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Torso RTK controls Capicua degradation by changing its
subcellular localization
Oliver Grimm1,*, Victoria Sanchez Zini2,*, Yoosik Kim2, Jordi Casanova3, Stanislav Y. Shvartsman2,‡ and
Eric Wieschaus1,‡
SUMMARY
The transcriptional repressor Capicua (Cic) controls multiple aspects of Drosophila embryogenesis and has been implicated in
vertebrate development and human diseases. Receptor tyrosine kinases (RTKs) can antagonize Cic-dependent gene repression, but
the mechanisms responsible for this effect are not fully understood. Based on genetic and imaging studies in the early Drosophila
embryo, we found that Torso RTK signaling can increase the rate of Cic degradation by changing its subcellular localization. We
propose that Cic is degraded predominantly in the cytoplasm and show that Torso reduces the stability of Cic by controlling the
rates of its nucleocytoplasmic transport. This model accounts for the experimentally observed spatiotemporal dynamics of Cic in the
early embryo and might explain RTK-dependent control of Cic in other developmental contexts.
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MATERIALS AND METHODS
Transgenes and fly stocks

The Capicua-Dronpa and Capicua-Venus fusion constructs were generated
by replacing the HA-tag of the cic-rescuing construct (Jiménez et al., 2000)
with the fluorescent proteins Venus (Nagai et al., 2002) and Dronpa (Ando
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et al., 2004). Both constructs rescue sterility of cic1 females (Jiménez et al.,
2000). The trk1 and torD4021 alleles have been described previously
(Schüpbach and Wieschaus, 1989; Sprenger and Nüsslein-Volhard, 1992).
Unfertilized eggs were generated by crossing cicD;cic1 virgins to sterile
males Ms(2)M1 (Bloomington stock 2121). The HA-tagged constructs have
been described previously (Astigarraga et al., 2007).
Immunostaining, qRT-PCR and western blot

The spatial distribution of dpERK was analyzed as described elsewhere
(Coppey et al., 2008; Kim et al., 2010). The anti-HA rat monoclonal
antibody (Roche) was used in 1:100 for immunostaining and in 1:1000 for
western blotting, which was carried out as described elsewhere (Drocco et
al., 2011). To measure maternally deposited mRNA encoding HA-tagged
cic, embryos were collected within 30 minutes after egg deposition. Based
on qRT-PCR, mRNA of the mutant HMG construct is 2.65±0.3 more
abundant than the mRNA of wild-type cic-HA.
Lifetime measurements and FRAP experiments

To measure Cic lifetime, we used a method based on photo-conversion of
the Cic-Dronpa fusion protein, as described previously (Drocco et al.,
2011). To measure lifetime in the middle of the embryo, fluorescence from
30-70% egg length was used; for lifetime at the poles, the first and last
10% egg length were used. FRAP experiments were carried out with cycle
13 embryos expressing the Cic-Venus construct. Venus was excited with
514 nm and emission was monitored between 525 and 600 nm. Recovery
in the bleached nucleus was imaged every 16 seconds, at low levels of
excitation light to avoid bleaching. Background levels were estimated from
wild-type embryos that do not express Cic-Venus. Analysis of FRAP data
is described in supplementary material Appendix S1.

