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Abstract
ErbB signaling regulates cell adhesion and movements during Xenopus gastrulation, but the
downstream pathways involved have not been elucidated. In this study, we show that
phosphatidylinositol-3 kinase (PI3K) and Erk mitogen-activated protein kinase (MAPK) mediate
ErbB signaling to regulate gastrulation. Both PI3K and MAPK function sequentially in mesoderm
specification and movements, and ErbB signaling is important only for the late phase activation of
these pathways to control cell behaviors. Activation of either PI3K or Erk MAPK rescues gastrulation
defects in ErbB4 morphant embryos, and restores convergent extension in the trunk mesoderm as
well as coherent cell migration in the head mesoderm. The two signals preferentially regulate
different aspects of cell behaviors, with PI3K more efficient in rescuing cell adhesion and spreading
and MAPK more effective in stimulating the formation of filopodia. PI3K and MAPK also weakly
activate each other, and together they modulate gastrulation movements. Our results reveal that PI3K
and Erk MAPK, which have previously been considered as mesodermal inducing signals, also act
downstream of ErbB signaling to participate in regulation of gastrulation morphogenesis.
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1. Introduction
Gastrulation is the first major morphogenetic event in vertebrate development, during which
process prospective mesoderm and endoderm are internalized to produce patterned body axes.
Different cell movements occur in different regions and are coordinated to generate proper
tissue architecture. The behaviors of the mesodermal cells in Xenopus gastrulation are best
understood. Following involution, head mesoderm migrates along the blastocoel roof (BCR)
towards the animal pole, whereas trunk mesoderm undergoes mediolateral cell intercalation to
converge toward the midline and extend in an anterior-posterior direction (Keller, 1991;
Winklbauer et al., 1996; Keller et al., 2003). The molecular mechanisms controlling these cell
movements have been analyzed, and multiple signaling pathways are implicated. Both non-
canonical Wnt and fibroblast growth factor (FGF) signals are shown to regulate convergent
extension (C&E) movements (Wallingford et al., 2002). Non-canonical Wnt stimulates planar
cell polarity (PCP) and Ca2+ pathways to regulate polarized membrane protrusions through
Rho family of small GTPases (Wallingford et al., 2000; Habas et al., 2001, 2003; Choi and
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Han, 2002; Penzo-Mendez et al., 2003; Tahinci and Symes, 2003; Kwan and Kirschner,
2005). By contrast, FGF affects C&E through both regulation of mesodermal cell fate and
modulation of cell behaviors. FGF activates mitogen-activated protein kinase (MAPK) signal
to control the expression of the transcription factor Brachyury and its downstream target Wnt11
(Amaya et al., 1991; Conlon and Smith, 1999; Tada and Smith, 2000) to influence cell fate and
movements; FGF also activates protein kinase C (PKC)/Ca2+ pathway to regulate
morphogenesis directly (Nutt et al., 2001; Sivak et al., 2005). It is currently unclear how non-
canonical Wnt and FGF signals coordinate to modulate different facets of cell behaviors during
C&E. In the head mesoderm, platelet-derived growth factor (PDGF) signaling regulates the
directionality of cell migration toward the animal pole (Ataliotis et al., 1995; Nagel et al.,
2004); and PDGF also stimulates phosphatidylinositol-3 kinase (PI3K) to control cell
spreading on fibronectin (Symes and Mercola, 1996). As PDGF does not influence cell
migration per se, other signals may exist to modulate head mesoderm migration.

Recently, we have identified that signaling through ErbB receptor tyrosine kinases (RTKs)
also controls Xenopus gastrulation. Uniquely, ErbB signaling controls both C&E of the trunk
mesoderm and migration of the head mesoderm (Nie and Chang, 2007). When ErbB signaling
is interrupted, dorsal mesodermal cells fail to intercalate mediolaterally and C&E movements
are impaired. In addition, head mesoderm shows reduced ability to migrate, and individual
cells rather than a continuous cell sheet are seen to move out of the explants. ErbB signaling
seems to control cell-cell and cell-matrix adhesion as well as the formation of dynamic
membrane protrusions during gastrulation. However, it remains unknown whether ErbB
signaling stimulates distinct downstream pathways to modulate different cell behaviors and
movements.

