFP-expressing

endoderm cells. Values are shown as Tukey box-and-whisker plots with median (bar) and average (cross) values. n (sox17-), 56; n (sox17+), 85. Statistical test,

Mann-Whitney t test, two tailed. ***p < 0.001.

(C) Representative confocal image of the ppl of a Tg(sox17::EGFP) host embryo at 90% epiboly stage (9 hpf) containing a mix of transplanted ppl cells from

Tg(sox17::EGFP) donor embryos injected with either dextran-Rhodamine or dextran-Cascade blue. Transplantation was performed at shield stage (6 hpf), and

images were taken at 90% epiboly stage (9 hpf). Dashed line, ppl outline. Scale bar, 50 mm. Insets, transplanted cell expressing sox17::EGFP with its shape

outlined in white. Scale bar, 20 mm.

(D) Relative distribution of sox17::EGFP positive versus negative cells within the population of transplanted ppl cells for three different experimental setups:

(1) a mix of control cells expressing control MOs and experimental cells expressing e-cadherin MOs were transplanted. n (control transplanted cells), 305; n

(e-cadherin-MO transplanted cells), 323; 3 independent experiments; (2) a mix of control cells expressing a chemically inducible Actvr1 and experimental cells

expressing a light-activatable Opto-Actvr1 were transplanted followed by exposition of the transplanted embryos to blue LED light. n (control transplanted cells),

140; n (Opto-Actvr1 transplanted cells), 113; 3 independent experiments; (3) control cells and experimental cells were transplanted with the experimental cells

being kept for 20 min in isolation before transplanting them. n (control transplanted cells), 89; n (isolated transplanted cells), 145; 3 independent experiments.

Statistical test, resampling, and bootstrap, see STAR Methods. *p < 0.05; **p < 0.01; ***p < 0.001.
of ppl cells long after the respective contacts ceased to exist. As

a consequence, the model also predicted that transiently pre-

venting cell-cell contact formation might represent a sufficiently

strong perturbation to have a significant effect on the later spec-

ification of those cells (Figure S6B). To test this model prediction,

we isolated ppl cells from Tg(sox17::EGFP) embryos and kept

them in isolation for a prolonged period of time before transplant-

ing them into the ppl of aWT host embryo.We found that the like-

lihood of transplanted ppl cells transforming into endoderm was

increased in cells kept in isolation for 20 min before transplanta-

tion when compared with control cells that were transplanted
immediately after isolation from the donor embryo (Figure 6D),

supporting our model prediction that ppl cells memorize past

cell-cell contacts during cell-fate specification.
An Effective Kinetic Proofreading Mechanism Allows
Ppl Cells to Selectively Respond to Long-Lasting Cell-
Cell Contacts
Our initial observation suggested that the duration but not

the number of cell-cell contacts positively correlated with

gsc::mEGFP expression in individual ppl cells (Figures 1E

and 1F). Interestingly, our stochastic model offers an explanation
Developmental Cell 43, 198–211, October 23, 2017 207



Figure 7. Kinetic Proofreading Allows Cells to Selectively Respond to Long-Lasting Contacts

(A) Schematic representation of the positive feedback loop between cell-cell contact duration and Nodal signaling.

(B) Kinetic proofreading of ppl cells. The average percentage of established cell-cell contacts hCB +CAi = ð1+ kU=kBÞ�1 only depends on the ratio between the

contact formation rate constant kB and the contact loss rate constant kU, and can be the same for cells forming many short-, or few long-lasting contacts.

However, a cell-cell contact increases Nodal signaling only after components of the Nodal signaling pathway accumulate at the cell-cell contact site (rate

constant kA).

(C) Average percentage hCA=ðCB +CAÞi= ð1+ kU=kAÞ�1 of cell-cell contacts which are active as a function of the instantaneous contact duration t = k�1
U .

(D) Loss of bistability without kinetic proofreading. Smad2 nuclear localization as a function of the instantaneous cell-cell contact duration (turquoise) and cell-cell

contact duration as a function of Smad2 nuclear localization (green) as predicted by a version of our model with instantaneous Nodal pathway component

localization (all contacts are active). For comparison, the nullcline of the original model (Figure 5G) is depicted in gray. See also STAR Methods, Figure S5,

and Movie S6.
for this observation by proposing that cell-cell contact formation

coupled with the accumulation of Nodal pathway components

allows ppl cells to measure the average duration of cell-cell con-

tacts—as opposed to only the number of cell-cell contacts—by a

mechanism closely resembling kinetic proofreading (Figures 7A

and 7B). Kinetic proofreading was first proposed to explain the
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comparatively small error rates in biosynthetic processes such

as protein synthesis or DNA replication (Hopfield, 1974) but

was later shown to also constitute a mechanism with which

signaling pathways can discriminate between few specific

receptor binding substrates with long binding durations and

many unspecific binding substrates with short binding durations



(McKeithan, 1995). In the latter, discrimination is based on one or

more irreversible activation reactions after formation of the

substrate-receptor complex and before induction of down-

stream signaling. This effective time delay results in differential

pathway activation of long and short binding substrates even if

the respective substrate-receptor complexes have equal

concentration. The dynamics of ppl cell-cell contact formation

and loss closely resemble the dynamics of substrate-receptor

binding and unbinding. In this case, the delay of Nodal pathway

activation after cell-cell contact formation due to the necessary

prior localization of Nodal signaling pathway components at

the cell-cell contact sites takes the role of the irreversible activa-

tion reaction crucial for kinetic proofreading (Hopfield, 1974)

(Figures 7A and 7B).

A core prediction of such a kinetic proofreading mechanism is

that its impact should be stronger on cells with lower adhesion

energy, more likely to form many short-lasting cell-cell contacts

that have little effect on Nodal signaling pathway activity. Indeed,

when we analyzed a modified version of our model in which we

neglected the time delay of Nodal pathway activation by cell-

cell contacts, we found that the bistability of the network was

lost; the steady-state corresponding to cells showing short-last-

ing cell-cell contact durations and low gsc expression rates dis-

appeared in a saddle-node bifurcation, while the location of the

steady-state corresponding to long-lasting cell-cell contacts

and high gsc expression rateswas nearly unchanged (Figure 7D).

These results indicate that the effective kinetic proofreading

mechanism might serve ppl cells to sufficiently increase the

strength (gain) of the positive feedback to achieve bistability (Fig-

ures 7C and 7D).

DISCUSSION

Our results demonstrate that a positive feedback loop between

cell-cell contact duration and Nodal signaling determines

whether anterior axial mesendoderm cells become either ppl

or endoderm progenitors. Positive feedback loops have previ-

ously been implicated in cell-fate decisions, although in the large

majority of those cases the positive feedback was thought to act

on a transcriptional level (Becskei et al., 2007; Davidson et al.,

2002; Ferrell, 1998). Our data demonstrate that the regulation

of cell-fate decisions is not restricted to positive feedback loops

at the transcriptional level but represents a generic form of regu-

lation spanning different scales of organization ranging from

transcriptional control on a molecular level to cell-cell contact

formation on a cellular and tissue scale.

The analysis of our model suggests that this positive feedback

loop between cell-cell contact formation and Nodal signaling

leads to deterministic bistability of the system, allowing ppl cells

to remember past contacts for a long time and to base their cell-

fate decision on the history of their cell-cell contacts instead of

only on their current cell-cell contact state. For the situation

within the forming ppl, this means that cells that form stable

and long-lasting contacts with other ppl cells will differentiate

into ppl cells, while cells forming fewer and less stable contacts

with other ppl cells will eventually leave the ppl and differentiate

into endoderm cells.

Our model also proposes that the positive feedback loop

between ppl cell-cell contact formation and Nodal signaling is
based on the duration rather than on the number of cell-cell con-

tacts, mediated by an effective kinetic proofreading mechanism.

There are several predictions on the physiological relevance of

this mechanism within the ppl; for instance, that only less than

a quarter of all ppl cell-cell contacts with an average duration

of 1minwill activate the pathway, whilemore than three-quarters

of contacts with an average duration of 10 min can do the same

(Figure 7C), which could be addressed experimentally by, e.g.,

modulating the minimal contact duration for Nodal pathway acti-

vation. While those experiments will have to await the develop-

ment of novel molecular and cellular tools, our observations

that kinetic proofreading can explain the population dynamics

within the ppl points at the intriguing possibility that this mecha-

nism, originally described in the context of molecular processes,

such as protein synthesis, is also applicable to morphogenetic

processes, such as cell-cell contact formation.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-myc MPI-CBG, Dresden - Germany 9E10

anti-EEA1 Abcam ab2900; RRID: AB_2262056

goat alexa-568 conjugated anti-mouse Molecular Probes A-11004; RRID: AB_141371

goat Cy5-conjugated anti-rabbit Jackson ImmunoReasearch 111-175-003; RRID: AB_2314269

anti-pan-cadherin Sigma C3678; RRID: AB_258851

anti-phospho-myosin light chain II Cell Signalling 3674; RRID: AB_2147464

anti-GAPDH Novus Biologicals NB300-221; RRID: AB_10077627

goat HRP conjugated anti-rabbit Jackson ImmunoResearch 111-035-003; RRID: AB_2313567

goat HRP-conjugated anti-mouse Jackson ImmunoResearch 111-035-006; RRID: AB_2337936

