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SUMMARY

During metazoan development, the temporal pattern
of morphogen signaling is critical for organizing cell
fates in space and time. Yet, tools for temporally con-
trolling morphogen signaling within the embryo are
still scarce. Here, we developed a photoactivatable
Nodal receptor to determine how the temporal
pattern of Nodal signaling affects cell fate specifica-
tion during zebrafish gastrulation. By using this re-
ceptor to manipulate the duration of Nodal signaling
in vivo by light, we show that extended Nodal
signaling within the organizer promotes prechordal
plate specification and suppresses endoderm differ-
entiation. Endoderm differentiation is suppressed by
extended Nodal signaling inducing expression of the
transcriptional repressor goosecoid (gsc) in prechor-
dal plate progenitors, which in turn restrains Nodal
signaling from upregulating the endoderm differenti-
ation gene sox17 within these cells. Thus, optoge-
netic manipulation of Nodal signaling identifies a
critical role of Nodal signaling duration for organizer
cell fate specification during gastrulation.

INTRODUCTION

Nodal signals are members of the large family of transforming
growth factor B (TGF-B) signals (Massagué, 2012) and play a
pivotal role in the specification of the different germ layer progen-
itor cell types—ectoderm, mesoderm, and endoderm—during
vertebrate gastrulation (Schier, 2003). In zebrafish and frogs,
high Nodal signaling levels are generally believed to induce
endoderm, whereas lower levels induce mesoderm (Schier,
2003; Schier and Talbot, 2005; Shen, 2007). These level-depen-
dent effects of Nodal signaling are thought to be due to meso-
derm transcriptional targets displaying high sensitivity to Nodal
signaling, while endoderm targets are less responsive (Gurdon
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and Bourillot, 2001; Schier and Talbot, 2005). Considering that
Nodal signals show locally restricted expression within the
germ ring, a model has emerged wherein Nodal signals form a
concentration gradient from the germ ring to the animal pole of
the gastrula. This gradient in turn would provide positional infor-
mation for cell fate specification, with cells close to the source of
Nodal production becoming endoderm and cells further away
mesoderm. More recent studies have suggested that not only
the level, but also the duration of Nodal signaling are critical
for mesoderm and endoderm cell fate specification (Gritsman
et al., 2000; Gurdon and Bourillot, 2001; Hagos and Dougan,
2007; Rogers and Schier, 2011). This led to the cumulative
dose model where the combination of signaling level and dura-
tion determines the dose upon which mesoderm and endoderm
target genes are activated (Schier, 2009). In the framework of this
model, also the specific kinetics of target gene induction—in
particular the rate of gene transcription and the onset of induc-
tion—have recently been shown to modulate the precise spatial
range of target gene expression within the embryo (Dubrulle
et al., 2015). While the cumulative dose model provides a plau-
sible mechanistic explanation for Nodal signals inducing meso-
derm versus endoderm, important questions remain as to how
the temporal pattern of Nodal signaling controls mesendoderm
cell fate specification during gastrulation.

RESULTS

A recent observation using a transgenic reporter line to visualize
endogenous Nodal signaling has suggested that a temporal
window of Nodal signaling exists within the gastrulating zebra-
fish embryo determining the dimensions of the Nodal signaling
domain (van Boxtel et al., 2015). Yet, how this temporal regula-
tion of Nodal signaling translates in mesendoderm cell fate spec-
ification remains unclear. Previous studies have shown that the
expression of Nodal signals within the early embryo from late
blastula to early gastrula stages (4-6 hours post fertilization
[hpf]), the period during which Nodal signaling induces mesen-
doderm cell fates (Feldman et al., 1998; Hagos and Dougan,
2007; Schier and Talbot, 2005), is largely restricted to the germ
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ring (Feldman et al., 1998; Rebagliati et al., 1998a; van Boxtel
et al., 2015). Interestingly, Nodal signal expression within the
germ ring starts first within the embryonic organizer (shield) at
the dorsal germ ring (Feldman et al., 1998; Rebagliati et al.,
1998a) and is maintained longest within prechordal plate pro-
genitors internalizing from the shield (Rebagliati et al., 1998a).
This suggests that Nodal signaling starts earlier and lasts longer
within the shield and its derivatives compared to the remainder of
the germ ring. To determine whether not only the duration but
also the level of Nodal signaling might differ between the shield
versus the rest of the germ ring, we turned to Tg(mezzo:eGFP)
embryos, in which the expression of EGFP is controlled by the
promoter of mezzo, a pan-mesendoderm marker gene and direct
target of Nodal signaling (Poulain and Lepage, 2002). Using the
accumulation of EGFP in Tg(mezzo:eGFP) embryos as a proxy
of endogenous Nodal signaling levels in embryos from late blas-
tula to early gastrula stages (4-6 hr hpf), we found an overall
similar level of Nodal signaling in cells within the shield compared
to more lateral regions of the germ ring (Figures 1A and 1B;
Movies S1 and S2). Collectively, these observations suggest
that during the period of mesendoderm cell fate specification,
the duration of Nodal signaling, more than its level, is extended
in the shield compared to the rest of the germ ring.

To understand how extended Nodal signaling duration within
the shield relates to the induction of mesendoderm cell fate
specification therein, we analyzed cell fate specification in ante-
rior axial mesendoderm (prechordal plate [ppl]) cells internalizing
at the shield and migrating toward the animal pole during gastru-
lation (Gritsman et al., 2000). To this end, we made use of
Tg(sox17:GFP; gsc:TurboRFP) embryos expressing RFP under
the control of the goosecoid (gsc) promoter as a readout of ppl
specification (Figure 1C) (Schulte-Merker et al., 1994) and ex-
pressing GFP under the control of the sox77 promoter as a
readout of endoderm differentiation (Figure 1C) (Alexander and
Stainier, 1999). By simultaneously analyzing GFP and RFP
expression in individual ppl progenitors at early gastrulation,
we found that the level of gsc expression inversely correlated
with the level of sox17 expression in these cells (Figures 1D
and 1E; Movie S3). Moreover, we found that cells in the center
of the ppl expressed both higher levels of gsc and lower levels
of sox17 than cells in the periphery of the ppl (Figure 1F;
Movie S3). These findings point at the intriguing possibility that
extended Nodal signaling duration within the shield and its
derivatives lead to a simultaneous upregulation of gsc expres-
sion, promoting ppl specification, and downregulation of sox17
expression, suppressing endoderm differentiation.