RESULTS AND DISCUSSION
Dynamics of Cic in the early embryo
The initial requirement for Cic in Drosophila development involves
Torso RTK signaling at the anterior and posterior poles of the egg
(Jiménez et al., 2000). The embryo at this stage is a syncytium
undergoing rounds of synchronous nuclear division. Locally
activated Torso induces phosphorylation and activation of the
Extracellular Signal Activated Kinase (ERK), which reduces Cic
levels at both poles of the embryo (Furriols and Casanova, 2003).
To analyze Cic dynamics in live embryos, we generated
transgenic flies expressing Cic fused to either the photo-switchable
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INTRODUCTION
The HMG box transcriptional repressor Capicua (Cic) regulates
multiple stages of Drosophila development (reviewed by Jiménez
et al., 2012). In vertebrates, Cic is expressed in the developing
cerebellum and controls matrix metalloproteases in the developing
lung (Lee et al., 2002; Lee et al., 2011). Cic has been implicated in
human diseases, including several cancers (Kawamura-Saito et al.,
2006; Lam et al., 2006; Lim et al., 2008; Bettegowda et al., 2011).
During Drosophila development, genes with Cic-binding sites
are expressed in cells with activated RTKs (Roch et al., 2002; Löhr
et al., 2009; Ajuria et al., 2011; Kim et al., 2011a). Studies with
cultured human cells and in a mouse model of spinocerebellar
ataxia demonstrated that RTKs also counteract gene repression by
Cic in vertebrates (Dissanayake et al., 2011; Fryer et al., 2011), but
the mechanisms responsible for this effect are still poorly
understood. Here, we investigate the RTK-dependent control of Cic
in the early Drosophila embryo, the system where Cic was
originally identified (Jiménez et al., 2000). Our analysis of Cic
dynamics in living embryos revealed that Torso RTK signaling
reduces the stability of Cic. Furthermore, Torso reduces the rate of
Cic nuclear import and increases its export rate. Our results can be
explained by a model where degradation of Cic is a consequence
of changes in the rates of its nucleocytoplasmic shuttling.

protein Dronpa (Ando et al., 2004) or the fluorescent protein Venus
(Nagai et al., 2002) and controlled by the regulatory sequences of
the cic gene (Fig. 1A). The spatial distributions of Cic resulting
from either of these constructs mimic the distribution of
endogenous Cic (supplementary material Fig. S1).
Cic is first detected after the 9th nuclear division (Fig. 1B-D). At
this stage, Cic predominantly localizes to nuclei and levels in the
middle region of the embryo are already significantly higher than
those at the poles. Levels of Cic in the central region drop during
mitoses, reflecting protein dispersal into the cytoplasm. During the
subsequent interphase, nuclear levels recover and eventually
exceed those observed in the preceding mitosis. The levels within
individual nuclei increase ~2.5-fold between cycles 10 and the
beginning of cycle 14. By contrast, levels at the poles remain low
from the first time Cic is detected and until the embryo reaches the
cellularization stage.
Torso increases the rate of Cic degradation
Studies in mice suggest that Cic-target gene derepression depends
on RTK-dependent reduction of Cic levels (Fryer et al., 2011). To
explore this mechanism in the embryo, we examined the
degradation rates of Cic at different levels of RTK signaling. Based
on the pattern of double-phosphorylated ERK (dpERK), which
serves as a reporter of Torso signaling, the central region and poles
of the wild-type embryo correspond to zero and maximal levels of
Torso activation, respectively. To generate an intermediate level of
Torso activation, we used a gain-of-function allele of torso (Szabad
et al., 1989) (Fig. 2A,B).
If Torso reduces the stability of Cic, its lifetime should be
inversely correlated with the level of ERK activation. To test this
prediction, we measured the lifetime of Cic using an optical pulselabeling method, which relies on the photo-switchable fluorescent
protein Dronpa. Dronpa is synthesized in a bright state, which can
be reversibly converted to the dark state by brief illumination at
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496 nm. The dark state is optically stable, but it can be converted
back to the bright state by a pulse at 405 nm wavelength. This can
be used to label a population of Cic molecules (Fig. 2C). As the
dark population is unaffected by the newly synthesized/matured
protein, its dynamics reflects only degradation and can be used to
estimate the lifetime of Cic (the inverse of the first order
degradation rate constant).
Fig. 2D shows the time courses of the surviving fractions of
labeled Cic at three different levels of Torso activation. Fitting
these curves to a first-order degradation model, we found that at
zero level of Torso activation Cic is degraded with a characteristic
lifetime of ~30 minutes. At the poles, the lifetime is reduced to ~15
minutes. At an intermediate level of Torso signaling, the lifetime
of Cic has a value of ~25 minutes. Thus, the lifetime of Cic is
inversely correlated with the level of Torso signaling (Fig. 2E).
Torso controls nucleocytoplasmic shuttling of Cic
In the central region of wild-type embryos, Cic is predominantly
nuclear, with a nucleocytoplasmic ratio of ~9. When the levels of
Torso activation are increased, this ratio is reduced to ~3,
suggesting that Torso affects the rates of Cic nuclear import and/or
export. To quantify these rates, we used fluorescence recovery after
photobleaching (FRAP) (Axelrod et al., 1976).
After nuclear bleaching, nuclear levels of Cic recover only a
fraction of their pre-bleached value before the next mitosis (Fig.
3A). We limited our analysis of FRAP kinetics to the first 4
minutes after bleaching, which is considerably less than the time
scale of Cic degradation. This allows us to neglect degradation in
the analysis of FRAP kinetics. During this time, Cic levels in the
cytoplasm remain constant (Fig. 3B). Under these conditions,
FRAP can be analyzed using a model in which changes in the
nuclear levels reflect export from the nucleus and import from the
cytoplasm with constant concentration. Based on this model, we
estimated the rate constants of import and export at two different