Chemicals, Peptides, and Recombinant Proteins

Activin A PreproTech 120-14

qDots 625 ITK Thermo Fisher Scientific A10200

Dextran-AlexaFluor647 Thermo Fisher Scientific D-22914

Dextran-Tetramethylrhodamine Thermo Fisher Scientific D-1817

Dextran-Cascade Blue Thermo Fisher Scientific D-1976

Experimental Models: Organisms/Strains

Zebrafish: Tg(gsc::mEGFP) Smutny et al., 2017 N/A

Zebrafish: Tg(sox17::EGFP) Chung and Stainier, 2008 ZDB-ALT-061228-2

Zebrafish: Tg(b-actin::mEGFP) Cooper et al., 2005 ZDB-ALT-061107-2

Zebrafish: Tg(gsc::tRFP) Sako et al., 2016 ZDB-ALT-161005-1

Zebrafish: oep Gritsman et al., 1999 ZDB-ALT-980203-1256

Oligonucleotides

casanova morpholino

GCATCCGGTCGAGATACATGCTGTT

GeneTools ZDB-MRPHLNO-050818-2

e-cadherin morpholino

TAAATCGCAGCTCTTCCTTCCAACG

GeneTools ZDB-MRPHLNO-050421-2

Scramble morpholino:

ATGCCAGAGTTCTTACAGAAGCGAT

GeneTools N/A

Recombinant DNA

pCS2-Ndr2-EGFP plasmid for mRNA synthesis M€uller et al., 2012 N/A

pCS2-OptoAcvr1b plasmid for mRNA synthesis Sako et al., 2016 N/A

pCS2-OptoAcvr2b plasmid for mRNA synthesis Sako et al., 2016 N/A

pCS2-ChemAcvr1b plasmid for mRNA synthesis This study N/A

pCS2-ChemAcvr2b plasmid for mRNA synthesis This study N/A

pCS2-Acvr1b-myc plasmid for mRNA synthesis This study N/A
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources, reagents, data, and code should be directed to and will be fulfilled by the Lead

Contact, Carl-Philipp Heisenberg (heisenberg@ist.ac.at).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fish maintenance and embryo collection were carried out as previously described (Westerfield, 2007). Wild-type TL and AB strains,

as well as Tg(gsc::mEGFP), Tg(gsc::tRFP), Tg(gsc::tRFP;b-actin::mEGFP), Tg(sox17::EGFP), MZoep, MZoep;Tg(gsc::mEGFP),
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zebrafish lines were used in this study. Embryos were raised in either E3 medium or Danieau’s buffer, kept at 28 or 31�C and staged

according to Kimmel et al (Kimmel et al., 1995).

Primary cultures of zebrafish progenitor cells were obtained by mechanical dissociation of embryos and maintained in CO2-inde-

pendent DMEM/F12 (Invitrogen, complemented with L Glut, 15 mM Hepes and 100 U/mL penicillin plus streptomycin, adjusted

at pH 7.5, sterilized using 0.45 mm pore filters, and preheated to 28�C) for the time of each experiment.

METHOD DETAILS

qDots, mRNA, Morpholino, and Dextran Injections
Embryos at the 1-cell stage were injected as previously described (Westerfield, 2007). The cell cytoplasmwas labelled by injection of

either 0.5 nl of a 40 nM solution of qDots 625 ITK (A10200, Thermo Fisher Scientific) or 2.5 ng of fluorescently labelled 10000 MW

dextran, i.e. Dextran-AlexaFluor647, Dextran-Tetramethylrhodamine or Dextran-Cascade Blue (D-22914, D-1817 and D-1976,

respectively; Thermo Fisher Scientific). The cell nuclei were labelled by injection of 30 pgH2B-BFP orH2A-mCherrymRNA. Induction

of prechordal plate (ppl) progenitors was achieved by injecting 100 pg of either ndr2 or ndr2-EGFP mRNA in combination with 2 ng

casanova morpholino (MO; 5’–GCATCCGGTCGAGATACATGCTGTT–3’,GeneTools; (Maı̂tre et al., 2012)). Mesendoderm progenitor

cells expressing different levels of Nodal ligandwere induced injecting amixture of either 1 pg or 100 pg of ndr2mRNA in combination

with casanovaMO. To reduce cell-cell adhesion, 2 ng e-cadherinMO (5’–TAAATCGCAGCTCTTCCTTCCAACG–3’, GeneTools) was

injected at the 1-cell stage, while control embryos were injected with 2 ng scramble morpholino (5’–ATGCCAGAGTTCTTACA

GAAGCGAT–3’). For modulating the level of Nodal signaling in ppl progenitor cells by light, Opto-Actvr1b and Opto-Actvr2b

mRNA (20 pg each (Sako et al., 2016)) were injected at the one-cell stage, while control embryos were injected with mRNA encoding

for Chem-Actvr1b and Chem-Actvr2b, chemically inducible versions of the respective Nodal receptors (20 pg each).

Generation of Chemically Inducible and Myc-Tagged Nodal Receptors
A myristoylation domain (MYR) and a hemaglutinin (HA)-epitope flanked by XbaI-restriction sites were transferred from a photoacti-

vatable receptor plasmid (Grusch et al., 2014) to a pCS2+ vector using PCR and BamHI and EcoRI restriction sites. A XbaI restriction

site in the pCS2+ backbone was then removed using site-directed mutagenesis. Kinase domains (KD) of Actvr1b and 2bwere ampli-

fied from a zebrafish embryo cDNA library using PCR and inserted into pCS2+ using XbaI and SpeI restriction sites. FKBP and FRB

domains (ARIAD Pharmaceuticals) amplified by PCR were inserted into the Actvr1b and 2b constructs, respectively, using SpeI

restriction sites in order to produce C-terminal fusion proteins. For generating myc-tagged Acvr1b, the Gateway technology

(Kwan et al., 2007; Villefranc et al., 2007) was used. TARAM-A-D (Renucci et al., 1996) was mutated to wild type using site-directed

mutagenesis, and then used as a template for obtaining full-length Actvr1b. PCR amplified Actvr1bwas recombined with pDONR221

(Lawson#208) and subsequently with pCSDest2 (Lawson#444), p3E-MTpA (Chien#229) to produce C-terminal myc-tagged Actvr1b.

Prechordal Plate Cell Transplantations
To assess goosecoid (gsc) expression rates, donor Tg(gsc::mEGFP) embryos were injectedwith qDots at the one-cell stage and both

donor and uninjected Tg(gsc::mEGFP) host embryos were kept at 31�C until early shield stage (5 hpf). Embryos were dechorionated

with forceps and transferred into an agarose dish with Danieau’s buffer, and 5-15 cells were taken from the ppl of a donor embryo,

using a beveled borosilicate needle with a 20 mm inner diameter attached to a syringe system, and immediately transplanted in front

of the forming shield of a host embryo. To test the effect of (1) reduced cell-cell adhesion and (2) increased Nodal signalling on ppl cell

behavior, a mixture of control and experimental ppl cells was transplanted into a host embryo. For reducing ppl cell-cell adhesion (1),

Tg(gsc::mEGFP) donor embryos were injected either with qDots together with scramble/control MO and dextran-Cascade Blue

(control cells) or with qDots together with e-cadherin MO (experimental cells). For increasing Nodal signaling (2), Tg(gsc::mEGFP)

donor embryos were injected with either qDots together with Chem-Actvr1b,2b mRNA and dextran-Cascade Blue (control cells)

or with qDots together with Opto-Actvr1b,2bmRNA (experimental cells). To assess the effect of Nodal signaling on cell-cell contact

duration and size in vivo, 15-20 mesendoderm progenitor cells expressing low (1 pg) or high (100 pg) levels of ndr2 mRNA were

transferred from donor Tg(gsc::mEGFP) embryos to the animal pole of uninjected host Tg(gsc::mEGFP) embryos.

The transplanted host embryos were then mounted in 0.7% agarose in E3 medium or Danieau’s buffer and imaged with a LaVision

upright multi-photon microscope equipped with a Zeiss Plan-Apochromat 20x/1.0 water immersion objective and Ti:Sa laser

(Chameleon, Coherent) set at 820 nm, allowing simultaneous excitation of EGFP, qDots and dextran-Cascade Blue. Image analysis

was performed with Imaris version 7.4 (Bitplane) as follows: transplanted cells were tracked and assigned a 3D spot object. Mean

EGFP and qDots intensities were then calculated over the volume of the spot and a linear regression of mean EGFP/qDots ratio

as a function of time was used to compute a linear coefficient normalized to the median initial EGFP/qDots value (Lc). This measure

allows to quantify gsc::mEGFP increase in ppl progenitor cells as a function of time taking into account all measured data points,

reducing sensitivity to noise. Normalizing gsc::mEGFP to qDots fluorescence intensities allows correcting for differences in illumina-

tion levels arising over time, due to the movements of individual ppl cells within the embryos, while the normalization to the initial

EGFP/qDots level allows comparison of gsc::mEGFP increase rates between experiments. Cell-cell contacts formed by each trans-

planted cell were tracked manually over a period of 60 min, and the first frame bf s˛F = f1;.;nFg and the last frame bf e˛F when the

contact was observed were extracted, with nF the number of frames in the movie. For cell-cell contacts forming before the imaging

period or persisting longer than the imaging period, we set bf s = 1 and bf e = nF , respectively. The cell-cell contact durations in frames
Developmental Cell 43, 198–211.e1–e12, October 23, 2017 e2



and minutes was then set to blC = ðbf e � bf s + 1Þ and blCDtf , respectively, with Dtf the imaging period of the respective experiment which

was usually around 2 min. All contacts formed by each qDots labelled cell that were visible in the x-, y- and z-planes were taken into

account and tracked in 3D. Due to lower imaging resolution along the z-plane, however, there might have been a slight bias against

detecting contacts along the z- compared to the x- and y-axes. Transplanted cells dividing during the time of acquisition were not

considered for analysis. It is important to notice that due to the effect of e-cadherin MO and Opto-Actvr1b,2b activation becoming

apparent only at later stages of development, gsc::EGFP expression and cell-cell contact durations have been analysed at later

stages compared to the experiments for WT cells only, as stated in the respective figure legends. Cell-cell contact areas were

measured using Imaris (Bitplane): 3D surface objects were created for single cells and the area of intersection between two surfaces

was calculated with the Imaris-Matlab Surface-Surface contact tool. To assess the likelihood of ppl cells differentiating into endo-

derm, transplantations were performed using Tg(sox17::EGFP) donor and host embryos. Transplanted host embryos were incubated

for 3h at 31�C, mounted in 0.7% agarose in Danieu’s buffer and imaged with a Leica upright SP5 confocal microscope equipped with

a Leica 25x/0.95 NA water immersion objective. Total and sox17::EGFP positive transplanted cells were counted manually. Sox17::

EGFP average fluorescence intensities were measured with Imaris (Bitplane) creating a 3D spot object at the center of each trans-

planted cell and subsequently normalized to the median value for each transplanted embryo.