To go beyond correlative evidence and unravel the causative
relationship between the duration of Nodal signaling and the in-
duction kinetics and interaction of factors involved in mesendo-
derm diversification within the shield, we sought to develop a
tool with which we could precisely control the duration of Nodal
signaling in the embryo. Such tool would then allow us to deter-
mine the capacity of temporal patterned Nodal signaling in
controlling mesendoderm cell fate diversification during gastru-
lation, thereby generating predictions of the temporal activity
of endogenous Nodal signaling that in turn could be tested
experimentally. To this end, we constructed a pair of photoacti-
vatable Nodal receptors, Opto-acvrib and Opto-acvr2b, which

can be used to control Nodal signaling with light in the absence
of ligand. Specifically, we fused the light-oxygen-voltage (LOV)
domain of aureochromel from Vaucheria frigida (Takahashi
et al., 2007), which dimerizes upon blue light stimulation
(Toyooka et al., 2011), to the C-terminal ends of the intracellular
domains of the Nodal receptors Acvrib and Acvr2b and
anchored them to the plasma membrane by a myristoylation
motif (Figure 2A). This LOV domain has previously been shown
to induce the activation of dimerizing receptors with light (Grusch
et al., 2014). To determine to what extent these photoactivatable
receptors can be used to control Nodal signaling within the em-
bryo, we first analyzed their subcellular localization and ability to
induce Nodal signaling upon exposure to light at a level that does
not cause any obvious phototoxicity (Figures S1A-S1D). We
found that in embryos injected with opto-acvrib/2b mRNA at
the one-cell stage, the receptors localized to the plasma mem-
brane of all cells at blastula and gastrula stages (Figures S1E-
S1H), the period during which endogenous Nodal signaling is
thought to induce mesoderm and endoderm (Feldman et al.,
1998; Schier and Talbot, 2005). Using phosphorylation of endog-
enous Smad2 and nuclear translocation of EGFP-Smad2 as
readouts for active Nodal signaling, we further found significantly
increased signaling levels in gastrula stage embryos expressing
both Opto-acvrib and Opto-acvr2b when exposed to light dur-
ing blastula and early gastrula stages as opposed to embryos
kept in the dark (Figures 2B-2D and S2). Next, we determined
whether light-induced receptor activation can also trigger the
transcription of Nodal target genes. Using gsc promoter activity
as readout of Nodal-induced target gene transcription (Joore
et al., 1996; Schier, 2003; Schier and Talbot, 2005), we found
strongly elevated levels of GFP expression in Opto-acvrib/2b
expressing gsc:GFP transgenic embryos (Doitsidou et al,
2002) at the end of gastrulation raised in the presence of light
as opposed to embryos kept in the dark (Figure 2E). This pheno-
type is highly reminiscent of embryos uniformly overexpressing
Nodal signals or constitutively active receptors (Figure S3).

In order to manipulate Nodal signaling in the absence of
endogenous signaling, we expressed Opto-acvrib/2b in MZoep
mutant embryos, which are defective in receiving Nodal ligands
(Gritsman et al., 1999; Gurdon and Bourillot, 2001; Schier and
Talbot, 2005). Exposing those embryos to light from fertilization
onward strongly upregulated the expression of the Nodal target
genes gsc and notail (ntl), which normally are expressed at only
very low levels in MZoep embryos (Figure 2F) (Gritsman et al.,
1999). To determine how the light-induced levels of Nodal
signaling in MZoep embryos compare to endogenous levels of
Nodal signaling in wild-type embryos, we compared the ability
of exogenous and endogenous Nodal signaling to activate the
expression of luciferase driven by an activin response element
(ARE). We found similar levels of luciferase activity in wild-type
embryos at shield stage (6 hpf) compared to shield stage MZoep
mutant embryos expressing Opto-acvrib/2b receptor in the
presence of light (Figure 2G). To further test the kinetics of
Nodal target gene induction by Opto-acvrib/2b, we analyzed
the temporal profile of endogenous gsc and nt/ expression in
Opto-acvrib/2b-expressing MZoep mutant embryos relative to
the onset and termination of light exposure. When embryos
were exposed to light for 1 hr between sphere and dome stages
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Figure 1. Temporal Nodal Signaling Activity and Cell Fate Specification

(A) Projection of image stacks showing mezzo:eGFP expression in the germ ring of Tg(mezzo:eGFP) embryos at 4.5 and 6 hpf injected with Qdots and expressing
H2A-tagBFP to mark nuclei; dorsal and lateral views. Scale bar, 100 um.

(B) Relative intensity of mezzo:eGFP in Tg(mezzo:eGFP) embryos at dorsal (blue line) and lateral side (black line) of the germ ring from 4.5-6.5 hpf; n = 3 embryos
each.

(C) Schematic illustration of cell fate specification in zebrafish embryos at blastula and gastrula stages (3-7 hpf). gsc, nt/, and sox17 expression domains are
shown in red, blue, and green, respectively; dorsal germ ring margin (shield) at 4-6 hpf is magnified in the boxed areas next to the illustrations of whole embryos;
dorsal side is to the right.

