Kinetics of gene derepression by ERK signaling

Bomyi Lim?, Ndria Samper®, Hang Lu¢, Christine Rushlow?, Gerardo Jiménez®*®", and Stanislav Y. Shvartsman®'

#Department of Chemical and Biological Engineering and Lewis-Sigler Institute for Integrative Genomics, Princeton University, Princeton, NJ 08544;
PDepartment of Developmental Biology, Instituto de Biologia Molecular de Barcelona, Consejo Superior de Investigaciones Cientificas (CSIC), Barcelona 08208,
Spain; “School of Chemical and Biomolecular Engineering and Parker H. Petit Institute for Bioengineering and Bioscience, Georgia Institute of Technology,
Atlanta, GA 30332; “Department of Biology, Center for Developmental Genetics, New York University, New York, NY 10003; and ©Institucié Catalana de

Recerca i Estudis Avancats (ICREA), Barcelona 08010, Spain

Edited by Michael Levine, University of California, Berkeley, CA, and approved May 8, 2013 (received for review February 25, 2013)

ERK controls gene expression in development, but mechanisms that
link ERK activation to changes in transcription are not well un-
derstood. We used high-resolution analysis of signaling dynamics
to study transcriptional interpretation of ERK signaling during Dro-
sophila embryogenesis, at a stage when ERK induces transcription
of intermediate neuroblasts defective (ind), a gene essential for
patterning of the nerve cord. ERK induces ind by antagonizing its
repression by Capicua (Cic), a transcription factor that acts as a sen-
sor of receptor tyrosine kinases in animal development and human
diseases. A recent study established that active ERK reduces the
nuclear levels of Cic, but it remained unclear whether this is re-
quired for the induction of Cic target genes. We provide evidence
that Cic binding sites within the regulatory DNA of ind control the
spatial extent and the timing of ind expression. At the same time,
we demonstrate that ERK induces ind before Cic levels in the nu-
cleus are reduced. Based on this, we propose that ERK-dependent
relief of gene repression by Cic is a two-step process, in which fast
reduction of repressor activity is followed by slower changes in nu-
clear localization and overall protein levels. This may be a common
feature of systems in which ERK induces genes by relief of
transcriptional repression.

pattern formation | signal transduction | systems biology

RK controls gene expression in countless developmental

contexts (1-3). Most of what we know about transcriptional
interpretation of ERK signaling in development is related to the
E-twenty six family transcription factors (4-9). During the past
decade, the high mobility group box transcription repressor
Capicua (Cic) has been identified as a conserved sensor of ERK
activation (10). ERK activation relieves gene repression by Cic,
but the underlying mechanisms are not fully understood. During
the terminal patterning of the fruit fly embryo, ERK-dependent
relief of gene repression by Cic is preceded by strong reduction
of Cic levels in the nucleus. Here, we show that ERK can relieve
gene repression by Cic before reducing its nuclear localization.
Based on this, we propose a two-tiered model in which fast an-
tagonism of transcriptional repression is followed by slower re-
duction of nuclear levels.

During the third hour of development, the Drosophila embryo
is subdivided into three adjacent domains that give rise to the
muscle, nerve, and skin cell types. One of these domains, the
neural ectoderm, is further partitioned into three regions that
map to the three columns of the future nerve cord (11). This
patterning event depends on a Rel-family transcription factor
Dorsal (DI), which is distributed in a ventral-to-dorsal gradient
of nuclear localization and controls gene expression along the
dorsoventral (DV) axis of the embryo (Fig. 14) (12-14). D1
patterns the DV axis directly by binding to enhancers of its target
genes and indirectly through signaling and transcriptional cas-
cades (15, 16). High levels of nuclear DI directly activate Snail
(Sna), a transcription factor, which represses neural cell fates in
the ventral region of the embryo (Fig. 1 4 and B) (17). At the
same time, low levels are sufficient to directly repress decap-
entaplegic (Dpp), a bone morphogenetic protein ligand, which
generates a signaling gradient that represses neural cell types in
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the dorsal region (18, 19). In addition to DI and Dpp, the neural
ectoderm is patterned by the epidermal growth factor receptor
(EGFR), which establishes a gradient of ERK activation (20, 21).
This gradient is also triggered by DI through the localized pro-
duction of EGFR ligands (Fig. 1 B and C) (22-24).