Light Activation of Opto-Actvr
Embryos were light stimulated using an incubator (Herp Nursery II, 69802, Lucky Reptile) equipped with 300 light-emitting diodes

(SMD5050) (Grusch et al., 2014) with a measured light intensity of 5.12 mW/mm2. Control embryos were incubated under the

same conditions in a light-tight box and imaged with a stereomicroscope (M165 FC, Leica). For multi-photon imaging, embryos

were mounted in an incubation chamber equipped with LED that was remotely controlled using custom Matlab scripts via an

USB analog switch. LED light activation was achieved by cycles of 180 sec illumination followed by 120 sec multi-photon imaging.

3D Cell-Cell Contact In Vivo

To estimate the average number of cell-cell contacts established by ppl progenitor cells in vivo, Tg(gsc::mEGFP) embryos were in-

jected withH2A-mCherrymRNA and kept at 31�C until shield stage (6 hpf), mounted in 0.7% agarose in E3medium and imaged with

a LaVision upright multi-photon microscope equipped with a Zeiss Plan-Apochromat 20x/1.0 water immersion objective, Ti:Sa laser

(Chameleon, Coherent) set at 820 nm and OPO laser set at 1150 nm, allowing simultaneous excitation of EGFP and mCherry. Image

analysis was performed with Imaris version 7.4 (Bitplane) and custom Matlab scripts, as follows: first, nuclear mCherry signal was

used to create a spot object for each ppl cell and their x,y,z coordinates were used as nodes of a Delaunay triangulation. The edges

whose midpoint is closer to another vertex than it is to one of its end vertices were eliminated from the triangulation. For each node,

the number of connecting edges was extracted and used as a measure of the number of simultaneous cell-cell contacts formed by

each cell.

Fluorescence-Activated Cell Sorting (FACS)
For FACS, 100-150 shield stage (6hpf) embryos were dechorionated and transferred to 1 mL of 5 mM EGTA containing CO2-inde-

pendent DMEM/F12 (Invitrogen, complemented with L Glut, 15 mM Hepes and 100 U/mL penicillin plus streptomycin, adjusted

at pH 7.5, sterilized using 0.45 mm pore filters, and preheated to 28�C). Embryos were then mechanically dissociated into single cells

by mild shaking, and yolk proteins were removed by 2 successive wash steps with 1 mL fresh medium, followed by centrifugation at

100 G for 2 min. Dissociated cells were processed with a flow cytometer (FACSAria III, BD Bioscience) and sorted into glass bottom

96-well plates (655892, Greiner) containing DMEM-F12 medium and coated with 2% agarose in distilled water or heat inactivated

fetal calf serum (FCS).

In Vitro Cell Assays
For analyzing gsc::mEGFP expression over time in cultured ppl cell, FACS was used to isolate ppl cells from Tg(gsc::mEGFP) or

MZoep;Tg(gsc:mEGFP) embryos injected with dextran-Alexa647. The isolated cells were imaged with a Leica inverted SP5 confocal

microscope equipped with a Leica 20x/0.7 NA air objective (temperature controlled at 28.5�C), and image analysis was performed

with Imaris (Bitplane) as follows: first, the dextran-Alexa647 signal was used to build a surface object for each single cell or doublet.

Mean EGFP intensities over the volume of the surface object were then measured and normalized to the initial value. For analyzing

Smad2 nuclear-to-cytoplasmic ratios, ppl cells were isolated by FACS from Tg(gsc::tRFP) embryos injected with smad2-EGFP and

H2B-BFP mRNAs. The isolated cells were then imaged with a Zeiss inverted LSM800 confocal microscope equipped with a Zeiss

40x/1.2 NAwater objective (temperature controlled at 28.5�C) every 10min for a period of 90min. For image analysis Imaris (Bitplane)

was used as follows: first, a surface object was built using the H2B-BFP signal and used to mask the Smad2-EGFP signal. A second

surface object was then built on the cytoplasmic Smad2-EGFP signal, and the mean EGFP intensities were measured over the

volume of the nuclear and cytoplasmic surface objects. Only a portion of the single cells and doublets were detected and analyzed

for multiple timepoints, due to cell division or cell death. To induce gsc::mEGFP expression in MZoep;Tg(gsc::mEGFP) progenitor

cells, embryos were dissociated at sphere stage (3 hpf) and incubated with 100 ng/ml Activin A (Preprotech, 120-14) in DMEM-

F12 at 31�C for 3h. MZoep;Tg(gsc::mEGFP) progenitor cells expressing the same levels of gsc::mEGFP observed in WT ppl cells

were then isolated via FACS. For measuring the effect of Nodal signaling on cell-cell contact formation, wild type embryos were in-

jected with both ndr2-EGFP mRNA and dextran-Alexa647 and incubated at 31�C until they had reached shield stage (6 hpf). Cells
e3 Developmental Cell 43, 198–211.e1–e12, October 23, 2017



expressing different levels of Ndr2-EGFP were isolated via FACS; analysis of EGFP intensity with respect to forward scatter signal

showed that the difference in Ndr2-EGFP levels were not due to cell size. Cell doublets were imaged with a Leica inverted SP5

confocal microscope equipped with a Leica 20x/0.7 NA air objective (temperature controlled at 28.5�C) for 120 min. Image analysis

was performed with Imaris (Bitplane) and custom python scripts as follows: first, the dextran-Alexa647 signal was used to construct

three-dimensional surface objects for cell doublets after 120 min in culture. Binary masks corresponding to the surface objects were

exported from Imaris (Bitplane) and projected on the xy plane. Subsequently, coordinates of pixels containing nonzero values were

extracted and inertia tensor, I, was calculated, assuming unit massm associated with each point, where each element of the tensor is

defined according to the equation: Iij =
P
a

ma½dijr2a � rai raj�. Here, i; j˛f1; 2;3g, a denotes index of each pixel in the projection, ra is the

position vector of that pixel relative to the center of mass of the projected cell doublet, dij=1 if i=j and 0 otherwise, and summation is

performed over all pixels in the projection. After diagonalisation of the tensor, two principal axes corresponding to rotation along

doublet projection’s long and short axis were extracted. The ratio of the bigger of the two eigenvalues (la) to the smaller one (lb) gives

an estimate of the doublet’s compaction, i.e. la/lbz1 corresponds to nearly circular shape of the doublet, whereas la/lb>1 indicates

an elongated shape. For measuring the dynamics of Nodal accumulation at cell-cell contacts, wild type embryos were injected with

both ndr2-EGFP and membrane bound RFP (mRFP) mRNAs and incubated at 31�C until they had reached shield stage (6 hpf). Cells

expressing Ndr2-EGFP were isolated and imaged with a Leica inverted SP5 confocal microscope equipped with a Leica 63x/1.4 NA

oil objective (temperature controlled at 28.5�C). Cell-cell contact formation was initiated by gently bringing two cells together using

micropipettes (Maı̂tre et al., 2012), and the newly formed cell doublet was imaged over a period of 10 min at 30 sec intervals. Image

analysis was performed with Imaris (Bitplane) measuring average Ndr2-EGFP intensities at the cell-cell and cell-medium interfaces

over time.

Myc and EEA1 Staining
Wild type embryos were injected with either Actvr1b-myc plus ndr2-EGFPmRNA and casanovaMO (experimental) or H2A-mCherry

plus ndr2 mRNA and casanova MO (control). Embryos were then incubated at 31�C until they had reached shield stage (6 hpf), and

progenitor cells were isolated by FACS. A mix of differently labelled cells was sorted into glass bottom 96-well plates containing

DMEM-F12 medium and incubated for 60 min. The cells were then fixed with 2% PFA, and Actvr1b-myc was detected with an

anti-myc antibody (1:5000, 9E10, produced by MPI-CBG, Dresden - Germany), while early endosomes were detected using an

anti-EEA1 antibody (1:200, ab2900, Abcam). As secondary antibodies goat alexa-568 conjugated anti-mouse (1:500, A-11004,

Molecular Probes) and goat Cy5-conjugated anti-rabbit (1:500, 111-175-003, Jackson ImmunoResearch) antibodies were used.