(D) Projection of image stacks showing sox77:GFP and gsc:TurboRFP expression in Tg(sox17:GFP;gsc:TurboRFP) embryos at 6.5, 7.5, and 8.5 hpf. Scale bar,
50 pm.

(E) Ratio of single cell sox77:GFP/gsc:TurboRFP fluorescence intensity values as a function of either normalized TurboRFP fluorescence intensities (yellow and
orange dots), or distance to the prechordal plate (ppl) center measured within a distance of 250 um around the ppl center (light and dark blue dots) in
Tg(sox17:GFP; gsc:TurboRFP) embryos between 6.5-8.5 hpf; data were pooled for different time spans of development with yellow and light blue = 6.5-7 hpf and
orange and dark blue = 7.5-8.5 hpf; single cell gsc:TurboRFP fluorescence values on the x axis were normalized to the maximum average single cell fluorescence
intensity at each selected time point; n = 4 embryos and n = 208 cells.

(F) Single cell sox17:GFP (green) and gsc:TurboRFP (red) fluorescence intensity values as a function of distance to the ppl center used for calculating the
fluorescence ratio in (E); binned data are shown as green and red lines; error bar, mean + SEM.

See also Movies S1, S2, and S3.
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Figure 2. Construction and Validation of Photoactivatable Nodal Receptors

(A) Schematic illustration of the photoactivatable Nodal receptor constructs and their function; LOV domain is shown in blue, and intracellular domains of acvr1b
and acvr2b are shown in green and orange, respectively; both receptors are anchored to the plasma membrane by a myristoylation motif shown in red; under blue
light stimulation, the 1b and 2b receptors are dimerized, leading to the phosphorylation of smad2 and smad3 and activation of target gene expression.

(B) Western blot showing the expression of phosphorylated smad2, Opto-acvrib, Opto-acvr2b, and GAPDH at dome stage (5 hpf) in MZoep injected with opto-
acvr1b and opto-acvr2b mRNA (20 pg each); water-injected embryos were used as controls (ctrl); embryos were exposed to light from high to dome stage (3-5 hpf).
(C) Quantification of nuclear EGFP-smad?2 signal in shield stage (6 hpf) MZoep embryos injected with EGFP-smad2 (20 pg), H2A-mCherry (20 pg), and opto-
acvr1b and opto-acvr2b mRNA (20 pg each) shown in (D); mean + SEM; n (ctrl) = 22, n (dark) = 10, n (light) = 12 embryos; ANOVA test was used for the statistical
evaluation with ***p < 0.0001; ns, not significant; MZoep embryos injected with EGFP-smad2 and H2A-mCherry mRNA only were used as ctrl.

(D) Projection of image stacks showing the localization of EGFP-smad2 in shield stage (6 hpf) MZoep embryos injected with EGFP-smad2 (20 pg), H2A-mCherry
(20 pg), and opto-acvr1b and opto-acvr2b mRNA (20 pg each); animal pole views; embryos were exposed to blue LED light from high to shield stage (3-6 hpf);
insets at the top right of each panel show single image planes of the boxed region in the main panel; EGFP-smad2 and H2A-mCherry are shown in green and red,
respectively. Scale bar, 100 um.

(E) Tg(gsc:GFP) embryos at bud stage (10 hpf) injected with opto-acvr1b and opto-acvr2b mRNA (20 pg each); embryos were exposed to blue LED light from two-
cell to bud stage (0.5-10 hpf); upper panels are bright-field images and lower panels show gsc:GFP expression. Scale bar, 200 um.

(F) Relative expression levels of gsc and nt/ mRNA at shield stage (6 hpf) in MZoep mutant embryos injected with opto-acvr1b and opto-acvr2b mRNA (20 pg
each); embryos were exposed to light from two cell to shield stage (0.5-6 hpf); values are fold-induction compared to water-injected MZoep mutant embryos kept
in dark; mean + SEM; independent triplicate experiments; ANOVA test was used for the statistical evaluation with **p < 0.01; ns, not significant.

(G) Quantification of luciferase activity induced by activin response element (ARE)-driven luciferase expression in wild-type (WT) and MZoep mutant embryos
injected with 3x ARE-lux plasmid (12.5 pg) and opto-acvr1b and opto-acvr2b mRNA (20 pg each); embryos were exposed to light from high to shield stage (3-6
hpf); values are fold-induction compared to water-injected WT ctrl embryos; mean + SEM; independent triplicate experiments; ANOVA test was used for the
statistical evaluation with *p < 0.05; ns, not significant.

(H) Relative expression levels of gsc and ntl mRNA at 5, 5.25 and 5.5 hpf in MZoep embryos injected with opto-acvr1b and opto-acvr2b mRNA (20 pg each).
Embryos were first exposed to light from sphere to dome stage (4-5 hpf) and then kept either in the dark or light for another 15 or 30 min; p values were determined
between embryos kept in the dark and light at 15 and 30 min with t test; values are fold-induction over embryos at 5.5 hpf kept in the light; mean + SEM; in-
dependent triplicate experiments; **p < 0.01; ns, not significant.