Fig. 1. Dynamics of Cic in the early
Drosophila embryo. (A)Schematics of the
fusion constructs. Cic is fused to Dronpa or
Venus and flanked by the endogenous 5⬘
and 3⬘ regulatory regions. Both constructs
rescue sterility of females homozygous
mutant for Cic. (B)Live imaging of CicDronpa embryos at different nuclear division
cycles. Cic levels are low at the poles and
high in the mid-body of the embryo.
(C)Quantified average intensity profiles of
Cic along the AP axis from cycle 10
interphase (red) to ~15 minutes into cycle 14
interphase (magenta). Error bars correspond
to s.e.m. based on five embryos.
(D)Dynamics of the nuclear levels of Cic in
the middle of the embryo (blue) and at the
anterior pole (red) as a function of time; t0
corresponds to nuclear cycle 10 mitosis.
Error bars are s.e.m. for 50 nuclei within the
mid-body of the same embryo.
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levels of Torso signaling (Fig. 3C,D). Both of these constants are
affected by increased Torso signaling associated with the torso
gain-of-function allele: the import rate constant is reduced and the
export rate is increased. These effects lower the nuclear residency
time of Cic and increase the time spent in the cytoplasm. Thus,
Torso controls nucleocytoplasmic shuttling of Cic.
Nuclei protect Cic from degradation in the
cytoplasm
The effects of Torso on Cic lifetime and nucleocytoplasmic
shuttling need not be independent from each other: the observed
decrease of Cic lifetime might be a consequence of the sizes of the
nuclear and cytoplasmic pools. If Cic were degraded only in the
cytoplasm, then nuclei would ‘protect’ Cic from degradation. In
this case, the effect of Torso on Cic degradation would reflect the
relative times spent by Cic molecules in the nuclear and
cytoplasmic compartments.
This model predicts that the lifetime of Cic could be reduced
even in the absence of Torso signaling, if its nuclear import is
prevented. As a test of this model, we used the fact that
Drosophila eggs can be activated without fertilization. Such eggs

are blocked at the completion of meiosis and do not undergo
nuclear replication, but do initiate activation processes leading
to translation of maternal RNAs and establish maternal gradients
of positional information (Horner and Wolfner, 2008). As Cic
and components of the Torso pathway are maternally supplied,
it is possible to characterize their distributions in unfertilized
eggs.
In the central region of unfertilized eggs, dpERK levels remain
close to the background level observed in embryos (Fig. 4A; Fig.
2A-C). In the wild-type embryo, these low levels are associated
with maximal Cic lifetime. If Torso affects Cic lifetime through its
effect on nuclear shuttling, then low levels of dpERK should no
longer be associated with high levels of Cic, as the protein is
entirely cytoplasmic in unfertilized eggs. Indeed, we found that the
spatial pattern of Cic in unfertilized eggs is uniform. Moreover, the
levels are significantly reduced, compared with the levels in the
central region of wild-type embryos (Fig. 4B).
To test whether this reduction is due to changes in protein
lifetime rather than a reduced synthesis rate in unfertilized eggs, we
used the Cic-Dronpa construct to measure Cic lifetime in
unfertilized eggs. The lifetime in the absence of nuclei is reduced