Doublets formed by a Actvr1b-myc and Ndr2-EGFP coexpressing cell in contact with another H2A-mCherry expressing cell were

imaged using a Leica inverted SP5 confocal microscope equipped with a Leica 63x/1.4 NA oil objective. Triple colocalization of

Actvr1b-myc, Ndr2-EGFP and EEA1 was analysed with Imaris (Bitplane), and the subcellular localization of Actvr1b-myc and

Ndr2-EGFP double-positive early endosomes was analyzed using Fiji-ImageJ. The intensity of the colocalization signal was

measured in an area of 3mm below the membrane at the cell outline. The average intensity was calculated for the cell-medium

and cell-cell interfaces separately.

Western Blotting
Wild type embryos were injected with ndr2-EGFP mRNA and incubated at 31�C until they had reached shield stage (6 hpf). Cells

expressing different levels of Ndr2-EGFP were isolated using FACS, and 100.000 cells per sample were lysed in RIPA buffer (9806,

Cell signaling) supplemented with protease (Complete Mini, Roche) and phosphatase (Phospho-STOP, Roche) inhibitors. Total pro-

tein was transferred to a 12% polyacrylamide gel for Western blotting on nitrocellulose membrane. For each experiment, the same

membrane was cut in three parts separating high, intermediate and low molecular weight proteins, allowing detection of all analyzed

proteins from the same samples. Cadherins were detected with an anti-pan-cadherin antibody (1:1000, C3678, Sigma), while phos-

phorylated myosin II was detected with an anti-phospho-myosin light chain II antibody (1:500, 3674, Cell Signalling). Both antibodies

wereused in combinationwith agoatHRPconjugated secondary anti-rabbit antibody (111-035-003, Jackson ImmunoResearch). Asa

loading control, GAPDH was detected using an anti-GAPDH antibody (1:1000, NB300-221, Novus Biologicals) in combination with a

goatHRP-conjugated anti-mouse secondary antibody (111-035-006, Jackson ImmunoResearch). Chemiluminescencewasdetected

with a VersaDoc MP4000 (Biorad) imaging system, and western blot band densitometry was performed using the QuantityOne

(Biorad) software. PanCad/GAPDH and pp-MRLC2/GAPDH ratios were computed and normalized on sample 1.

Stochastic Models: General Description
The scope of our modeling efforts is to describe the interplay and feedback between cell-cell contact formation and morphogen

signaling both in culture and within the prechordal plate (ppl) between 6 hours post fertilization (hpf) and 8hpf. These experimentally

observed interactions occur at two vastly different spatial scales: (i) formation and loss of cell-cell contacts occur between individual

ppl cells in vivo, which can be directly observed using two-photon microscopy; (ii) the subsequent increase in Nodal pathway

signaling strength and downstream target gene expression occur on a molecular level within each ppl cell, and can be observed

indirectly via fluorescence microscopy. Furthermore, the vast majority of cell-cell contacts in culture form upon seeding and persist

for the whole imaging period, which is significantly different to the situation in vivo where contact formation and loss is a dynamic

process continuously occurring during the experiments.
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To accommodate for these vast differences in the spatial scale of the interactions aswell as for the different conditions in vivo and in

culture, we constructed not one but two (initially) separatemodels each describing only the interactions taking place at a given spatial

scale and under a given experimental condition: our first, cellular model describes the formation and loss of cell-cell contacts in vivo

as well as the subsequent localization of Nodal signaling pathway components to the cell-cell contact sites, and does not (yet) take

the intrinsic state of the respective cells into account. Our second, molecular model describes the Smad2 nuclear localization

dynamics upon phosphorylation, and the subsequent transcriptional activation of goosecoid (gsc) and other downstream genes,

with the number of active cell-cell contacts given in form of a (constant) external input. This second model thus resembles the exper-

imental conditions in culture where we quantified ppl cells with either zero or one contact persisting during the whole experiment. In a

final step, we then combine the twomodels to describe the positive feedback between gsc expression and cell-cell contact formation

in vivo by assuming that adhesion energy ofmesoderm cells and, thus, the probability of cell-cell contact loss per unit time ismodified

by a yet not identified effector downstream of Smad2.

Due to the relative small absolute number of simultaneous cell-cell contacts per cell (the maximum we observed was 15, see

section ‘‘Stochastic models: cellular model (in vivo)‘‘), noise due to stochastic cell-cell contact formation and loss cannot be

neglected. Consequently, we decided to construct stochastic models, which we simulated using Gillespie’s algorithm (Gillespie,

1977) as implemented in the software Dizzy (Ramsey et al., 2005). In the following, we refer to a function r(.) associatedwith a reaction,

with r(.)dt the probability that a given reaction takes place in the infinitesimal time interval [t,t+dt), as the rate of the reaction. Whenever

discussing parameter identifiability, we refer to the concept of practical identifiability given the various experimental noise sources

and the available experimental data. All times are given with respect to 6hpf if not indicated otherwise, for example, t=30min

corresponds to 6.5hpf.

Stochastic Models: Cellular Model (In Vivo)
Model Description

In this section, we developed a model describing cell-cell contact formation and loss in the ppl, as well as Nodal signaling pathway

component localization to the site of newly established cell-cell contacts. Here, we assume that all ppl cells form and lose cell-cell

contacts with the same dynamics independent of any differences in their intrinsic state or their location within the ppl. Furthermore,

we also neglect differences between individual cell-cell contacts, that is, we assume that each cell-cell contact has approximately the

same area and stability. We assume that the probability per unit time that a cell in the ppl establishes a new cell-cell contact

decreases approximately linearly with the number of cell-cell contacts it has already established, and that the probability to lose

an established cell-cell contact per unit time is independent of the duration the contact has already existed. Finally, we describe

the localization of Nodal signaling pathway components to the sites of newly established cell-cell contacts as a ‘‘lumped’’ reaction,

and assume that after a cell-cell contact is lost the components delocalize quickly.

Mathematically, we describe the cell-cell contact state of a cell by a set of i=1,.,nC independent ‘‘contact sites’’ per cell, which can

each either be free (Ci
U = 1), or in contact to another cell with (Ci

A) or without (Ci
B) localized components of the Nodal signaling

pathway. The transition between the three states is given by the mass-action kinetics

Ci
U %

kB

kU
Ci

B Ci
B /

kA
Ci

A Ci
A /

kU
Ci

U; (Equation 1)

with kU the cell-cell contact loss rate constant, kB the cell-cell contact formation rate constant, and kA the Nodal signaling pathway

component accumulation rate constant. In the following, we conveniently refer to both Ci
B and Ci

A as (established) cell-cell contacts,

and to Ci
A as active cell-cell contacts.

Parameter Estimation

To estimate the parameters of our stochastic cellular model, we first observe that–according to our model–the distribution of cell-cell

contact durations is exponentially distributed with rate parameter kU. To test this hypothesis and to identify the value of the cell-cell

contact loss rate constant kU, we transplanted labeled ppl progenitor cells from a Tg(gsc::mEGFP) donor to a Tg(gsc::mEGFP) host

embryo at 6hpf, and tracked each cell-cell contact between a donor and a host cell for approximately 60min to determine the dis-

tribution of the apparent contact durations as described in themain text (Figures 5B, S1A, and S1B). Importantly, these apparent cell-

cell contact durations represent an underestimation of the ‘‘true’’ (unknown) cell-cell contact durations: the start frame of cell-cell

contacts having formed before the imaging period was set to the first frame, and the end frame of cell-cell contacts persisting longer

than the imaging period was set to the last frame, i.e. we considered only the overlap of the imaging period with the durations of the

cell-cell contacts for the calculation of the apparent cell-cell contact durations. This ‘‘truncation’’ of cell-cell contacts only partly over-

lapping with or persisting longer than the imaging period affected up to 50% of all tracked cell-cell contacts. Consequently, we have

to take this systematic underestimation of cell-cell contact durations into account when comparing the experimental data with the

model predictions.

For this comparison, we first observe that–according to ourmodel–the probability pU˛[0,1] to loose a cell-cell contact between two

adjacent frames is given by the cumulative distribution function pU = 1� e�kUDtf of the exponential distribution evaluated at the

imaging period Dtf, and that the ‘‘true’’ contact duration LC˛{1,2,.} (measured in frames) is geometrically distributed:

PðLC = lCÞ= ð1� pUÞlC�1pU:
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Furthermore, the probability that a cell-cell contact is contained in or overlaps with the imaging period so that it is detected

depends on the cell-cell contact duration: long lasting contacts can be formed well before the first frame and still extend into the

imaging period, while this is not true for short contacts. Thus, the probability to observe a contact is proportional to the maximal

number of frames a contact of a certain duration can have formed before the start of the imaging period such that it still persists

at the first frame, plus the duration of the imaging period itself:

PðdetectjLC = lCÞfnF + lC � 1:

By Bayes’ theorem, the probability P(LC=lCjdetect) that a contact we detected has length lC is then

PðLC = lCjdetectÞ=PðdetectjLC = lCÞPðLC = lCÞ
PðdetectÞ

=
ðnF + lC � 1Þp2

Uð1� pUÞlC�1

ðnF � 1ÞpU + 1
;

(Equation 2)

with P(detect) the probability to detect any contact independent of its length.