See also Figures S1, S2, and S3.
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(4-5 hpf) and then either moved to the dark or kept in the light, we
found a significant difference in the level of gsc and nt/ expres-
sion between exposed versus unexposed embryos already
30 and 15 min after their separation, respectively (Figure 2H).
This suggests that the activation-lifetime of Opto-acvrib/2b
with respect to its transcriptional output is <30 min and can be
effectively used in early embryos for switching ectopic Nodal
signaling on as well as off by termination of light exposure.
With this potent and reversible Opto-acvrib/2b receptor in
hand, we asked whether and how modulating the duration of
Nodal signaling would affect mesendoderm specification. We
first analyzed how the temporal pattern of uniform exogenous
Nodal signaling activation in MZoep embryos defective in
endogenous Nodal signaling affects the induction kinetics and
interaction of factors involved in mesendoderm diversification.
We chose this reduced assay system as it allowed us to analyze
the temporal aspect of Nodal signaling on target gene expres-
sion without interference from spatial and/or endogenous ef-
fects. When MZoep embryos expressing Opto-acvrib/2b were
exposed to light during the first 6 hr (one-cell to shield stage)
of development, the period during which mesoderm and endo-
derm are induced in the zebrafish embryo (Feldman et al,
1998; Schier and Talbot, 2005), the expression of gsc (ppl
progenitors), ntl (pan-mesoderm), and sox77 (endoderm) were
upregulated (Figures 3A-3C and S4A; Table S1; for details of
the endogenous expression domains see also Figure 1C). In
contrast, restricted activation of Nodal signaling during the first
3 hr of development (one-cell to high stage) had little effect on
the expression of these genes, while activation for the second
3 hr (high to shield stage) elicited the same response as contin-
uous activation during the entire period (one-cell to shield stage;
Figures 3A-3C and S4A; Table S1). These findings suggest that,
consistent with previous observations (Hagos and Dougan,
2007), effective induction of mesoderm and endoderm cell fates
requires Nodal signaling between high and shield stage (3-6 hpf).
We next evaluated whether further restricting the duration of
Nodal signaling during this critical period of Nodal-mediated
cell fate induction affects mesoderm and endoderm cell fate
specification. We first verified that the levels of Nodal signaling
elicited by activation of our Opto-acvr1b/2b receptors remained
constant between high and shield stage (3—-6 hpf) by analyzing
ARE-induced luciferase expression when activating the receptor
during the first (3—4 hpf), middle (4-5 hpf), and last (5-6 hpf) hr of
the period. We found no significant differences in signaling levels
between these different activation regimes (Figure S4B). We then
analyzed whether a step-wise increase in the duration of Nodal
signaling between high and shield stage (3—-6 hpf) would affect
the expression of genes involved in mesoderm and endoderm
cell fate specification at shield stage (6 hpf). Interestingly, we
found in line with previous observations (Dubrulle et al., 2015)
that for gsc (ppl progenitors), there was only low-level induction
after 1 hr (3—4 hpf) and 2 hr (3-5 hpf) activation, while after 3 hr of
activation (3—6 hpf) the induction level was strongly increased
(Figure 3B). For ntl (pan-mesoderm), the temporal activation
pattern appeared similar to gsc although the increase after 3 hr
of constant activation was less pronounced, likely due to high
levels of gsc suppressing nt/ expression (Artinger et al., 1997).
Finally, sox77 (endoderm) showed a completely different induc-
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tion pattern from ntl and gsc, with low induction after 1 hr (3-4
hpf), very strong induction after 2 hr (3-5 hpf), and low induction
again after 3 hr of activation (3-6 hpf; Figure 3C).

To determine whether this differential regulation of gsc versus
sox17 expression is due to changes in the expression of those
genes within individual cells and/or alterations in the number of
cells expressing them, we analyzed the expression pattern of
gsc and sox17 by whole mount in situ hybridization of treated
embryos. This analysis showed that for gsc, the size of its
expression domain as well as the level of gsc expression within
this domain increased from 2 hr (3-5 hpf) to 3 hr (3—6 hpf) activa-
tion of Nodal signaling (Figure 3D), while for sox77, the opposite
effects were detected (Figure 3D). This suggests that increasing
the duration of Nodal signaling affects both the number of cells
expressing gsc and/or sox17 as well as the level of gsc and/or
sox17 expression in those cells. To confirm this conclusion on
a more quantitative level, we also performed fluorescence-
activated cell sorting (FACS) of GFP-expressing cells obtained
from MZoep;Tg(gsc:GFP) embryos after activation of Nodal
signaling for 2 hr (3-5 hpf) versus 3 hr (3—-6 hpf). We found that
not only the number of gsc expressing cells, but also the expres-
sion level of gsc per cell increased from 2 hr to 3 hr activation
(Figure 3E), confirming the observations from our in situ expres-
sion analysis.

To determine whether this difference in sox77 versus gsc
and ntl expression at shield stage in response to temporally
restricted Nodal signaling between 3 and 5 hpf was due to differ-
ences in the induction of their expression by Nodal signaling or,
alternatively, due to differences in their mRNA stability, we again
activated the receptor for 2 hr (3-5 hpf) but monitored expression
levels directly at the end of activation (5 hpf) rather than 1 hr later
as in the previous experiments (Figures 3A-3C). We found
that gsc and ntl showed the same low expression levels when
analyzed at 5 hpf compared to 6 hpf (Figures 3F, 3G, and
S4C), suggesting that the low expression of gsc and nt/ at shield
stage is due to low induction by Nodal signaling between 3 and 5
hpf rather than rapid mRNA decay between 5 and 6 hpf. Surpris-
ingly, we also found that the endoderm gene sox77 showed
much lower induction when monitored directly at the end of acti-
vation rather than 1 hr later (Figures 3F and 3G), suggesting that
for strong upregulation of sox77 expression, Nodal signaling
must be on for 2 hr (3-5 hpf) and off for another hr (5-6 hpf).