EGEFR signaling in the neural ectoderm induces intermediate
neuroblasts defective (ind), a gene that encodes a homeobox tran-
scription factor required for patterning of the nerve cord (25-27).
Expression of ind requires relief of its repression by Cic (28). To-
gether with direct activation by DI and DI-dependent repression in
the ventral side of the embryo (by Sna and ventral nervous system
defective), EGFR establishes a thin lateral stripe of ind expression
(Fig. 1C) (26, 27, 29, 30). Quantitative measurements of Cic dy-
namics in the early Drosophila embryo established that ERK ac-
tivation reduces the nuclear residence time of Cic and, in this way,
increases the rate of its degradation (31). Whether this effect is
essential for induction of genes repressed by Cic was unclear. Here,
we show that ind, a direct target of Cic, is induced before significant
reduction of Cic levels in the nucleus. Thus, ERK relieves tran-
scriptional repression by Cic via multiple mechanisms that operate
on different time scales.

Results

ind Is Induced by Steady DI and Dynamic Dual Phosphorylated ERK
Signals. We used a microfluidics approach for high-throughput
orientation of embryos to study the patterns of nuclear DI, dual
phosphorylated ERK (dpERK), Cic, and transcriptional activity
of the ind locus during the third hour of development. In these
experiments, fixed and stained embryos are introduced into
a microfluidics chip in which a fluid flow orients them vertically,
enabling imaging of signaling and gene expression along the en-
tire DV axis. Although each fixed embryo is arrested at one point
of development, these points are different for different embryos.
Hence, analysis of a large number of embryos provides an insight
into developmental dynamics.

The early embryo is a syncytium, a system in which nuclear divi-
sions proceed without cytokinesis (32). Membranes enclosing nuclei
into cells appear during the third hour of development, exactly the
time window examined in this study. Membrane growth during
cellularization follows highly reproducible kinetics, which can be
used to assign a fixed embryo to a time window of ~1 min (33, 34).
By quantifying the length of the cellularization front in embryos
stained for a specific component, such as dpERK, we can obtain
a dynamic view of this component during the third hour of devel-
opment. Thus, an ensemble of fixed embryos can be ordered in time
to provide information about dynamics of dpERK activation and its
transcriptional effects.
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Fig. 1. Nuclear DI, germ layers, and ERK signaling dynamics along the DV axis. (A) The nuclear DI gradient controls the DV patterning of the embryo by ac-
tivating or repressing transcription of its target genes in a concentration-dependent manner. The expression domains of three genes, sna (green), short gas-
trulation (sog) (red), and dpp (blue), correspond to different levels of nuclear DI and mark the territories that give rise to the future muscle, nerve, and skin tissues.
(B) Schematic representation of ind regulation by nuclear DI. (C) Patterns of nuclear DI (green), dpERK (red), and ind (white) visualized in the same embryo. (D-F)
Dynamics of nuclear DI, dpERK, and ind. Each embryo was assigned to a time within nuclear cycle 14, based on the extent of cellularization (as detailed in the
text). Panels from left to right show (i) a representative DV pattern; (ii) pseudocolor plot of the spatiotemporal pattern along the DV axis; (iii) spatial patterns at
20, 40, and 50 min after cycle 14; and (iv) time course of expression level at a location corresponding to the maximum of the pattern. (D and E) A total of
51 embryos were stained for DI, dpERK, and myosin. The pattern of nuclear DI remains stable until the onset of gastrulation (~50 min after cycle 14). dpERK
pattern was dynamic throughout the third hour of development, and monotonic increase in amplitude was observed. (F) A total of 37 embryos were stained for
ind mRNA by using FISH, and phase-contrast images were taken to visualize membrane. ind transcripts were observed after the activation of ERK pathway.

Fig. 1 D and E shows data from a representative experiment in Note that the positive input of D1 on irnd is direct, through the
which pattern formation was characterized in a group of 50 em- DI binding sites in the ind enhancer, and indirect, based on relief
bryos stained with antibodies recognizing D1, dpERK, and myosin ~ of ind repression by Cic. The indirect part of the mechanism
regulatory light chain, which localizes to the cellularization front. ~ relies ona signaling re}ay, in Which Dl first induces th? logalized
In agreement with data from live imaging studies, we find that the ~ expression of EGFR ligand and ligand processor, which in turn
levels of nuclear DI within the ind expression domain remain es- stimulates ERK signaling that will relieve Cic repression of ind.
sentially static during the third hour of development (Fig. 1D) This st}ldy focuses on the mechanisms underlying this relief of
(30). In contrast, the pattern of dpERK is dynamic and displays transcriptional repression.