Like other RTKs, ErbB receptors dimerize and trans-phosphorylate each other upon ligand
stimulation. Phosphorylated tyrosine residues then serve as docking sites to recruit various src
homology 2 (SH2) domain-containing proteins, which subsequently activate multiple
downstream signaling cascades. Among the best characterized signals activated by RTKs,
including ErbBs, are MAPK and PI3K pathways (Olayioye et al., 2000; Yarden and
Sliwkowski, 2001; Carpenter, 2003; Citri et al., 2003). ErbBs activate the small GTPase Ras
through Shc and Grb2 adaptors, which stimulates MAPKKK Raf that in turn phosphorylates
the MAPK kinases MEKs and activates the extracellular signal-regulated kinases 1/2 (Erk1/2)
via dual phosphorylation of the proteins (Schlessinger, 1994). By contrast, ErbBs stimulate
PI3K signaling through recruitment of the p85 regulatory subunit of PI3K to the activated
receptors, which helps to bring its associated catalytic subunit p110 close to the plasma
membrane to phosphorylate its lipid substrate and activate downstream kinases
phosphoinositide-dependent kinase 1 (PDK1) and Akt (Cantrell, 2001). Both MAPK and PI3K
have been shown to regulate cell migration in different contexts, such as during cancer cell
invasion and in neutrophil chemotaxis (Adam et al., 1998; Servant et al., 2000; Spenser et al.,
2000; Funamoto, 2002; Holbro et al., 2003).

In Xenopus, blocking either MAPK or PI3K signals has been shown to interfere with
gastrulation; however, the mesodermal fate is also disrupted in these cases (Carballada et al.,
2001; Sivak et al., 2005). Activation of either MAPK or PI3K in ectodermal explants is
sufficient to induce mesoderm, and the two pathways synergize in mesodermal induction
(Gotoh et al., 1995; LaBonne et al., 1995; Umbhauer et al., 1995; Carballada et al., 2001). The
data thus suggest that MAPK and PI3K are important signals in mesodermal fate determination,
and it is unclear whether these signals can also regulate cell movements subsequently to their
function in mesoderm induction.

In this study, we show that inhibition of MAPK or PI3K signals after mesoderm induction
blocks C&E movements, indicating that these pathways control morphogenesis during
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gastrulation. We then demonstrate that ErbB signaling regulates activation of endogenous
MAPK and PI3K. As blocking ErbB signaling interferes with gastrulation movements without
affecting mesodermal cell fate (Nie and Chang, 2006, 2007), we propose that ErbBs are
involved in activation of MAPK and PI3K at gastrula stages to control cell behaviors.
Consistent with this idea, we illustrate that activation of MAPK or PI3K rescues gastrulation
defects in ErbB4 morphant embryos. Our data thus establish that PI3K and MAPK mediate
ErbB signaling to control cell adhesion and movements during gastrulation.