To identify the mechanism(s) by which this temporal pattern of
Nodal signaling regulates sox77 expression, we analyzed the in-
duction of casanova (cas/sox32), an upstream regulator of sox17
expression (Kikuchi et al., 2001) and direct transcriptional target
of Nodal signaling. Similar to gsc, ntl, and sox17, 2 hr activation
of Nodal signaling (3-5 hpf) led to only low induction of cas/sox32
expression when assayed at 5 hpf (Figure S4C). However,
different from gsc and ntl but similar to sox17, cas/sox32 expres-
sion was upregulated following an hour during which Nodal
signaling was switched off (Figure S4C). Interestingly, cas/
sox32 expression was also upregulated after continuous 3 hr
activation of Nodal signaling from 3-6 hpf (Figure S4C), different
from sox17, which was only mildly upregulated in this activation
regime (Figures 3G and S4C). Together, these findings suggest
that for both sox77 and its upstream regulator cas/sox32 to be
expressed at shield stage (6 hpf), Nodal signaling must be on
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Figure 3. Temporally Patterned Nodal Signaling Activation and Cell Fate Specification

(A) Schematic illustration of temporally patterned blue LED light stimulation of Opto-acvr1b and 2b signaling; blue continuous lines indicate light stimulation (light),
and black dashed lines indicate no stimulation (dark); mMRNA expression analysis was done at 6 hpf (boxes).

(B and C) Relative expression levels of gsc (B) and sox77 (C) mRNA in shield stage (6 hpf) MZoep embryos injected with opto-acvr1b and opto-acvr2b mRNA
(20 pg each) and exposed to blue LED light using the temporal patterns shown in (A); gene expression levels were quantified by gPCR; water-injected embryos
were used as controls (ctrl); sample numbers correspond to the numbers of the different stimulation patterns shown in (A); values are fold-induction compared to
ctrl embryos; mean + SEM; independent triplicate experiments.

(D) Expression of gsc and sox77 mRNA detected by whole-mount in situ hybridization in shield stage (6 hpf) MZoep embryos injected with opto-acvr1b and opto-
acvr2b mRNA (20 pg each); embryos were kept in the dark or activated with blue LED light from either high to dome stage (3-5 hpf) or high to shield stage (3-6 hpf);
animal pole views. Scale bar, 200 pm.

(E) FACS analysis of MZoep; Tg(gsc:GFP) embryos at shield stage (6 hpf) injected with opto-acvr1b and opto-acvr2b mRNA (20 pg each) and activated with blue
LED light from either high to dome stage (3-5 hpf) or high to shield stage (3-6 hpf); non-injected embryos were used as ctrl; intensity of gsc:GFP and number of
gsc:GFP positive cells were plotted on the x and y axes, respectively.

(F) Schematic illustration of temporally patterned blue LED light stimulation of Opto-acvrib and Opto-acvr2b signaling; blue continuous lines indicate light
stimulation (light), and black dashed lines indicate no stimulation (dark); black box marks time point of mMRNA expression analysis.

(G) MZoep embryos injected with opto-acvr1b and opto-acvr2b mRNA (20 pg each) were stimulated using the temporal patterns shown in (F); expression levels of
gsc and sox17 were determined by qPCR; water-injected embryos were used as ctrl; sample letters a—c correspond to the letters of the different stimulation
patterns shown in (F); mean + SEM; independent triplicate experiments, ANOVA test was used for the statistical evaluation with *p < 0.05, *p < 0.01,
****p < 0.0001; ns, not significant.

(legend continued on next page)
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between 3 and 5 hpf, and subsequent upregulation of sox17
but not cas/sox32 is restrained by Nodal signaling between
5 and 6 hpf.

Gsc has previously been shown to function as a transcriptional
repressor (Dixon Fox and Bruce, 2009; Latinki¢ et al., 1997). We
thus hypothesized that Nodal-induced gsc expression at the
onset of gastrulation (5-6 hpf) represses sox77 expression, ex-
plaining why Nodal signaling must be switched off in this period
for effective upregulation of sox77. To test this hypothesis, we
determined how expression of ectopic gsc affects Nodal-
induced sox17 expression. To this end, we expressed ectopic
gsc by injecting gsc mRNA at the one-cell stage and then
analyzed how the induction of sox77 at shield stage (6 hpf) by
the 2 hr activation/1 hr inactivation regime used in the previous
experiments is affected by ectopic gsc. Consistent with a
repressor function of Gsc, the induction of sox77 expression
by Nodal signaling was strongly suppressed by ectopic gsc
expression (Figure 3H). This supports the hypothesis that contin-
uous Nodal signaling (3-6 hpf) restrains the upregulation of
sox17 expression between dome and shield stages (5-6 hpf)
by inducing gsc expression during this period.

To determine whether Gsc can directly suppress sox17
expression, we searched for the core recognition motifs of Gsc
in the sox17 promoter. Using the JASPAR core database, we
found that Gsc-binding motifs are conserved from Drosophila
to mice, suggesting that zebrafish Gsc might recognize similar
motifs (Figure 4A). Analyzing the zebrafish sox77 promoter re-
vealed three potential Gsc binding sites (Figure 4B, P1-P3),
two of which were located in a previously characterized
repressor module (Figure 4B, P1, P2) (Chan et al., 2009). To
determine whether Gsc binds to the sox77 promoter, we
performed chromatin immunoprecipitation (ChlP) experiments
with FLAG-tagged Gsc and detected strong enrichment of Gsc
on the sox17 promoter (Figures 4C, 4D, S5A, and S5B). Next,
we re-analyzed publicly available ChIP sequencing (ChIP-seq)
data for H3 lysine 27 trimethylation (H3K27me3), a repressive
chromatin mark, and H3 lysine 4 trimethylation (H3K4me3), an
active chromatin mark (Pauli et al., 2012; Zhang et al., 2014),
and found that the sox77 promoter exhibited higher H3K27me3
level at dome (5 hpf) compared to shield stage (6 hpf; Figure 4E),
consistent with the observation that endogenous sox17 expres-
sion increases from dome to shield stage (Alexander and Stain-
ier, 1999). ChIP analysis revealed that Gsc overexpression
enhanced the trimethylation of H3K27 on the sox717 promoter
at shield stage (6 hpf; Figures 4F and S5C), suggesting that
Gsc represses sox17 promoter activity by enhancing the histone
mark H3K27me3. Finally, to test whether Gsc suppresses the
Nodal-induced expression of sox77, we analyzed the effect of
ectopic expression of gsc on activation of the sox77 promoter
by the known upstream regulators Cas/sox32 (Kikuchi et al.,
2001). To this end, we ectopically expressed a version of cas/

sox32 that is insensitive to negative regulation by the FGF/
MAPK pathway (Poulain et al., 2006) either alone or together
with gsc. We found that ectopic gsc expression effectively sup-
pressed cas/sox32-induced sox17 expression (Figures 4G and
S5D), suggesting that gsc can directly suppress Cas/Sox32-
induced activation of sox77.