monotomc‘ mncrease n am.plltu(.le (Fig. 1E). Fig. 1F shows da.lta Cic Binding Sites Control Spatial Extent and Timing of ind Expression.
from a similar experiment, in which FISH was used to characterize e expression of ind is lost in embryos lacking the EGFR ligands
the induction of ind. Consistent with the model in which ERK (21, 27). To investigate the EGFR-dependent control of ind, we
induces ind, we find that ind transcripts appear minutes after the  ysed a 1.4-kb transcriptional reporter, which drives neural ecto-
ERK pathway is activated. These observations demonstrate that  derm expression in a pattern that is very close to that of the ind
ind is induced by constant levels of nuclear Dl and increasinglevels  gene and displays the same sensitivity to genetic perturbations
of dpERK. (30). Ectopic expression of this reporter outside the neural
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ectoderm is not relevant for our analysis. For the rest of our pre-
sentation, we focus on expression only within the neural ectoderm.

Studies with a shorter version of this reporter established that its
sensitivity to EGFR depends on the DNA binding sites for Cic (Fig.
2 A and B) (28). We confirmed this with the ind”*lacZ construct,
which serves as a more accurate reporter. Removal of Cic binding
sites results in a clear expansion of the lacZ expression pattern (Fig.
2C). Importantly, removal of Cic binding sites overrules the need
for receptor tyrosine kinase (RTK) signaling. Indeed, the activity of
the WT reporter is dramatically reduced in embryos derived from
mothers lacking Ras, a critical component of the EGFR signaling
pathway. In contrast, the expression of ind"*™'-lacZ lacking the
Cic binding sites is essentially identical to that observed in embryos
with unperturbed EGFR signaling (Fig. 2D).

A recent proteomics study established that Cic binding sites in
the ind"? sequence interact with other transcription factors that
may provide additional links between EGFR activation and ind
expression (35). To test this idea, we assayed the activity of ind"*-
lacZ in embryos expressing a variant of Cic protein that lacks
a motif necessary for interaction with ERK and is thus largely
insensitive to the EGFR-dependent down-regulation of gene re-
pression by Cic (Cic*“?) (36). If EGFR induces ind mainly by

A » >
ind Rpn12R| ind 14
cc
B ERK
DNA binding 1A
| HMG c2_|
ERK binding
TGAATGAA
[ ind™acz [ ing™mitjacz ]
it 5 | o e
D - ‘p
> I: W—g
Ras?c40d RasAC40b
E -
> [ a9
- cichc2 cicAC?

Fig. 2. Regulation of ind expression by Cic. (A) Diagram of the ind locus.
The coding region and its 1.4-kb enhancer (in blue) are separated by the
unrelated regulatory particle non-ATPase 12-related (Rpn12R) gene. “CC"
indicates a pair of conserved Cic DNA binding sites (TGAATGAA). Reporter
genes ind"“*-lacZ and ind"*™*-JacZ containing WT and mutated CC sites are
represented. (B) Schematic representation of the Cic protein highlighting its
functional domains. The high mobility group box region binds to the octa-
meric TGAATGAA sites in target gene enhancers, resulting in their tran-
scriptional repression. The C2 motif functions as a docking site for ERK and
mediates down-regulation of Cic in response to RTK-dependent ERK acti-
vation. Expression of ind-lacZ reporters. In situ hybridization of ind"“*-lacZ
and ind"#™ JacZ in WT (C), Ras*““°® (D), and cic*“? (E) embryos. All images
correspond to lateral surface views taken at mid- to late nuclear cycle 14. (C)
In the WT background, ind”#™*-JacZ expression is expanded compared with
ind"“-lacZ expression. (D and E) ind"*-lacZ appears strongly repressed in
Ras*“% and cic*“ embryos (open arrowheads), whereas ind"“™ -lacZ is
insensitive to Cic and EGFR signaling.
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relieving its repression by Cic, expression of Cic*“? should pre-

vent this control and lead to dominant silencing of the reporter.
Consistent with this scenario, the CicAC2-expressing embryos
show ind"*-lacZ activity in only a few cells. In contrast, Cic*“?
does not repress the ind’-*™* enhancer that lacks the Cic binding
sites (Fig. 2E). Based on this, we conclude that EGFR induces
ind mainly through Cic.