The probability PðbLC = blC���LC = lC;detectÞ that we assign an apparent contact duration of blC ˛f1;.; nFg to a cell-cell contact (due to

the finite imaging period), given that its ‘‘true’’ contact duration is lC, is given by

P
�bLC = blC��LC = lC;detect

�
=

1

nF + lC � 1
:

8>><
>>:

lC � nF + 1 if lC RblC = nF

nF � lC + 1 if lC = blC < nF

2 if lC;nF >blC
0 if lC < blC:

Finally, we can calculate the probability that a detected contact has an apparent contact duration of blC˛f1;.nFg, that is, the
expected distribution of the experimentally observed apparent contact durations:

P
�bLC =blC��detect�=

X
lC = 1

N

P
�bLC = blC���LC = lC;detect

�
PðLC = lCjdetectÞ

= ð1� pUÞblC�1 pU|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
=PðLC =blCÞ

�
1+D

�blC; nF ;pU

��
;

(Equation 3)

with

D
�blC;nF ;pU

�
=

8>>>><
>>>>:

1� blCpU

ðnF � 1ÞpU + 1
if blC < nF

1� ðnF � 1Þp2
U � pU

ðnF � 1Þp2
U +pU

if blC = nF :

To identify the value of the cell-cell contact loss rate constant kU = � logð1�pUÞ
Dtf

, we performed four independent transplantation

experiments as described in the main text. For each experiment, we fitted (3) to the distribution of the experimentally observed

apparent contact durations (black curve in Figure 5B), and extracted the cell-cell contact loss rate constant. For our four independent

experiments, we found cell-cell contact loss rate constants of about kU;1 =
1

33min (n1=11 cells), kU;2 =
1

36min (n2=10), kU;3 =
1

38min (n3=9), and

kU;4 =
1

23min (n4=3), implying amean cell-cell contact duration between 23min and 38min when assuming an infinite imaging period (red

dash-dotted line in Figure 5B). Note that experiment four, indicating a significantly shorter mean cell-cell contact duration, consisted

of a lower number of cells compared to the other experiments. For our cellular model, we assumed a mean cell-cell contact duration

of 1
kU
= 33min, that is, the mean of 1

kU;1
to 1

kU;4
.

To estimate themaximal number nC of simultaneous cell-cell contacts, as well as the contact formation rate constant kB, we exper-

imentally measured the distribution of the number of simultaneous cell-cell contacts per cell (Figures S4A–S4C; see section ‘‘3D cell

cell contact in vivo’’). Our model predicts that the number of simultaneous cell-cell contacts (with or without localized Nodal signaling

pathway components) should follow a binomial distributionB

�
nC;

mC

nC

�
(black curve in Figure S4C), with mC = nC

kB
kU + kB

themean number

of simultaneous cell-cell contacts per cell. Fitting this binomial distribution to the experimental data resulted in a maximal

number nC=16 and an average number of mCz8.1 simultaneous cell-cell contacts per cell, as well as in a cell-cell contact formation

rate constant of kB = kU
mC

nC�mC
zlogð2Þ

22min.

To estimate the Nodal signaling pathway component accumulation rate constant kA, we experimentally measured the localization

of EGFP tagged Ndr2 upon cell-cell contact formation in culture over time, comparing average fluorescence intensities at cell-cell
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interfaces (cc) versus cell-medium interfaces (cm) (see section ‘‘in vitro cell assays’’ and Figures S4D and S4E). While Ndr2-EGFP

intensity remains approximately constant at the cell-medium interface, Ndr2-EGFP intensity at the cell-cell interface is well described

by an exponential curve (black curve in Figure S4E):

Ndr2-EGFP0 + ðNdr2-EGFP1 � Ndr2-EGFP0Þexp
�
� logð2Þ

T1=2

t

�
; (Equation 4)

with Ndr2-EGFP0 and Ndr2-EGFP1 the initial and final fluorescence levels, and T1/2 the time until half-maximal accumulation. By

fitting (4) to the data of five independent experiments, we observed half-maximal accumulation between 1.2min and 3.3min

(Figure S4E), with a mean at T1/2z2.1min. Assuming that the dynamics of Ndr2-EGFP polarization are representative of the

polarization of Nodal signaling pathway components, we set kA=log(2)/2.1min, i.e. after 2.1min half of the contacts become on

average ‘‘active’’. This implies that an average cell having a mean instantaneous cell-cell contact duration of 1
kU
= 33min has

mCA
= 7:4 active contacts, i.e. 92% of all contacts are in average active (Figure 7B and 7C).

Model Discussion

Even though our cellular model is comparatively simple, it adequately reproduces not only themean number of simultaneous cell-cell

contacts per cell as well as the mean cell-cell contact duration, but also the respective distributions (Figures 5B and S4C). For the

distribution of cell-cell contact durations, this close agreement between model dynamics and experimental data was achieved

with only one free parameter, the cell-cell contact loss rate constant kU, which was assumed to be the same for all cell-cell contacts.

It also justifies our assumption that the cell-cell contact loss rate is independent of the duration the contact has already been estab-

lished, or if Nodal signaling pathway components have already accumulated at the contact site. Thus, effects like an eventual

increase of the cell-cell contact area over time or similar are likely rather negligible.

Our model analysis indicates that the naive approach of taking the mean of all observed cell-cell contact durations without taking

the finite imaging period into account leads to a systematic underestimation of the ‘‘true’’ mean cell-cell contact duration: the prob-

ability for short cell-cell contacts is systematically overestimated (DðblC; nF ;pUÞ> 0 for blC small) at the expense of the probability of long

cell-cell contacts (DðblC;nF ;pUÞ< 0 for blC large; red and black curves in Figure 5B). An exception are cell-cell contacts with an apparent

duration being equal to the imaging period, corresponding to the ‘‘peak’’ at the right of the apparent contact duration distribution

(D(nF,nF,pU) > 0 for all experiments). A similar scenario can be expected in the case where wewould have only taken cell-cell contacts

into account starting and ending during the imaging period, since short cell-cell contacts have a higher probability to be completely

contained in the imaging period compared to longer contacts. The drawback of our approach to estimate the ’’true’’ mean cell-cell

contact duration from the apparent cell-cell contact durations is that it is not suited for very small cell-cell contact sample sizes. Thus,

to compare the cell-cell contact durations of individual cells (Figures 1E and 1F), we used the mean of the apparent cell-cell contact

durations, whose expected value growsmonotonically with the ’’true’’ mean cell-cell contact duration and is, thus, suited to compare

single-cell behavior. In the following, we refer to the apparent mean cell-cell contact duration simply as the mean cell-cell contact

duration, and to the estimate ’’true’’ mean cell-cell contact duration (i.e. to 1
kU
) as the instantaneous cell-cell contact duration. The

reason for the latter becomes clear in section ‘‘Stochastic models: cellular model (in vivo)’’ when the cell-cell contact loss rate

‘‘constant’’ kU becomes a function of the intracellular state.

Interestingly, the structure of our cellular model (1) closely resembles kinetic proofreading, a mechanism initially proposed to

explain the small error rates observed in biosynthetic processes like protein synthesis or DNA replication (Hopfield, 1974). Subse-

quently, themechanism of kinetic proofreading was also proposed as amean for cellular signaling pathways to discriminate between

few ligands with high receptor affinity, and many ligands with low receptor affinity (McKeithan, 1995). This discrimination crucially

depends on the existence of one or more irreversible reactions after ligand-receptor binding and before the ligand-receptor complex

induces downstream signaling (McKeithan, 1995). These irreversible reactions can be interpreted as a time-delay, and only ligand-

receptor complexes lasting longer than this time delay induce downstream signaling. Thus, kinetic proofreading allows differential

signaling pathway activation for ligands with different dissociation rate constants from the receptor, even if the total amount of

ligand-receptor complexes is the same (McKeithan, 1995). In a very similar manner, the time-delay due to the accumulation of Nodal

signaling pathway components at cell-cell contact sites implies that only sufficiently long lasting contacts induce Nodal signaling

pathway activation. Thus, our cellular model represents an effective kinetic proofreading mechanism allowing the cells to show a

differential response to long-lasting and short-lasting cell-cell contacts, even if the total number of cell-cell contacts is the same

(Figures 7B and 7C). This ability of ppl cells to ‘‘measure’’ the average duration of their cell-cell contacts, as opposed to only their

average number, becomes important in section ‘‘Stochastic models: cellular model (in vivo)’’ when we consider populations of ppl

cells with different instantaneous cell-cell contact durations due to different intrinsic states of the cells. Indeed, for an ‘‘average’’

cell as modeled in this section, around 92%of all cell-cell contacts are in average active, corresponding to in average mCA
= 7:4 active

contacts per cell (Figures 7B and 7C). However, for a cell with a mean instantaneous cell-cell contact duration of 10min, this fraction

already decreases to only around 77%, and, for a cell with a mean instantaneous cell-cell contact duration of 1min, to 25%. We also

believe that this effective kinetic proofreading mechanism might explain why we observed a statistically significant

correlation between cell-cell contact duration and gsc expression (Figure 1E), but not between the number of cell-cell contacts

and gsc expression (Figure 1F).
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Stochastic Models: Molecular Model (in Culture)
Model Description

In this section, we develop a model describing the experimentally observed dependency of Smad2 nuclear localization and subse-

quent downstream gene expression on cell-cell contact formation in single ppl cells in culture. To our knowledge, this study is the first

to identify the dependency of Smad2 nuclear localization on cell-cell contacts, thus, no mechanistical model exists describing the

correspondingmolecular interactions. However, a detailedmathematical model of Smad2 nuclear localization following Nodal induc-

tion was presented by Schmierer et al. (2008) for human cells (HaCaT cell-line). In this model, Smad2 can either exist as amonomer, a

homodimer, or as a heterodimer with Smad4, with homo- and hetero-dimerization of Smad2 conditioned on prior phosphorylation by

the activated receptor complex. While Smad2 monomers (phosphorylated or not) were assumed to shuttle between nucleus and

cytosol, the export rate of Smad2 homo- and heterodimers from the nucleus to the cytosol was assumed to be negligible (Schmierer

et al., 2008). Thus, an increase in Smad2 homo- and heterodimerization due to Smad2 phosphorylation by the activated receptor

complex leads to a decrease in the average nuclear export rate, and consequently to an increase in the nuclear localization of

Smad2 (Schmierer et al., 2008). We use the model of Schmierer et al. (2008) as a starting point for the development of our molecular

model accounting for the effect of cell-cell contacts on Smad2 nuclear localization in culture, assuming that most molecular interac-

tions are conserved between human and zebrafish.