Together, the results from our photoactivated Nodal signaling
experiments support the plausibility of our original hypothesis
that extended duration of Nodal signaling within the shield leads
to upregulation of gsc and suppression of sox77 expression in
ppl progenitors therein (Figure 1) (Rebagliati et al., 1998a). To
test how far the observations made by this ectopic Nodal
signaling assay can be translated to the function of endogenous
Nodal signaling within the germ ring, we first tested whether ex-
tending high Nodal signaling from late blastula to early gastrula
stages would suppress sox77 induction in endoderm cells
of wild-type embryos. To this end, we uniformly activated Nodal
signaling in Opto-acvrib/2b expressing Tg(sox17:GFP;gsc:
TurboRFP) embryos between 5-6.5 hpf—a condition that effec-
tively upregulated gsc expression in our ectopic Nodal signaling
assay system (Figures 3B and 3G)—and determined the number
of sox17:GFP and gsc:TurboRFP expressing cells within the
region of the ppl at 9 hpf. We found that activation of Nodal
signaling from 5-6.5 hpf led to a concomitant increase in
the number of gsc and decrease in the number of sox77 express-
ing cells (Figures 5A-5C). This supports our hypothesis that
extended duration of Nodal signaling represses sox17 expres-
sion within the shield.

Next, we determined whether locally extending high Nodal
signaling within the ventral germ ring margin from dome to
75% epiboly stage (5-8 hpf), a period during which the produc-
tion of endogenous Nodal signals is already declining at this
location (Rebagliati et al., 1998a), can trigger gsc expression
similar to the situation within the shield. To this end, we tempo-
rally activated Nodal signaling in a locally restricted region within
the ventral germ ring margin of Opto-acvrib/2b expressing
Tg(gsc:GFP) embryos from dome to 75% epiboly stage (5-8
hpf) and monitored the induction of GFP expression within this
region. We found that cells within the activation region began
to ectopically express GFP at the end of the activation period
(Figure 5D; Movie S4), confirming our hypothesis that locally
extended duration of Nodal signaling induces gsc expression.

Finally, we asked how Nodal signaling duration is extended
within the shield compared to the rest of the germ ring. Given
that cyc is strongly expressed in gsc-expressing ppl progenitors
within the shield before and after internalization (Rebagliati et al.,
1998a), and cyc mutants display a more prominent and pene-
trant defect in ppl formation than sqt mutants (Dougan et al.,
2003; Rebagliati et al., 1998b), we speculated that extended
duration of Nodal signaling within the shield is primarily due
to persistent and high expression of cyc therein. To test this

(H) MZoep embryos injected with opto-acvr1b, opto-acvr2b mRNA (20 pg each), and gsc mRNA (20 pg) were stimulated using the temporal pattern b or c shown
in (F); expression levels of gsc and sox77 were determined by gPCR at shield stage (6 hpf); values are fold-induction compared to opto-acvr1b and opto-acvr2b
mRNA injected embryos stimulated using the temporal pattern b (3—-6 hpf); mean + SEM; independent quadruplicate experiments; for statistical evaluation t test
was used for gsc expression (between temporal activation patterns b and c), and ANOVA test was used for sox77 expression with *p < 0.05, **p < 0.01,

****p < 0.0001; ns, not significant.
See also Figure S4 and Table S1.
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Figure 4. Suppression of sox17 Expression by Gsc
(A) Core Gsc recognition motifs in Drosophila melanogaster and Mus musculus.
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(B) In silico analysis for sox17 promoter depicting multiple binding sites of Gsc on the upstream sequence of TSS region highlighted as red box, P1, P2, and P3.
(C) ChIP assay showing the occupancy of Flag-Gsc on the region of the sox 17 promoter (P2) in (B) in wild-type (WT) embryos injected with Flag-gsc (10 pg) mRNA;
non-injected embryos were used as controls (ctrl); 1% input was used as a positive ctrl.

(D) Relative enrichment of Gsc for sox17 promoter region shown in (C) quantified by gPCR; values are fold-induction compared to non-injected ctrl embryos; error

bars show SE of two technical replicates in gPCR.

(E) UCSC browser view of ChlIP seq reads for H3K27me3 (red) and H3K4me3 (green) in dome (5 hpf) and shield stage (6 hpf) embryos; whole cell extract (WCE) ctrl

is shown for shield stage (6 hpf; black); sox77 coding region is shown in blue.

(F) ChIP assay showing the differential occupancy of H3K27me3 in WT embryos injected with gsc mRNA (20 pg) at shield stage; non-injected embryos were used

as ctrl; 10% input was used as a positive ctrl and IgG as a negative ctrl.

(G) MZoep embryos injected with cas S47A (10, 20, 50 pg) and gsc mRNA (20 pg) were analyzed by gPCR for the expression level of sox17 at shield stage (6 hpf);
non-injected embryos were used as ctrl; values are fold-induction compared to embryos injected with 10 pg cas S47A mRNA; mean + SEM, independent
triplicate experiments; ANOVA test was used for the statistical evaluation with **p < 0.01, ***p < 0.001.