DEVELOPMENT

Fig. 2. Cic lifetime is reduced by Torso
signaling. (A)Quantified average dpERK
gradients in the control (Histone GFP,
blue) and the loss-of-function mutant
trk1/trk1 (red) Drosophila embryos. The
dpERK levels in the main body regions of
the wild-type embryos are the same as in
the trk1/trk1 embryos. Thus, the main
body region of the wild-type embryos
corresponds to zero level of Torso
activation. Error bars correspond to s.e.m.
Numbers of embryos used in the analysis:
nwt21 and ntrk1/trk117. (B)Quantified
average dpERK gradients in the control
(blue) and gain-of-function mutant
torD4021/+ (red). The levels in the central
region of mutant embryos are significantly
increased. nwt24 and ntorD402124.
(C)Outline of the optical pulse labeling
experiment. A population of Dronpatagged molecules is converted to the dark
state at time t1. After a waiting time T,
the dark-converted population is
converted back to the bright state. The
fraction of surviving Cic-Dronpa, Q(T)/Q(0)
is a measure of its lifetime. (D)First-order
fits to survival kinetics of Cic-Dronpa in
the middle of wild-type embryos (blue), in
the middle of torD4021/+ embryos (red)
and in the pole region of wild-type
embryos (black). Error bars are s.e.m.,
based on a minimum of 40 samples for
each waiting time. (E)Cic lifetimes at
three different levels of RTK activation.
Error bars correspond to 95% confidence
intervals.
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Fig. 3. Torso controls nucleocytoplasmic shuttling of Cic.
(A)Representative FRAP data of a single bleached nucleus taken at the
surface of a wild-type Drosophila embryo during early nuclear cycle 13.
Quantified average intensities for the bleached nucleus (blue),
immediately adjacent cytoplasm (red), a nearby nucleus (black) and
cytoplasm remote from the bleached nucleus (purple). (B)Average
recovery profiles of 17 bleached nuclei in the mid-body region of
embryos with the torso gain-of-function allele. Error bars in B-D
correspond to s.e.m. (C)Import rate constant decreases with increasing
RTK signaling levels (P0.015, based on a two-tailed t-test comparison
of the means; nWT16, ntorD402117). (D)Export rate constant increases
with increasing RTK signaling levels (P0.05, based on a two-tailed ttest comparison of the means; nWT16, ntorD402117). Data are
mean±s.e.m. in C,D.

to a value that is close to the value measured at the termini of wildtype embryos (Fig. 4C). Taken together, these results support the
model whereby Torso controls Cic degradation by changing its
subcellular localization.