In our model, we assumed that an active cell-cell contact promotes phosphorylation of Smad2 and that multiple active cell-cell

contacts have an additive effect. The concentration and dynamics of Nodal ligands within the ppl are not known at the molecular

level. Therefore, we did not explicitly model extracellular Nodal ligand but described its effects with constant parameters. This

allowed us to reduce model complexity, while adequately describing differences in individual cell dynamics. It was shown that Nodal

signaling dependent transcription is initiated by an ARF1/2-complex, formed by two Smad2molecules, one Smad4, and one Fast1 or

Fast3 molecule (Inman and Hill, 2002). To avoid the exponential increase in the number of model species and parameters with the

number of proteins participating in a multimer, we assumed all proteins except phosphorylated Smad2 to be available in excess,

andmodeled the formation of the protein complex –to which we conveniently refer as a Smad2 dimer– as a single ‘‘lumped’’ reaction

with the only reactants explicitly modeled being the two phosphorylated Smad2 molecules. Similar to Schmierer et al. (2008), we

assume that phosphorylation of Smad2 occurs in the cytosol while dephosphorylation occurs in the nucleus, that both in the cytosol

and the nucleus Smad2 dimers are formed, and that Smad2 monomers shuttle between cytosol and nucleus while Smad2 dimers

cannot exit but only enter the nucleus. Furthermore, we assumed that Smad2 dimers within the nucleus bind and unbind their target

promoters following mass action kinetics, and that only the bound promoter leads to transcription and translation. We further

assumed that gsc::mEGFP is expressed in an unmaturated form, and that maturation follows first order kinetics. Note that we model

gsc::mEGFP transcription and translation as a relatively fast bulk reaction, so that the pool of unmaturated gsc::mEGFP represents

both mRNA and unmaturated gsc::mEGFP protein. Taken together, our molecular model comprises the dynamics of 10 molecular

species participating in 19 reactions which depend on 14 parameters (Table S1, Reactions #5–#23, and Figure 5C).

Parameter Estimation

We used a hybrid strategy for model parametrization, choosing parameters values of previously described reactions close to values

reported in the literature, and estimating the rest given our experimental data. Specifically, we assumed a similar cellular concentra-

tion of Smad2molecules as Schmierer et al. (2008), where the total number of Smad2/3 molecules in a HaCaT cell line was estimated

to be 100,000, distributed in an effective volume of 3300mm3. For ppl cells, we experimentally estimated the cytosolic volume to be in

average Vcyt=2421mm
3, and the nuclear volume to be in average Vnuc=241.4mm

3 (Figure S4H). By scaling the absolute number of

Smad2 molecules in (Schmierer et al., 2008) by the ratio between the total volume Vcell=Vcyt+Vnuc=2662mm
3 of ppl progenitor cells

and the volume of HaCaT cells, we obtained an estimate of Stot=80,000molec Smad2 molecules in each ppl cell (Table S1). In the

context of stochastic modeling, this estimate corresponds to a comparatively high number of molecules. As a consequence, a

moderate increase or decrease of the total Smad2 molecule number has only little effect on the overall model dynamics given

that the other parameters are accordingly scaled. Since the structure of Smad2 is conserved between different species, we assumed

the same Smad2 dimerization and dissociation rate constants kdim and kdiss as reported in (Schmierer et al., 2008).

To quantify the effect of the accumulation of Nodal signaling pathway components at cell-cell contact sites, we quantified

EGFP-Smad2 nuclear localization for ppl progenitor single cells (S) and doublets (D) in culture, i.e. for cells which possessed no

or exactly one cell-cell contact with another cell, respectively (see main text). Note, that –different to the situation in vivo– we did

not observe any loss of cell-cell contacts in culture, and we thus assume that doublets formed directly after FACS sorting at

t=15min. Due to FACS and sample preparation, imaging of the cells started at approximately 75min after cell extraction from

the ppl at 6hpf. From the data (Figure S4F), we estimated a mean Smad2 nuclear localization of L(0)=0.99 for single cells, and of

L(1)=1.18 for doublets at t=75min. Furthermore, our data indicate that for both single cells and doublets, Smad2 nuclear localization

has reached approximately steady-state levels (Figure 5D).We also estimated –using the same experimental protocol– that themean

nuclear Smad2 localization of MZoep cells which were never exposed to Nodal is approximately L�Nodal=0.86 (Figure S4F). We then

assumed that measured fluorescence values (Figure 5D) in the nucleus and the cytosol are proportional to the respective concen-

tration of Smad2, and that for MZoep cells never exposed to Nodal (Figure S4F), phosphorylation of Smad2 is negligible (i.e.

kpU,kpBz0). This implies that nearly all Smad2 proteins are unphosphorylated and monomers (i.e. StotzS2C+S2N), allowing us to

analytically derive a nuclear import/export rate constant ratio of kI
kE
= Vnuc

Vcyt
L�Nodalz0:086. This value is significantly lower than

the 0.46 previously reported (Schmierer et al., 2008). We believe that this discrepancy might be caused by the different nuclear to
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cytosolic volume ratio and other differences between the two cell types. To be, nevertheless, as consistent as possible with themodel

of Schmierer et al. (2008), which was parametrized based on extensive experimental data, we set the import rate constant in our

model to kI =
logð2Þ
10min (approximately half the value previously reported by Schmierer et al., 2008), resulting in an export rate constant

of kEz
logð2Þ
51s (approximately twice the value reported by Schmierer et al., 2008).

Given only the steady-state Smad2-EGFP nuclear localization data (Figure 5D), the rest of the parameters describing Smad2 local-

ization as a function of active cell-cell contacts are not identifiable: for a wide range of possible dephosphorylation rate constants

kd, we can adjust the phosphorylation rate constants kpU and kpB such that the model shows Smad2 nuclear localizations
Vcyt

Vnuc

S2N +S2Np +S22N

S2C +S2Cp +S22C
for single cells (Ci

U = 1 and Ci
B =Ci

A = 0 for i˛1;.;nC) and doublets (C1
U =C1

B = 0, C1
A = 1, and Ci

U = 1 and

Ci
B =Ci

A = 0 for i˛2;.; nC) similar to the experimentally observed ones (Figure 5D). However, during our measurements of Smad2-

EGFP nuclear localization in ppl progenitor cells in culture, we observed three single cells establishing a cell-cell contact with another

cell during the imaging period. As a result, the Smad2 nuclear localization in two of the three cells increased quickly, and reached their

respective new steady-state value approximately 10�20min after the establishment of the contact (Figure S4G). The third cell did not

show any significant change in Smad2 nuclear localization, potentially because the imaging period was too short. This dynamic data

allowed us to discriminate between different parameter sets by selecting the parameter combination (kd, kpU and kpB) resulting in

model dynamics in best agreement with the experimentally observed dynamics upon establishment of a cell-cell contact

(Figure S4G).

To quantify the effect of Smad2 nuclear localization on transcription levels of the corresponding target genes, we measured the

fluorescence levels of gsc::mEGFP in single cells and doublets in culture (see main text). Our data suggests that between 45min

and 165min after cell isolation at 6hpf, gsc::mEGFP levels increased by approximately 1.51 for single cells, and 1.69 for doublets

(Figure 5D). Fluorescence measurements are only relative, and do not allow to deduce protein concentrations in absolute numbers;

thus, the maximal gsc::mEGFP expression rate constant is not identifiable, but also has only marginal effects on the dynamics given

that it is reasonable to assume that the expression rate is high enough to result in only little molecular noise. Thus, we arbitrarily set the

maximal gsc::mEGFP expression rate constant to vEGFP =
EGFPmaxkdEGFP

molec , with EGFPmax=100’000molec. Note, that in all simulations,

gsc::mEGFPmolecule numbers stayed below 10’000molec, and that changing the value of EGFPmax by a decade or more has negli-

gible effects on model dynamics. When quantifying gsc::mEGFP average intensities in ppl cells in vivo, we observed high variation in

the rates of gsc::mEGFP increase over time (Figures S1C–S1E), suggesting that nuclear Smad2 dimer concentrations are far from

saturating their target genes. Far from saturation, the rate of target gene induction depends approximately linearly on the nuclear

Smad2 dimer concentration, andmoderately scaling the dissociation constant for the binding and unbinding of Smad2 dimers to their

target genes has a similar effect on gsc::mEGFP dynamics as scaling the (not identifiable) maximal gsc::mEGFP expression rate con-

stant. This implies that the precise value of the dissociation constant has only little effect on themodel dynamics as long as it remains

in the linear regime. Thus, we arbitrarily set the dissociation constant toKS22=16960molec, that is, five times the deterministic steady-

state value of Smad2 dimers for mCA=7.4 active cell-cell contacts and well in the linear regime. We then assumed that Smad2 target

gene binding and unbinding takes place at a faster time-scale than the other reactions in the model, and set the Smad2 DNA unbind-

ing rate constant to k�S22 =
logð2Þ
10s , resulting in a corresponding binding rate constant of k +

S22 = 4:1,10�6 1
molec,s. Note, that also the precise

binding and unbinding rate constants –assuming that their ratio KS22 remains fixed– do not have a significant influence on the overall

model dynamics as long as the assumption of time-scale separation remains valid. Reported EGFP maturation rate constants highly

vary between logð2Þ
9:5min and

logð2Þ
88min depending on the experimental protocol (Iizuka et al., 2011; Sniegowski et al., 2005). Here, we decided to

use an intermediate rate constant of kmEGFP =
logð2Þ
30min. Furthermore, we assumed a half-life time of 5h for gsc::mEGFP (maturated and

non-maturated, kdEGFP =
logð2Þ
5h ) accounting for the combined effect of degradation, dilution due to cell growth, bleaching and similar.