See also Figure S5.

possibility, we globally interfered with cyc expression by inject-
ing previously characterized morpholinos directed against cyc
(0.5 ng/embryo) (Karlen and Rebagliati, 2001) and analyzed the
number of sox77:GFP and gsc:TurboRFP expressing cells within
the region of the ppl at 8.5 hpf. We found, consistent with previ-
ous observations (Thisse et al., 1994), that interfering with cyc

expression led to a concomitant decrease in the number of gsc
and increase in the number of sox17 expressing cells (Figures
5E-5G). This suggests that cyc is particularly important for
extended duration of Nodal signaling within the shield and its
derivatives, leading to the characteristic upregulation of gsc
and downregulation of sox77 therein.
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DISCUSSION

Here, we demonstrate that the temporal pattern of Nodal
signaling is a key factor determining organizer cell fate specifica-
tion at the onset of gastrulation. Both endoderm and ppl specifi-
cation have previously been proposed to require high doses of
Nodal signaling (Schier et al., 1997). Our data suggest that the
duration of Nodal signaling is critical for ppl versus endoderm
specification: in the shield, where Nodal signaling starts earlier
and lasts longer than in the remainder of the germ ring, signal-
receiving cells are likely to become ppl rather than endoderm
by expressing genes involved in both ppl specification and
endoderm repression (Figure 5H). Notably, our analysis of ppl
versus endoderm specification is based on the expression of
genes demarcating these different cell types during gastrulation.
Consequently, our experiments provide information about the
role of Nodal signaling duration in specifying the pool of ppl
versus endoderm progenitors, but not necessarily about the
commitment of those cells to a specific cell fate or type during
later stages of development.

Genetic repressor systems, similar to the one we identified
within the embryonic shield where Gsc suppresses sox17
expression, have been proposed before to function downstream
of other morphogens, such as Shh (Balaskas et al., 2012). How-
ever, the induction kinetics and interactions of the participating
factors in those systems have only begun to be elucidated. Inter-
estingly, Gsc, in addition to suppressing sox77, has previously
been shown to repress ntl expression (Artinger et al., 1997), sug-
gesting that gsc not only suppresses endoderm but also non-ppl
mesoderm specification. Yet, the induction kinetics of ntl in
relation to Nodal signaling and gsc expression appear rather
different from sox177: while sox17 expression becomes rapidly
upregulated once Nodal signaling is terminated (Figures 3C
and 3G), no such instantaneous upregulation was observed for
ntl (Figures S4A and S4C). This suggests that ntl is less sensitive
to changes in Gsc expression than sox17, potentially due to nt/
being a direct target of Nodal signaling and thus directly depend-
ing on input from Nodal signaling, while sox77 is regulated by
Nodal signaling only indirectly via cas/sox32.

Notably, while our study demonstrates that both endogenous
and exogenous upregulation of gsc suppresses endoderm
specification (Figures 3 and 4), gsc loss-of-function studies
have yet failed to provide evidence for gsc playing a major
role in mesoderm and and/or endoderm specification in zebra-
fish (Dixon Fox and Bruce, 2009; Seiliez et al., 2006). It is
thus conceivable that gsc has a partially redundant function
in this process, and other as yet unidentified transcriptional
repressors might cooperate with gsc in suppressing endoderm
specification.

The role of morphogen signaling molecules in the organiza-
tion of cell fates in space and time during embryogenesis has
been extensively studied over the last decades (Ashe and
Briscoe, 2006). There is clear evidence that the signaling dura-
tion by morphogens, such as hedgehog and TGF-f signals, is
important for cell fate specification in development (Briscoe
and Thérond, 2013; Dessaud et al., 2007; Harfe et al., 2004;
Sorre et al.,, 2014). Yet, specifically addressing the role of
morphogen signaling duration in development remains chal-
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lenging, as tools for precisely manipulating the duration of
morphogen signaling within the developing organism still need
to be developed. The photoactivatable Nodal receptor pre-
sented here provides a powerful and much sought-after opto-
genetic tool (Tischer and Weiner, 2014; Toettcher et al., 2011,
2013) to dissect the temporal aspect of morphogen signaling
in cell culture systems and also within the physiological environ-
ment of the developing embryo.

EXPERIMENTAL PROCEDURES

Generation of Photoactivatable Opto-acvrib and Opto-acvr2b Nodal
Receptors

A myristoylation domain (MYR) and a hemagglutinin (HA)-epitope flanking
Xbal-restriction sites were transferred from a photoactivatable receptor
plasmid (Grusch et al., 2014) to pCS2* vector using PCR and BamHI and EcoRl
restriction sites. A Xbal restriction site in pCS2* backbone was then removed
using site-directed mutagenesis. Kinase domains (KD) of Activin receptor 1b
and 2b were amplified from zebrafish embryo cDNA library using PCR and
inserted into pCS2* using Xbal and Spel restriction sites. The LOV domain
from V. frigida aureochrome1 (Grusch et al., 2014; Takahashi et al., 2007)
was inserted into those constructs by PCR using Spel restriction sites for
producing C-terminal fusion proteins (Figure 2A). Finally, glycine linker se-
quences (-GGGGSGGGGSGGGGS-) were inserted between the myristoyla-
tion and kinase domain and the kinase domain and LOV domain by PCR.

LED Light Activation of Opto-acvrib and Opto-acvr2b Receptors
Embryos were stimulated by blue LED light using an incubator (Herp Nursery Il
69802, Lucky Reptile) equipped with 300 light-emitting diodes (SMD5050)
(Grusch et al., 2014) and set to 28.5°C. Light intensity was controlled with an
analog dimmer and measured with a digital power meter (PM100D; Thorlabs).
Embryos were stimulated for the desired time interval with the maximal inten-
sity of blue light (5.12 pW/mm?) unless mentioned otherwise. For dark condi-
tion, embryos were kept in a light-tight box and raised in the same incubator
as the light-exposed embryos. Embryo pictures were taken with a stereomi-
croscope (M165 FC, Leica).