Model for Cic degradation
The mechanism whereby Cic stability is controlled by subcellular
localization sheds light on the formation of the Cic gradient during
the terminal patterning of the embryo. We propose that low levels
of Cic at the poles can be explained by a model in which Cic is
synthesized in a spatially uniform pattern, but is degraded
nonuniformly in space, reflecting the effect of Torso on the rates of
Cic nucleocytoplasmic shuttling. To illustrate this mechanism, we
developed a computational model of Cic dynamics in the early
embryo (Fig. 4I; supplementary material Appendix S1).
Based on the earlier models for the Bicoid and Dorsal gradients
(Kanodia et al., 2009; Kavousanakis et al., 2010), the model
assumes that Cic is synthesized at a constant rate and degraded
only in the cytoplasm, following first-order kinetics with a spatially
uniform rate constant. The effects of Torso are modeled by the
spatially non-uniform rates of nuclear import and export (Fig.
4J,K), which we assumed to be linearly correlated with the
experimentally observed levels of dpERK. When provided with
measured rates of nucleocytoplasmic shuttling and degradation, the
model correctly predicts that the dynamic pattern of nuclear Cic
remains low at the poles and increases in the mid-body during each
nuclear cycle, a pattern consistent with our experimental data (Fig.
1; Fig. 4L,M).
According to this model, levels of Cic at the poles are
downregulated because Cic molecules spend more time in the
cytoplasm. This mechanism clearly works when nuclear Cic can
rapidly exchange with cytoplasmic Cic, but we expect that it will
also work when, as suggested by our FRAP results, only a fraction
of Cic can exchange with the cytoplasm and is thus subject to
degradation only during interphase. Even in this case, the entire
population of Cic molecules would be released into the cytoplasm
during mitosis. During the next interphase, nuclear residency of Cic
at the poles would be lower than in the middle of the embryo and,
hence, the protective effect of the nuclei would be reduced.
Conclusions
RTK signaling antagonizes transcriptional repression by Cic at
multiple stages of Drosophila development (Jiménez et al., 2000;
Roch et al., 2002; Astigarraga et al., 2007; Ajuria et al., 2011), in
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Experiments in unfertilized eggs test the model by changing
the medium in which Cic is accumulated. Alternatively, one can
keep the medium constant but impair nuclear localization of Cic.
Although Cic does not have a canonical nuclear localization
signal (NLS), it is known that other HMG box proteins contain
a functional NLS within their HMG domains (Qin et al., 2003;
Stros et al., 2007; Malki et al., 2010). A previous study
established that deletion of the Cic HMG box not only abolishes
its repressor activity but impairs nuclear localization
(Astigarraga et al., 2007).
To determine whether altered nuclear localization affects protein
levels, we compared Cic levels and nucleocytoplasmic ratio in a
transgenic line expressing Cic without the HMG box to that in a
line expressing a similarly tagged wild-type protein (Fig. 4D,E).
Because RNA levels in transgenic lines vary depending on
insertion site, we corrected apparent Cic levels by the mRNA levels
in each line (see Materials and methods). After this correction, we
found that levels of the mutant Cic protein were ~50% of the levels
of the wild-type protein (Fig. 4F,G). A similar reduction was
observed by quantitative western blot with whole embryo extracts
(Fig. 4G). These results provide further support for the model
whereby Cic is degraded mainly in the cytoplasm.
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Fig. 4. See next page for legend.

a mouse model of spinocerebellar ataxia (Fryer et al., 2011) and in
experiments with cultured mammalian cells (Dissanayake et al.,
2011). We demonstrate that Cic lifetime is reduced in response to
Torso RTK signaling in the Drosophila embryo. This effect results

from the reduction of time spent by Cic molecules in nuclei, where
Cic is protected from degradation. As both dpERK and Cic shuttle
between nucleus and cytosol, we speculate that Cic is
phosphorylated in the nucleus, which accelerates its export to
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Fig. 4. Nuclei protect Cic from degradation. (A)Quantified dpERK
gradient in wild-type Drosophila embryos (blue) and unfertilized eggs
(red). Unfertilized eggs and control embryos were fixed and stained
together. Error bars correspond to s.e.m. nWT21, nunfertilized37.
(B)Quantified average Cic gradient in wild-type and unfertilized
embryos expressing Cic-Dronpa. Wild-type embryos were imaged ~20
minutes into cycle 14. Unfertilized eggs were imaged ~2 hours after
egg deposition. No significant changes of Cic levels were observed
during this time. Error bars at a given position correspond to s.e.m.,
nWT10, nunfertilized80. (C)Survival kinetics of Cic-Dronpa in unfertilized
eggs. Error bars correspond to s.e.m. First-order fit results in an average
protein lifetime of ~15 minutes (mean15.1, 95% confidence interval
14.2-16.1 minutes). (D)Schematics of the wild-type and HMG-boxdeleted HA-tagged Cic constructs. (E)Nucleocytoplasmic ratios of the
wild-type and mutant Cic constructs (n3). (F)Intensity profiles of the
wild-type (blue) and mutant (red) Cic proteins, after correcting for the
differential amount of maternally deposited mRNA. The curves are
averages based on 16 (wild-type) and 12 (mutant) embryos. Error bars
are s.e.m. (G)Western blot detecting HA-tagged Cic. (H)Relative
amounts of Cic in embryos expressing either the wild-type or mutant
versions of the HA-tagged Cic. The left bar corresponds to the western
blot data from the whole-embryo extract (n8, error bar indicates
s.e.m.). The right bar corresponds to the immunofluorescence data,
quantified in the mid-body of the embryo [30-70% egg length, n16
(wild type) and 12 (mutant), error bar indicates s.e.m.]. In both cases,
after correcting for the differential amounts of mRNA, the levels of the
mutant protein is ~50% of the wild-type levels. (I)Schematic of the
model of the embryo in which degradation takes place solely in the
cytoplasm. Synthesis and degradation are assumed to remain constant
throughout the AP axis, whereas import and export rates change
spatially according to measured dpERK profiles (for more details, see
supplementary material Appendix S1). (J,K)Spatial distribution of
nuclear import (J) and export (K) rates along the AP axis used in the
model. Rates are normalized with respect to the measured values
measured in the mid-body of wild-type embryos. (L)Model results for
the nuclear Cic gradient for nuclear cycles 10 (red) to 14 (magenta).
(M)Model results for the levels of Cic in the nucleus (red) and in
adjacent cytoplasmic island (blue) located at the center of the AP axis
during nuclear cycles 10-14.