This comparatively long half-life is in agreement with our observation that gsc::mEGFP is relatively stable and that cell growth is small,

and implies that only approximately 15% of the gsc::mEGFP pool is degraded/diluted during a typical imaging period of 1h.

For the initial conditions (Table S1), we assumed that at 6hpf, directly before cell isolation from the ppl, the different Smad2 species

as well as unmaturated gsc::mEGFP are approximately at their respective (deterministic) steady-state concentrations for mCA
= 7:4

active cell-cell contacts. While the assumption of the initial condition to correspond to the steady-state is justified for these species

having relatively small relevant time-constants, the relevant time-constant for maturated gsc::mEGFP is given by its half-life time (5h),

implying that the assumption that also maturated gsc::mEGFP is at steady-state at 6hpf would not be justified. This assertion is

confirmed by both our in culture and in vivo data, clearly showing that maturated gsc::mEGFP levels are still increasing after 6hpf

(Figures 5D and S1C–S1E). Thus, we set the initial value of maturated gsc::mEGFP such that the increase between t=45min and

t=165min is in good agreement with the experimentally measured increase in cultured ppl single cells (Figure 5D, turquoise curve).

Finally, we arbitrarily assumed that, at 6hpf, the gsc::mEGFP promoter is unbound (GEGFP=1 and G�
EGFP = 0). Since Smad2 DNA

binding and unbinding happens at a fast time-scale, the other possible choice would lead to nearly identical model dynamics.

Model Discussion

Stochastic simulations of our model are in good agreement with the nuclear localization levels of single cells and doublets.

Furthermore, even though only the gsc::mEGFP dynamics of single cells were used for the identification of parameters and initial

conditions, also our model predictions for the dynamics of gsc::mEGFP for doublets are in good agreement with the experimental

data (Figure 5D, green curve). To further validate the plausibility of our fully parametrizedmodel, we predicted the nuclear localization
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of Smad2 to be LðmCA
Þ= 1:87 for a (hypothetical) cell having mCA

= 7:4 active contacts, corresponding to the average amount of active

contacts of a ppl cell in vivo (Sec.). This value is in good agreement with the reported Smad2 nuclear localization of 1.5–1.7 at 5hpf

(see Figure 2E in Dubrulle et al., 2015); note that we describe ppl cells between 6hpf and 8hpf, and that nuclear localization levels were

reported to still increase between 4 and 5hpf (Dubrulle et al., 2015) such that the higher localization predicted by our model is

reasonable.

Analysis of our model indicates that the reason why ppl single cells and doublets in culture initially show similar gsc::mEGFP

increase (Figure 5D) is due to the maturation of gsc::mEGFP molecules already produced before ppl cell isolation from the embryo.

While doublets are assumed to form directly after cell isolation and FACS and, thus, show a higher gsc::mEGFP production rate

starting from tz15min, this difference becomes only evident at later time points due to the delayedmaturation of the newly produced

gsc::mEGFP molecules.

Finally, similar to (Schmierer et al., 2008), we assumed that Smad2 nuclear accumulation is not mediated by a higher Smad2

nuclear import rate, but by a higher rate of Smad2 dimerization in combination with a negligible export rate of Smad2 dimers from

the nucleus. As a consequence, already a moderate increase in Smad2 nuclear localization levels corresponds to a significant

increase in the concentration of Smad2 dimers in the nucleus which we assumed to be the activator of downstream gene expression.

By incorporating this biological knowledge on the molecular details of Smad2 nuclear accumulation, it proved unnecessary to

assume any (additional) cooperative effects to describe the dynamics of downstream gene expression (Figure 5D). In contrast, it

proved challenging in our hands to explain downstream gene expression dynamics by a simplified model in which we assumed

transcriptional activation to directly depend on the total nuclear concentration of Smad2 (instead of the concentration of Smad2

dimers) without assuming an unreasonably high Hill coefficient.

Stochastic Models: Combined Model (In Vivo)
Model Description

In section ‘‘Stochastic models: cellular model (in vivo)’’, we developed a cellular model describing the formation and loss of cell-cell

contacts as well as the accumulation of Nodal signaling pathway components at the cell-cell contact sites of an ‘‘average’’ cell in vivo.

In section ‘‘Stochastic models: molecular model (in culture)’’, we developed a detailed molecular model describing the mechanisms

of Smad2 nuclear localization and the subsequent transcriptional activation of downstream genes in culture. In this section, we

combine the two models to describe the effect of the positive feedback loop between cell-cell contact formation and morphogen

signaling in vivo.

To the best of our knowledge, the molecular mechanisms leading to the experimentally observed correlation between cell-cell

contact area and Nodal signaling pathway activity in culture (Figures 3A, 3B, and 3E) are not known. To describe this effect in our

model, we assume that the area of a cell-cell contact formed in culture is proportional to the adhesion energy of the contact (Maı̂tre

et al., 2012). Furthermore, we hypothesize that higher Nodal signaling pathway activity, mediated by an increase in Smad2 nuclear

localization, leads to the expression of a yet unidentified effector gene, and that the expression levels of this effector correlate with the

adhesion energy (and thus the area) of a cell-cell contact. Finally, we assume that the probability per unit time to loose a cell-cell

contact in vivo decreases with increasing adhesion energy. This assumption is further justified by our finding that Nodal signaling

positively regulates cell-cell contact area and duration in vivo (Figures 3C and 3D).

Mathematically, we assume that the effector gene is expressed following the same kinetics as gsc::mEGFP(Table S1, Reac-

tions #24–#27), and that the effector has a half-life time of around 30min, following the consideration that the effector dynamics

should act at the same or at a faster time-scale than the formation of the ppl itself to have any relevant effect. We assume that

the adhesion energy E of a cell-cell contact depends smoothly on the effector concentration Eff, and that the first-order Taylor series

approximation of this dependency

EðEffÞzE0 + sEðEff � Eff0Þ;
around the average effector concentration Eff0 (see below) is appropriate in a sufficiently large neighborhood around Eff0. Similar to

the dependency of chemical reaction rates on the activation energy, we assume that in vivo the cell-cell contact loss rate decreases

approximately exponentially with the adhesion energy of the contact:

~kUðEffÞfexp

�
� EðEffÞ

kBT

�
;

with T a generalized temperature describing the strength of the spatial fluctuations of ppl cells, and kB the Boltzmann constant. By

combining both equations, we obtain

~kUðEffÞ= bkUexp

�
� a

�
Eff

Eff0
� 1

��
; (Equation 5)

with a= sE
Eff0
kBT

a unitless parameter describing the sensitivity of the unbinding rate on the effector concentration, and b a unitless

proportionality constant. In our model, we conveniently set Eff0 to the (deterministic) steady-state of the effector for mCA
= 7:4 active

cell-cell contacts. This implies that, at the deterministic steady-state for mCA
= 7:4 active cell-cell contacts, Eff=Eff0 and ~kUðEffÞ= bkU.

Thus, the factor b scales the cell-cell contact loss rate of an ‘‘average’’ cell identified in section ‘‘Stochastic models: cellular

model (in vivo)’’.
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Parameter Estimation

To estimate the variables a and b parametrizing the dependency of the cell-cell contact loss rate on the effector concentration, we

simulated 100 realizations each of the complete (closed loop) model for various values of a and b for 80min (Figure S5). Different from

section ‘‘Stochastic models: molecular model (in culture)’’, we drew the initial conditions for all species except for maturated

gsc::mEGFP from their respective stationary distributions, obtained by simulating the model for 5h starting from the initial conditions

in Table S1. Since maturated gsc::mEGFP is clearly not stationary at 6hpf due to its long half-life time, we set its initial condition as

described in section ‘‘Stochastic models: molecular model (in culture)’’. Furthermore, we assumed that all cell-cell contact sites are

unbound at t=0 (Ci
U = 1, Ci

B =Ci
A = 0 for all i = 1;.; nC), reproducing the experimental conditions in which all established cell-cell con-

tacts are lost due to the transplantation of the cells from donor to host embryo. We then processed the simulation data according to

the protocols we used for the analysis of the experimental data (see section ‘‘prechordal plate cell transplantations’’). Specifically, we

first discretized the simulation results to emulate an imaging period ofDtf = 130s, and then calculated the normalized linear coefficient

(Lc, see Figure S1) and the average cell-cell contact durations for each realization of the model between t=20min and t=80min (Fig-

ure S6A), given that experimental data of transplanted ppl cells could only be acquired approximately 20min after transplantation due

to sample preparation. To identify the parameters for which themodel is in best agreement with the experimental data, we calculated

for each combination of a and b the Kolmogorov-Smirnov distance D= supT

��� bFDðTÞ � bFSðTÞ
��� between the empirical distributionsbFDðTÞ and bFSðTÞ of the experimentally observed and simulated mean cell-cell contact durations T. For a=4 and b=0.7, the distance

is minimized. In general, we find that a and b affect the variance and average cell-cell contact durations for all cells, respectively

(Figure S5).