2. Results
2.1 PI3K and Erk MAPK regulate mesoderm specification and gastrulation at different
developmental stages

It has previously been shown that inhibition of either PI3K or MAPK pathways leads to
impaired mesodermal formation and consequentially gastrulation defects (Amaya et al.,
1991; Conlon and Smith, 1999; Tada and Smith, 2000; Carballada et al., 2001). Since blocking
ErbB signaling interferes with gastrulation without affecting mesodermal cell fate, it implies
that if PI3K and MAPK mediate ErbB action, they should function in a second phase to regulate
mesodermal cell movements after proper germ layers are specified. To test this idea, we applied
chemical inhibitors of PI3K and MAPK signals at different developmental stages. U0126, a
potent inhibitor of MAPK kinases MEK1 and MEK2, and LY294002, a specific inhibitor of
PI3K, were applied to the embryos from cleavage stages (stage 4) or early gastrula stages (stage
10) onward. Dorsal marginal zone (DMZ) explants were dissected at stage 10; mesoderm
formation was assayed by RT-PCR at mid-gastrula stages and the convergent extension
movements of the explants were analyzed at late neurula stages. As shown in Fig. 1, when
applied at cleavage stages at 20μM concentration, both inhibitors reduced several mesodermal
markers in DMZ explants, including Brachyury, MyoD and PDGF receptor. Other markers,
such as Frizzled 7 and Prickled, which have been implicated in regulation of gastrulation, were
not changed. As a consequence of impaired mesoderm formation, the elongation of the DMZ
explants was shortened. The effect was dose-dependent, so that more severe defects were
observed when the chemicals were used at 50μM (Fig. 1). If the inhibitors were added at early
gastrula stages, they were incapable or inefficient in blocking mesoderm induction, but they
retained the ability to block elongation of the explants (Fig. 1). The results indicate that PI3K
and MAPK signals are employed sequentially in mesoderm specification and gastrulation, and
that ErbBs may potentially activate only the late stage signals to control gastrulation
movements.

2.2 ErbB signaling regulates activation of PI3K and Erk MAPK during Xenopus gastrulation
To test whether ErbB signaling indeed modulates activation of PI3K and Erk MAPK in
Xenopus embryos, we examined the phosphorylation status of key components of these
pathways in embryos with altered ErbB signaling levels. Dual phosphorylation of Erk1/2 (dp-
Erk) and phosphorylation of Akt (pAkt) were used to assess the activation of MAPK and PI3K
signals, respectively. DMZ explants from control, ErbB4-overexpressing and ErbB4-MO-
injected embryos were assayed at mid-gastrula stages by Western blot. Overexpression of
ErbB4 enhanced, while knockdown of ErbB4 reduced, the activation of both PI3K and MAPK
signals (Fig. 2). As controls, we also examined the levels of pAkt and dp-Erk in DMZ explants
from the embryos that overexpressed a constitutively active PI3K (p110caax, membrane-
targeted p110 catalytic subunit of PI3K), a dominant negative PI3K (Δp85, deletion mutant of
the p85 regulatory subunit of PI3K, Carballada et al., 2001), or a constitutively active MEK
(MEK*, SESE mutations of MEK/MAPKK, Gotoh et al., 1995). As expected, p110caax and
MEK* activated PI3K and MAPK signals, respectively, while Δp85 reduced the level of pAkt
(Fig. 2). Interestingly, we observed that MEK* weakly stimulated Akt phosphorylation, and
p110caax weakly activated Erk. This indicated that PI3K and MAPK signals, when strongly
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activated, might crosstalk with each other in frog embryos. The observation that ErbB signaling
regulates the activation of PI3K and Erk MAPK in dorsal mesodermal cells during Xenopus
gastrulation implies that PI3K and Erk MAPK may potentially mediate ErbB signaling in
controlling morphogenetic movements.

2.3 Activation of PI3K or Erk MAPK rescues gastrulation defects in ErbB4 morphant embryos
If PI3K and Erk MAPK acted downstream of ErbB signaling, we would expect that activation
of these pathways might rescue the gastrulation defects induced by inhibition of ErbB signaling
at the receptor level. To test this idea, we coexpressed p110caax or MEK* with ErbB4-MO
and observed the phenotypes of the embryos at tadpole stages. As reported before (Nie and
Chang, 2007), ErbB4 morphant embryos displayed failure of blastopore closure (67%, n=236)
or short and curved body axis; coexpression of ErbB4-MO with p110caax or MEK* decreased
the number of the embryos with open blastopore phenotype (25-29%) and reduced the severity
of axial defects in the embryos (Fig. 3). An increase in the number of the embryos with normal
morphology was also observed (30% versus 6% in ErbB4 morphants). When p110caax and
MEK* were coexpressed together, we detected a similar level of rescue (not shown). These
results demonstrate that both PI3K and Erk MAPK may contribute to the actions of ErbB4
during Xenopus gastrulation.