We found that Cic binding sites affect the timing of ind ex-
pression. This conclusion is based on the results of experiments in
which we used multiplex FISH and temporal staging of embryos
to compare the dynamics of the ind and lacZ transcripts. As
shown in Fig. 3 4 and B, transcriptional activity of the ind"*™*-
lacZ reporter is detected ~20 min earlier than the ind transcripts.

In theory, this result could reflect a greater sensitivity in
detecting lacZ vs. ind transcripts. However, two lines of evidence
argue against this possibility. First, both transcripts display similar
signal intensities at late cellularization stages (45-55 min after
initiation of nuclear cycle 14; Fig. 3 4 and B), implying a different
time course for reaching these signals. Second, the WT ind’*lacZ
reporter did not show premature activation compared with en-
dogenous ind (Fig. 3 C and D).

Thus, the Cic binding sites control the spatial domain and the
timing of ind expression: in the absence of these sites, lacZ is
expressed prematurely and in a wider domain. The observed ex-
pansion of the lacZ domain (Fig. 3 4 and B) is caused by a shift in
the dorsal border of expression, which reflects the spatial range of
the D1 morphogen gradient (37). In contrast, the ventral border
of the lacZ pattern remains unaffected (Fig. 3B), reflecting reg-
ulation by transcriptional repressors that are activated by higher
levels of nuclear DI (29).

ind Is Induced Without Significant Reduction of Cic Levels in the
Nucleus. ERK signaling in the presumptive neural ectoderm is
activated shortly after the initial phase of ERK signaling at the
anterior and posterior poles of the embryo. This earlier phase of
ERK signaling depends on Torso, another RTK, which is acti-
vated by ligand produced at the poles. ERK activation at the
poles induces the expression of several genes with Cic binding
sites in their regulatory DNA (38).

A recent live imaging study established that genes regulated
by Torso are induced after a significant reduction of Cic levels
in the nucleus, suggesting that this down-regulation may be re-
quired for RTK-dependent antagonism of Cic repression. On the
contrary, studies of EGFR signaling in cultured human cells led
to a model that does not rely on Cic degradation. Instead, RTK-
dependent phosphorylation of Cic was proposed to interfere with
Cic binding to DNA (39).

We reasoned that ERK signaling in the neural ectoderm can be
used to investigate temporal control of Cic by RTKs. The half-life
of Cic protein in the early embryo is approximately 15 min (31),
which is comparable to the duration of the first phase of EGFR
signaling that triggers ind transcription (Fig. 1 E and F). Based on
this, we predicted that the EGFR-dependent derepression of ind
does not require down-regulation of Cic levels. To test this, we
stained embryos for ind mRNA, dpERK, and Cic protein. We
found that the onset of ind expression is first detected during
midcycle 14 and is closely associated with the onset of EGFR
activation, visualized by the pattern of dpERK (Fig. 1E). On the
contrary, nuclear levels of Cic within the ind expression domain
appear uniform when ind is activated (Fig. 4 A and B).

Thus, the EGFR-dependent relief of Cic repression does not
require Cic down-regulation. As proposed by studies in human
cells, RTKSs can first counteract Cic-dependent repression at the
level of DNA binding (39). This mechanism does not depend on
changes in protein levels and can be effective minutes after
pathway activation. At later times, repression may be further at-
tenuated by changes in Cic subcellular localization and stability.
Indeed, Cic protein levels within the ind-expression domain are
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Fig. 3. Cic binding sites control the spatial pattern and timing of ind expression. Duplex FISH images show expression patterns of the transcripts of ind and
lacZ, driven by the mutant (A and B) or WT ind (C and D) enhancers. ind’*™JacZ (A and B) and ind"*"T-JacZ (C and D) embryos were costained for ind (white)
and /acZ (blue), and average signals were quantified for four temporal classes. Phase-contrast images were used to quantify membrane ingression length,
which corresponds to a time point in cycle 14. Expression patterns are plotted from ventralmost (x = 0) to dorsalmost (x = 1) point. (A and B) Expression of
ind’#m™%|acZ is dorsally expanded relative to the ind pattern. Note the premature activation of ind”#™*-[acZ expression during early/mid-cycle 14 (~20 min
after cycle 14, and before ERK pathway activation, based on Fig. 1). Totals of 19, 10, 13, and 13 embryos were examined for each class, respectively, and error
bars correspond to SEM. (C and D) Expression of ind"*""-JacZ and that of endogenous ind pattern matches in its spatial and temporal pattern. In both cases,
the expression is first observed ~40 min after start of cycle 14, which is after the activation of ERK pathway. The numbers of embryos used for each class are

7, 5, 15, and 8, respectively. Error bars correspond to SEM.

significantly reduced during gastrulation (Fig. 4C). We propose
that RTKs control Cic through a mechanism that combines fast
relief of transcriptional repressor function and slower reduction
of nuclear localization and protein levels (Fig. 4D).