Model Discussion

Considering that we only optimized the values of a and bwhile keeping all other parameters fixed at their respective values identified

in sections ‘‘Stochastic models: cellular model (in vivo) and Stochastic models: molecular model (in culture)’’, the results of the sto-

chastic simulations of our combinedmodel are in good qualitative agreement with the experimentally observed gsc expression levels

as a function of cell-cell contact duration in ppl progenitors in vivo (Figure 5F). Specifically, our model closely reproduces the mean

gsc expression levels in vivo, which is remarkable since this part of the model was parametrized only on data of single cells in culture.

Furthermore, our model qualitatively reproduced the general relationship between mean cell-cell contact duration and the gsc

expression level in those cells, even though it was not able to reproduce the comparatively high experimentally observed variance

in gsc expression levels whichwas, however, strongly influenced by a few apparent cell outliers. In this context, it is important to recall

that we simulated each cell/stochastic realization using the exact same set of parameters, such that the variances in gsc expression

and average cell-cell contact durations in the simulation data is solely caused by stochastic effects in cell-cell contact formation and

intrinsic noise in Nodal signaling, with the former clearly having the dominant impact on the model dynamics. On the other hand, it

seems reasonable to expect that, in the ppl, not all cells are ‘‘equal’’, but that some might e.g. show overall higher or lower gene

expression rates.

Interestingly, the deterministic version of our combined model is monostable for a=3 and b=0.7, bistable but close to the

monostable region for a=4 and b=0.7, and bistable and far from the monostable region for a=5 and b=0.7 (Figure S5). Deterministic

bistability is often associated to cellular decisionmaking (Losick andDesplan, 2008), and in this interpretation the two stable equilibria

of the deterministic model would correspond to two dynamic modes of the cells (‘‘cell fates’’), with one equilibrium corresponding to

cells persistently forming strong cell-cell contacts and showing high gsc expression levels, and the other one corresponding to cells

persistently forming weak cell-cell contacts and showing low gsc expression levels. However, such an interpretation is only valid if

perturbations of the cellular dynamics due to molecular and other noise sources are comparatively low. This requirement is not

fulfilled for our model since the number of cell-cell contacts is low, resulting in comparatively high noise levels due to the stochastic

establishment and loss of cell-cell contacts. In such a regime where stochastic effects have a strong effect on cellular dynamics,

bistability as such is not a well defined concept (respectively the questions whether a given stochastic model is bistable, and

what this property exactly implies, might be answered in different ways; see e.g. Meunier and Verga, 1988). Nevertheless, when noise

levels are not negligible but also not exceedingly high, stochastic models often show long-lasting memory when their deterministic

counterparts are bistable, or close to the bistable regime (see e.g. Gn€ugge et al., 2016). In agreement with this observation, stochastic

realizations of our model starting at low effector concentrations at 6hpf (corresponding to short contact durations and low gsc

expression levels) nearly always persisted to show low effector concentrations until the end of the imaging period, and vice versa.

Importantly, we observed such long-lasting memory not only if the deterministic version of our model was bistable, but also if it

was ‘‘close to bistability’’, e.g. for a=3 and b=0.7. Thus, the prediction of our model that cells in the ppl can ‘‘remember’’ for a

long time if they had few or many long lasting cell-cell contacts is robust with respect to moderate perturbations of the parameters.

Consistent with this model prediction, we experimentally observed that cells showing short contact durations were occasionally

leaving the ppl plate cell cluster and switching on sox17::EGFP expression (see main text and Figures 6A and 6B). Specifically,

we observed distributions of sox17::EGFP expression levels well described by a (bimodal) Gaussian mixture model at late times

during our experiments (Figure S7A), with bimodal distributions at the population level being a common feature of bistable networks

(Gn€ugge et al., 2016).

In section ‘‘Stochastic models: molecular model (in vivo)’’, we observed that Nodal signaling pathway components have to

accumulate at the sites of cell-cell contacts before the respective cell-cell contact can increase Nodal signaling pathway activity,

and that this mechanism closely resembles the structure of pathways performing kinetic proofreading (Hopfield, 1974; McKeithan,

1995). We further hypothesized that ppl cells might employ this effective kinetic proofreading mechanism to distinguish between
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short and long lasting cell-cell contacts (Figures 7B and 7C), and concluded that the effect of this kinetic proofreading mechanism on

the cellular dynamics should be the stronger the lower the instantanous cell-cell contact duration 1
~kU ðEffÞ of a cell. To test this conclu-

sion, we asked if the mechanism of kinetic proofreading has any effect on the bistability of the network by analyzing a modified

version of our combinedmodel in which we neglected the dynamics of Nodal signaling pathway component accumulation at the sites

of cell-cell contacts by assuming that all cell-cell contacts of a ppl cell are active. In Figure 7D, we show that this modification of our

model has only very little effect on the location of the (deterministic) stable steady-state of our model corresponding to cells having

high average cell-cell contact durations and high Smad2 localization levels. In contrast, the stable steady-state corresponding to

cells having low average cell-cell contact durations and low Smad2 nuclear localization levels disappeared in a saddle-node bifur-

cation, and consequently the bistability of the network is lost.We conclude that the ability of ppl cells to distinguish between short and

long lasting contacts by utilizing an effective kinetic proofreading mechanism realized by a delayed localization of Nodal signaling

pathway components to the sites of cell-cell contacts has a significant impact on the cellular dynamics especially for less adhesive

cells, and thus on the population dynamics of ppl cells in vivo.

Interestingly, our simulations suggest that the transplantation process as such represents a perturbation of the system, since the

transplanted cells lose all cell-cell contacts due to the transplantation (Figure S6B, left side). As a consequence of this cell-cell con-

tact loss, Smad2 nuclear localization quickly drops, leading to lower effector expression rates, and, thus, to an increase in the cell-cell

contact loss rate (5). While a higher cell-cell contact loss rate in principle would lead to a further decrease in effector levels, the cells

quickly establish new cell-cell contacts after transplantation such that the effect of the transplantation on the cell dynamics are only

modest. Nevertheless, our model suggests that due to the transplantation the cells might show a slightly shorter average cell-cell

contact duration than non-transplanted cells. While here, we explicitly account for this effect by initializing all cells to have zero

cell-cell contacts at the time of transplantation (t=0), we did not do so in section ‘‘Stochastic models: cellular model (in vivo)’’

when estimating the value of the contact loss rate constant kU, indicating that the such estimated value of kU might be too high

for non-transplanted cells. We believe that the scaling factor b in (5) compensates for this effect, and, for b=0.7, simulated and exper-

imentally observed average contact durations are in good agreement (Figure S5). However, note that besides compensating for the

effect of transplantation, b also compensates for other effects arising due to the nonlinear structure of our system.

We expect that the predictive power of our model can be further increased as soon as additional biological knowledge becomes

available. For example, when the identity of our proposed effector as well as details on the molecular mechanism of how it influences

cell-cell adhesion become known, the dependency of the cell-cell contact loss rate on the effector concentration (5) could bemodeled

inmore detail. Anticipating possible results of future studies, we already tested several other biologically justifiable dependencies, for

example sigmoidal dependencies corresponding to the assumption that the cell-cell contact loss rate is lower and upper bound (data

not shown). Most biologically justifiable dependencies lead to qualitatively similar model dynamics, and several forms even lead to

slightly better agreement with the experimental data, for example, a better agreement of the variance of the mean cell-cell contact

duration with the experimental data. Nevertheless, given the current biological knowledge, we decided to use the dependency

described by (5) corresponding to the simplest possible functional form in order to decrease the risk of over-fitting our model.

Model Validation and Experimental Design

As described above, our combined model predicts that the transplantation process of ppl cells from host to donor embryo causes a

transient drop inSmad2phosphorylation (FigureS6B, left side). This is a strongprediction that canbeused to formally verify ourmodel:

while the model indicates that the effect of the transplantation on cell dynamics is mainly transient since the transplanted cells can

immediately form new cell-cell contacts in the ppl of the host embryo, it also predicts that a longer period of isolation should lead

to qualitatively different cell dynamics (Figure S6B, right side). For this prediction, we simulated our stochastic model as before,

but artificially set the cell-cell contact formation rate constant kB to zero during the first 20min. We experimentally verified this model

prediction by isolating donor cells for extendedperiods of timebefore transplanting them into the host embryo (seemain text). Consis-

tent with the model predictions, we found that the likelihood of transplanted ppl cells to transform into endoderm was significantly

increased in cells kept in isolation for 20min before the transplantation when compared to control cells that were transplanted imme-

diately after isolation from thedonor embryo (Figure 6D). These resultswere not only in agreementwith ourmodel predictions, but also

strongly support the importance of the positive feedback loop between morphogen signaling and cell-cell contact formation in vivo.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis of data was performed using the GraphPad Prism 5 software, as indicated in the figure captions. Pairwise com-

parisons of normally distributed samples with similar variances were performed with Student’s t-test, while Mann-Whitney test was

used in case of not normally distributed data. Comparisons between multiple treatments of two different samples (Figure 2D) was

performed via two-way ANOVA followed by Bonferroni post-test correction for multiple comparisons. Comparison of proportions

of categorical types between populations (Figure 6D) was performed via resampling and bootstrapping. Briefly, repeated random

sampling of two groups from a pooled population was simulated 100000 times and a p-value was calculated from the probability

of observing a difference in proportions equal or greater than the one experimentally observed. No statistical method was used to

predetermine sample size, the experiments were not randomized and the investigators were not blinded to allocation during exper-

iments and outcome assessment.
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