2.4 PI3K and Erk MAPK act downstream of ErbB4 to regulate convergent extension and
mediolateral cell intercalation in dorsal mesoderm

ErbB signaling modulates both convergent extension of the trunk mesoderm and migration of
the head mesoderm (Nie and Chang, 2007). It is conceivable that the downstream signals PI3K
and Erk MAPK may act in different mesodermal regions to regulate distinct movements.
Alternatively, both pathways may be required for different gastrulation movements. To
distinguish whether PI3K and Erk MAPK act similarly during gastrulation, we first determined
whether they were both capable of rescuing C&E in DMZ explants from ErbB4 morphant
embryos. Depletion of ErbB4 resulted in impaired C&E and reduced elongation of DMZ
explants; coexpression of either p110caax or MEK* sufficiently rescued the defects, so that
elongation of the dorsal mesoderm was restored in these explants at neurula stages (Fig. 4). At
tailbud stages, explants from the ErbB4 morphants started to dissociate and shed cells around
them (Nie and Chang, 2007); this defect was also rescued by both p110caax and MEK*, though
MEK* was less efficient in preventing cell dissociation so that the explants assumed a rough
surface with exposed or shed loose cells (Fig. 4). The data reveal that while both PI3K and Erk
MAPK can compensate for the loss of ErbB signaling during early C&E, only PI3K can
efficiently maintain cell adhesion in the absence of ErbB4 at late stages.

ErbB signaling activates different downstream pathways that crosstalk with each other. In
Xenopus, PI3K and Erk MAPK may also crosstalk when strongly activated, as seen in our
Western blot analyses (Fig. 2). Though it is unclear whether weak activation of each pathway
by using a low dose of RNA could still stimulate another pathway, it is conceivable that
p110caax and MEK* might activate each other, and that the rescue of the gastrulation defects
in ErbB4 morphant embryos only requires the activation of one pathway stimulated by either
molecule. To test this possibility, we treated the DMZ explants that were rescued with p110caax
with the MEK inhibitor U0126 at early gastrula stages, and treated MEK*-expressing explants
with LY294002 in a similar way. As shown in Fig. 5, while p110caax nicely rescued C&E of
DMZ explants from ErbB4 morphant embryos, incubation with U1026 reduced the extent of
explant elongation. Similarly, treatment of MEK*-expressing explants with LY294002 led to
decreased C&E, and the effect was more severe than that in U0126-treated explants (Fig. 5).
The results indicate that indeed both PI3K and Erk MAPK contribute to the regulation of C&E
by ErbB signaling, and PI3K may be more critical in this process.
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One main reason underlying impaired C&E in ErbB4 morphant embryos is that dorsal cells
fail to intercalate in the mediolateral direction efficiently (Nie and Chang, 2007). To see how
activation of PI3K and MAPK may affect this process, we examined cell behaviors in the open-
face explants taken from the embryos co-expressing p110caax or MEK* with ErbB4-MO.
Dorsal cells in these explants were labeled with two different membrane-tethered fluorescent
proteins at the 4-cell stage, so that the two halves of the embryos were marked by different
fluorescent signals. Explants from ErbB4 morphant embryos showed that the cells did not
intermingle efficiently so that a clear division of the fluorescent signals at the midline was
detected. However, when p110caax or MEK* were coexpressed with ErbB4-MO, the cells
with different labels invaded the other domain and mixed with each other (Fig. 6). This result
suggests that ErbB signaling may stimulate PI3K and Erk MAPK to modulate mediolateral
cell intercalation behaviors during C&E.

2.5 PI3K and Erk MAPK mediate ErbB signaling in head mesoderm migration
To further determine whether PI3K and Erk MAPK have distinct activities in regulation of cell
movements in the anterior mesoderm, we assayed for their function in head mesoderm
migration. Head mesodermal explants were dissected from early gastrula embryos and plated
on fibronectin (FN)-coated dishes. The migratory behaviors of these explants were examined
at one-hour intervals for six hours. As shown before (Nie and Chang, 2007), explants from
control embryos migrated effectively as a continuous sheet of cells; however, explants from
ErbB4 morphants did not migrate efficiently and many cells moved individually without
interconnection (15.8% explants with adherent cell sheet, versus 83.8% in control explants).
The distance of mesodermal migration was also reduced (Fig. 7). When p110caax or MEK*
were coexpressed with ErbB4-MO, cells from the explants maintained their association during
migration, and the rescue was more evident in p110caax-expressing explants (50.6% explants
with continuous cell sheet, which was not statistically different from that of control explants,
Fig. 7). PI3K and MEK* also significantly improved, though not completely rescued, the
distance of head mesoderm migration (Fig. 7). Our results illustrate that both PI3K and Erk
MAPK can function downstream of ErbB4 to regulate head mesoderm migration on FN
substratum, but PI3K signal is more efficient in maintaining cell adhesion during migration.