Discussion

CNS development in flies (1, 5, 40), vulval patterning in nemat-
odes (2, 41), and DV patterning in amphibians (3) are just a few
examples of systems in which ERK-dependent control of gene
expression is important for normal development. Understanding
how ERK activation is converted to changes in gene expression
requires analysis of ERK signal transduction as a function of
space, time, and cellular context.

Spatial control of ERK activation and its effects on target
genes can be studied in vivo, although at low temporal resolu-
tion. At this point, most of our knowledge about temporal aspects
of ERK-dependent gene expression comes from experiments with
cultured cells (42-49). Our work establishes the neural ectoderm
in the early Drosophila embryo as a powerful experimental system
in which ERK-dependent transcription can be studied with spa-
tial resolution of a single cell and temporal resolution of minutes.

We used the developed data collection and analysis tools to
examine how ERK activation relieves gene repression by Cic,
a transcriptional repressor with important roles in animal

Lim et al.

development and human diseases (38, 50, 51). Our analyses of
signaling dynamics establish that ind is activated by a time-
dependent ERK signal and that the spatial domain and kinetics
of ind expression are controlled by specific Cic binding sites in
the regulatory DNA of ind.

Induction of ind depends on ERK and is detected before any
significant decrease in the nuclear levels of Cic. In contrast,
during terminal patterning of the Drosophila embryo, which also
depends on ERK, the induction of Cic-target genes is preceded
by a clear decrease in Cic levels (31). Based on previous studies
with receptor tail swaps, we propose that these differences do
not reflect differences in the RTKs used by the terminal and DV
systems (52). Instead, a time delay between ERK activation and
gene transcription in the terminal system may result from the
lack of transcriptional activators of Cic target genes at the em-
bryonic termini when ERK signaling is initiated. Some of these
genes are positively regulated by the nuclear DI gradient and
Zelda, a uniformly expressed activator of the zygotic genome
(53). Nuclear levels for both of these signals increase during the
time preceding the expression of the terminal genes (54). The
same activators play a role in the induction of ind, but because
they are already present when ERK is activated in the pre-
sumptive neural ectoderm, there is no delay between ERK
activation and ind induction. Cic degradation is observed on
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Fig. 4. Induction of ind precedes down-regulation of Cic nuclear levels. (A
and B) WT embryos were costained for DI (green), Cic (red), and ind mRNA
(white), and average signals (y axis) were quantified along the DV axis
(x-axis) for three distinct temporal classes. Phase-contrast images were taken
to measure membrane ingression length, and each embryo was given a time
point based on its length. Zero corresponds to the ventralmost point of the
embryo. Before ind derepression, Cic nuclear levels are uniform (Left). Cic
nuclear levels appear uniform at the stage when ind is derepressed (Center).
Cic level begins to decrease only around the time of gastrulation (Right). The
numbers of embryos in each temporal class are 14, 15, and 12, respectively,
and error bars correspond to SEM. (C) Expression of Cic (red) and ind (white)
in a gastrulating embryo (~3 h 10 min after egg laying). Note the significant
decrease of Cic nuclear levels in dpERK and ind expressing domain (solid ar-
rowhead). (D) Schematic representation of the two-tiered model of RTK-
dependent antagonism of gene repression by Cic. EGFR-mediated activation of
ERK phosphorylates Cic (i), which immediately relieves its repression on ind (ii).
Phosphorylated Cic is then exported to cytoplasm (iii) and subject to degra-
dation (iv).

longer time scales, when additional layers of control become
important for robust response. This may be a common feature
of systems in which ERK controls its target genes by relief of
transcriptional repression (45, 55).