cytoplasm, from where it is now imported at a slower rate. As a
consequence, Cic spends more time in the cytoplasm where it is
degraded. A similar mechanism was reported for degradation of
Yan (Aop – FlyBase) and Cf2, two other repressors that respond to
Drosophila RTKs (Rebay and Rubin, 1995; Mantrova and Hsu,
1998; Hsu et al., 2001; Tootle et al., 2003). In the early embryo,
nuclear exclusion of Cic results in its degradation. In the future, it
will be important to test whether this mechanism works in other
tissues, both in Drosophila and other species.
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Fig. S1. Comparison of the spatial distributions of Cic-Dronpa and Cic-Venus fusion proteins with the spatial distribution
of endogenous Cic. Fly lines were created containing copies of the tagged molecule allele in a background homozygous for the
hypomorphic allele cic1. Embryos from these lines and control embryos were fixed and stained with an anti-Cic antibody. The Cic
gradients along the AP axis during early nuclear cycle 14 were quantified as described previously (Kim et al., 2011b) and compared
using a correlation coefficient. (A) Spatial distributions of Cic-Dronpa and endogenous Cic are linearly correlated (R=0.91, based on
the analysis of normalized gradients in fixed embryos; nwt=17, nCic-Dronpa=12). (B) Spatial distributions of Cic-Venus and endogenous
Cic are linearly correlated (R=0.91, based on the analysis of normalized gradients in fixed embryos; nwt=9, nCic-Venus=24).

Appendix S1
Analysis of FRAP kinetics
When interphase nuclei are bleached, nuclear levels of Cic first increase rapidly, but then recover
only a fraction of their pre-bleached value before the next mitosis, which limits the time window
for collecting the FRAP kinetics data (Fig. 3B,C). Incomplete recovery of nuclear Cic on this
time scale is in contrast to complete recovery observed in FRAP kinetics of other transcription
factors in the same experimental system (Gregor et al., 2007; DeLotto et al., 2007), and raises the
possibility that Cic levels in the cytoplasm are limiting. This seems unlikely, however, as we
observe constant cytoplasmic levels throughout the FRAP. Furthermore, previously bleached
nuclei recover to levels indistinguishable from their unbleached neighbors after mitosis (Fig.
3B). This suggests the existence of two populations of Cic molecules in the nucleus: a mobile
pool that exchanges relatively rapidly with the cytoplasm during interphase; and a pool that
exchanges with the cytoplasm either on a longer time scale or only during mitosis. This slowly
exchanging population might reflect DNA-bound protein.
To analyze the FRAP data, we use a mathematical model with three distinct molecular pools: the
nuclear mobile pool, the nuclear immobile pool and the cytoplasmic pool. Nucleocytoplasmic
shuttling of the nuclear mobile pool was modeled by first-order kinetics. The cytoplasmic levels
remain constant during the duration of the experiment. Thus, the cytoplasmic compartment was
modeled as a constant concentration pool. We assumed that there is no exchange between the
mobile and immobile nuclear pools during the duration of the experiment. These assumptions
lead to the following equations for the dynamics during the time course of the FRAP experiment:
,