Laser Activation of Opto-acvrib and Opto-acvr2b Nodal Receptors
Two-cell stage embryos were mounted in an agarose mold using 0.2% low
melting point agarose. The dish was mounted on a Leica SP5 upright confocal
microscope equipped with a 25%/0.95 NA water-dipping lens (Leica). The
entire microscope system was covered with a light-tight curtain to avoid light
exposure from the outside. Embryos were kept in dark until the desired stage
and then stimulated by light using a 458 nm laser. Embryos were stimulated
every 65-70 s for 1.29 s with a radiant exposure of 0.30 nJ/um?. A 633 nm laser
was used to record bright-field images of whole embryos. Spatial activation
was performed using the region of interest (ROI) function.

Dual Color Time-Lapse Imaging of Tg(sox17:GFP; gsc:TurboRFP)
Embryos

Embryos were mounted in an agarose mold using 0.5% low melting point
agarose. The dish was mounted on a Leica SP5 upright confocal microscope
equipped with a 25x%/0.95 NA water-dipping lens (Leica). 488 nm and 561 nm
lasers were used simultaneously to record GFP and TurboRFP fluorescence,
respectively. The movies were used to measure the correlated spatiotemporal
expression levels of gsc:TurboRFP and sox77:GFP in single progenitor
cells. Cell outlines were manually selected in z stacks using Fiji (Schindelin
et al., 2012). Average fluorescence intensities were simultaneously measured
in both channels at the equatorial cross-section of selected cells in single
z slices for specified time points of development. Analyzed cells were
randomly selected within a distance of 250 um around the prechordal
plate and centroid positions of outlined cells were used to calculate their dis-
tance to the prechordal plate center in 2D projected images. Data were
further analyzed and processed using custom-written algorithms in MATLAB
(R2014a, MathWorks).
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Figure 5. Endogenous Nodal Signaling Duration and Cell Fate Specification
(A) sox17:GFP and gsc:TurboRFP expression in opto-acvr1b and opto-acvr2b mRNA (20 pg each) injected Tg(sox17:GFP;gsc:TurboRFP) embryos at 90%
epiboly stage (9 hpf); embryos were activated with blue LED from 5-6.5 hpf; dorsal views; water-injected embryos were used as controls (ctrl). Scale bar, 100 um.
(B) Number of sox17:GFP and gsc:TurboRFP positive cells within the prechordal plate (ppl) region (200 pm? around the ppl center) for embryos shown in (A) at
9 hpf; n (ctrl) = 14, n (Opto-acvrib, Opto-acvr2b) = 15 embryos; mean + SD; t test was used for the statistical evaluation with p* < 0.05.
(C) Ratio of sox17:GFP to gsc:TurboRFP expressing cells within the ppl region for embryos shown in (B) at 9 hpf; n (ctrl) = 14, n (Opto-acvrib, Opto-acvr2b) = 15
embryos; ; mean + SD; t test was used for the statistical evaluation with **p < 0.01.
(D) Activation of ectopic gsc:GFP expression in opto-acvr1b and opto-acvr2b mRNA (20 pg each) and H2A-mCherry (20 pg) injected Tg(gsc:GFP) embryos at 4.5,
6.5, and 8 hpf; gsc:GFP in green and H2A-mCherry outlining nuclei in red; Nodal signaling was activated in a spatially restricted area (yellow box; 150 pm?) within
the ventral germ ring margin using a 458 nm laser from 4.5-8 hpf (top panels); dashed white lines indicate endogenous (top middle) and induced (top right) leading
edge ppl cells; bottom panel shows image stack projections of gsc:GFP and mCherry (nuclei) expression in activated embryos at 8 hpf; animal pole view. Scale
bar, 100 um.

(legend continued on next page)
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Analysis of Cell Fate Specification in opto-acvr1b and opto-acvr2b
mRNA Injected or cyc Morphant Tg(sox17:GFP; gsc:TurboRFP)
Embryos

cyc morpholino (0.5 ng/embryo) (Karlen and Rebagliati, 2001) or opto-acvr1b
and opto-acvr2b mRNA (20 pg each) was injected into Tg(sox17:GFP; gsc:
TurboRFP) embryos at the one-cell stage. For temporal activation of Opto-
acvr receptors, embryos were stimulated with blue LED light from dome to
shield stage (5-6.5 hpf). Embryos were imaged ~8.5-9 hpf after mounting in
an agarose mold using a Leica SP5 upright confocal microscope equipped
with a 25%/0.95 NA water-dipping lens (Leica). The pictures were used to
analyze the expression of gsc:TurboRFP and sox77:GFP in single progenitor
cells. Cells were automatically selected in 3D pictures with Imaris software
(Bitplane) within a 200 pm? region around the ppl.

Analysis of mezzo Promoter Activity

Tg(mezzo:eGFP) (Ruprecht et al., 2015) embryos were injected with histone-
tagBFP mRNA and gDots 625 ITK (A10200, Thermo Fisher Scientific) at the
one-cell stage. Live imaging of either the dorsal or lateral germ ring was per-
formed for 2 hr between 40% and 60% epiboly stage (4-6 hpf) using a Leica
SP5 upright confocal microscope at 28.5°C. Images were subsequently pro-
cessed using Imaris and custom MATLAB scripts. Mezzo:eGFP positive cells
within a 200 um wide area centered on either the dorsal or lateral side of the
germ ring were analyzed. Cells around the margin and internalized cells
were quantified for the time points before and after internalization, respec-
tively. Imaris spots with a diameter of 15 um were centered on the cell nucleus
and the mean EGFP and qDot intensity for each spot was calculated. For each
embryo, the increase of average EGFP to gDot ratio was used to estimate
mezzo promoter activity.
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