What is the molecular basis for fast ERK-dependent relief of
transcriptional repression by Cic? One possibility is that phos-
phorylated Cic dissociates from DNA. This mechanism was put
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forward on the basis of three results (39). First, human Cic is
phosphorylated on sites close to the DNA binding domain. Sec-
ond, phosphorylation of Cic promotes binding to 14-3-3 proteins,
which function as key regulators of phosphoproteins. Third, 14-3-3
proteins interfere with binding of phosphorylated Cic to DNA in
vitro. Analysis of this potential mechanism in flies will require (i)
determination of the ERK-dependent phosphorylation sites in
Drosophila Cic, (ii) testing of the role of 14-3-3 proteins in regu-
lating Cic embryonic functions, and (iii) measurement/quantifi-
cation of the time scales on which Cic DNA binding could be
affected in vivo.

Alternatively, or in addition to the DNA-binding mechanism,
phosphorylation of Cic could disrupt binding of Cic to a cofactor
required for repressor activity. Addressing this hypothesis will
involve the characterization of Cic interactome and its sensitivity
to ERK activation. Given the conserved association between
ERK signaling and Cic-target gene derepression, the early Dro-
sophila embryo offers an ideal system for elucidating the mech-
anisms of Cic regulation in vivo. The experimental approach
developed in this study paves the way for testing these mecha-
nisms at high temporal, spatial, and molecular resolution.

Materials and Methods

Fly Stocks and Transgenes. Oregon-R (OreR), spaghetti squash (Sqgh)-green
fluorescent protein (GFP), cic®®, Ras““#®, ind"*lacZ, ind"*™*lacZ stocks
were used in this study (28, 36, 53). ind"# enhancer sequences were obtained
by PCR using primers ind1 (5 AAT GAA TTC AAA CGT TTT GTT ATA ATC 3) and
ind3 (5 TAT AGA TCT GGG CCT TCG GTC CGA AAA TG 3). The ind’#mut
enhancer has mutated Cic binding sites [CACACGCA (underlining indicates
the nucleotides being mutated in the ind"#™t construct)] generated
by recombinant PCR. WT and mutant ind’#-lacZ reporters were assembled in
pCaSpeR-hs43-lacZ and transformed into flies by standard methods. Sqh-GFP
flies were used to visualize the membrane invagination.

Staining Procedures. Antibody staining and FISH were performed as described
before (56). For FISH, embryos were hybridized overnight at 60 °C with
digoxigenin and biotin-labeled antisense probes. Labeled embryos were vi-
sualized by using standard immunofluorescence techniques. Monoclonal
rabbit anti-dpERK (1:100; Cell Signaling), rabbit anti-Cic (1:2,000; gift from
Celeste Berg, University of Washington, Seattle, WA), mouse anti-dorsal
(1:100; DSHB), sheep anti-digoxigenin (1:125; Roche), and mouse anti-biotin
(1:125; Jackson Immunoresearch) were used as primary antibodies. DAPI
(1:10,000; Vector Laboratories) was used to stain nuclei. Alexa Fluor con-
jugates (1:500; Invitrogen) were used as secondary antibodies.

Imaging. A Nikon A1 confocal microscope was used for imaging. For lateral
imaging of embryos, a Nikon 20x Plan-Apo objective was used. Images were
collected from the focal plane in the midsagittal cross section of embryos. For
upright imaging, a Nikon 60x Plan-Apo oil objective was used, and images
were collected at the focal plane ~90 pm from the anterior or posterior pole of
an embryo. End-on imaging was performed by using the microfluidics device
described previously (57). Spatial patterns of DI, dpERK, and Cic proteins, and
of ind and lacZ mRNAs, were automatically extracted from raw confocal
images as described elsewhere (58). To quantify nuclear DI and Cic signal, we
used DAPI staining as nuclear masks, which provided nuclei positions to be
quantified. For end-on imaging, the maximum of the quantified nuclear DI
gradient was used to find the ventralmost point of the embryo (59).

Temporal Staging of Embryos. The progression of membrane invagination
and nuclear elongation during cellularization was used to assign time point
to each embryo in third hour of development. During the first 30 min of
nuclear cycle 14 (2 h 10 min to 2 h 40 min after fertilization), membranes that
will divide future cells begin to form. During the remaining 15 min before
gastrulation, the length of internuclear membranes reaches approximately
30 pm (33). We measured the membrane length by costaining embryos with
a membrane marker (myosin-GFP) or by taking phase-contrast images. We
used a correlation curve between the membrane ingression length and the
development time to assign a fixed embryo to a time window of approxi-
mately 1 min.
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