and

where

,

and

denote the nuclear mobile pool, nuclear immobile pool and cytoplasmic

pool concentrations, respectively. We assumed that prior to bleaching, the mobile part of the
nuclear pool is in quasi equilibrium with the cytoplasmic pool, and that both mobile and
immobile nuclear pools are bleached to the same extent, denoted by . This leads to the
following initial conditions for the model:

.
Solving the model, we obtained the following recovery profile:

.

A function of the form

was used to fit the FRAP data using a nonlinear

least squares method, and kout and kin can be extracted from the fit coefficients ‘b’ and ‘P’,
respectively. Mean values of

and

for the two different genetic backgrounds were

compared using a paired t-test.
Computational model
The computational model for the spatiotemporal dynamics of Cic was based on previously
published models for the Dorsal and Bicoid gradients (Kanodia et al., 2009; Kavousanakis et al.,
2010). During interphase, the embryo was modeled as a periodic arrangement of units
comprising a nucleus and an associated cytoplasmic island, the state of each unit was described
by two variables – the nuclear and cytoplasmic concentrations of Capicua. Our observations
suggested that lateral transport between compartments could be neglected (data not shown). As
a consequence, the only source of spatial variations in the model comes from the spatial
variations of nuclear import and export rates, which were estimated from the combination of the
spatial pattern of dpERK along the AP axis and the experimentally measured import and export

rates in the mid-body of the embryo at two distinct levels of RTK signaling (in the wild type and
torso gain-of-function mutant).
The model for each unit accounts for nuclear import and export, as well as for cytoplasmic
synthesis and degradation. We assumed that fluxes in and out of the nucleus are proportional to
its surface area, estimated from previously published results. Dynamic equations for a single unit
‘j’ during interphase of nuclear cycle ‘i’ are given by:

and

where

and

denote the cytoplasmic and nuclear concentrations in unit ‘j’ during the
and

‘i-th’ interphase.
respectively.

are the volumes of the nuclear and cytoplasmic compartments,

is the nuclear surface area at nuclear cycle ‘i'.

reaction rate constants for the nuclear import and export, respectively.

denote the surface
and

are the rate of

protein synthesis in the cytoplasm and the rate constant of cytoplasmic degradation. For
simplicity, we assumed that the volumes of nuclear and cytoplasmic compartments remain
constant during a particular interphase.
Choosing steady-state cytoplasmic concentration as the unit of concentration, we removed the
rate of protein synthesis from the list of parameters. The remaining parameters were
and

, which were estimated from our experimental results as follows. For the mid-body

region of the embryo,
rates,

and

:

can be related to the measured nuclear import and export

Our FRAP measurements provided

and

in the midbody of the wild-type and Torso

gain-of-function embryos. A linear approximation based on these values yields
all other values of dpERK signal. In this way, we obtained a profile for

and

and

for

along the

AP axis of the embryo. We assumed these spatial profiles of import and export to remain
constant throughout nuclear cycles.
The remaining parameter,

, was obtained from our measurements of the Cic lifetime in the

midbody of wild-type embryos. The degradation rate obtained from the lifetime assay
corresponds to an effective degradation rate, which does not distinguish between nuclear and
cytoplasmic compartments. We used a single unit from our model to optimize a value of
cytoplasmic
corresponding

that would give rise to the measured effective degradation rate
is found to be

The

.

Once all the parameters were obtained for each unit along the AP axis, the equations were solved
numerically, using the variable time step Runge-Kutta method ode45 solver in MATLAB.
Finally, during mitosis, the nuclear volume compartments are assumed to disappear and their
contents are released into the cytoplasmic compartment. Only one equation, accounting for
uniform production and degradation, remains to be solved. At the onset of the following
interphase, the number of compartments increases and compartment volumes sizes are updated.