2.6 PI3K and Erk MAPK regulate cell adhesion and cell spreading with different efficiencies
ErbB signaling modulates cell adhesion in both the trunk and the head mesoderm, and
activation of PI3K seems to restore adhesion in mesodermal explants more efficiently than that
of Erk MAPK does. This suggests that the two downstream signals may have differential ability
to regulate cell adhesion. We therefore tested this possibility more directly using dissociated
cells. We first examined the roles of the two pathways in ErbB-regulated cell-cell adhesion by
cell dissociation and reaggregation assay. DMZ explants from early gastrula embryos were
dissociated in calcium- and magnesium-free buffer (CMFB) for an hour; cells were then
reaggregated on orbital horizontal shaker in a buffer containing calcium and magnesium
(MBSH). Control cells formed a single large aggregate after one hour and a very tight cluster
after 3 hours. In contrast, cells from ErbB4 morphants only aggregated into many loose pieces
with variable sizes at one hour and loose clusters after 3 hours (Fig. 8). Coexpression of
p110caax or MEK* enhanced cell reaggregation so that cells formed a main cluster after one
hour. After 3 hours, cells expressing p110caax formed tight aggregates, whereas cells
expressing MEK* showed less efficient reaggregation and existed as relatively loose cell
clusters (Fig. 8). These results confirm our explant assays and indicate that while both PI3K
and MAPK regulate cell-cell adhesion downstream of ErbB4, PI3K is more efficient in this
process.

To analyze whether PI3K and MAPK also differentially regulate cell-matrix adhesion, we next
examined the binding of the mesodermal cells to the FN matrix. Dissociated dorsal mesodermal
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cells were plated on FN-coated cover slip in MBSH for an hour before unattached cells were
washed away gently. Comparison of the number of the cells on the cover slip before and after
the washes showed that depletion of ErbB4 decreased the adherent cells from 94% to 84%;
coexpression of p110caax restored cell adhesion to 91%, while MEK* was less efficient that
increased the adherent cells to 89% (not shown). Close examination of the morphologies of
the cells remaining on the cover slip showed that 62% of control cells were flattened and spread
on FN, but only 34% of cells from ErbB4 morphants spread. Coexpression of either p110caax
or MEK* significantly increased the percentage of the spreading cells to 56% or 47%, with
p110caax rescued cell spreading more fully to a level comparable to that of control cells (Fig.
9). The data demonstrate that PI3K and Erk MAPK act differentially downstream of ErbB4 to
regulate cell adhesion and cell spreading on FN.

2.7 PI3K and Erk MAPK regulate dynamic membrane protrusions downstream of ErbB4
ErbB signaling is required for formation of proper membrane protrusions, so that in its absence,
membrane blebs instead of filopodia and lamellipodia form predominantly (Nie and Chang,
2007). To test whether activation of PI3K and Erk MAPK is sufficient to overcome the defects
induced by the lack of ErbB receptor, we coexpressed p110caax or MEK* with ErbB4-MO
and analyzed membrane protrusions of dorsal mesodermal cells by time-lapse microscopy.
Cells from ErbB4 morphant embryos had dramatic reduction of filopodia and lamellipodia,
but displayed increased and dynamic circular-moving blebs at the cell periphery.
Overexpression of either p110caax or MEK* effectively suppressed the blebs and restored the
filopodia and lamellipodia (Fig. 10; supplementary movies). Interestingly, we observed that
cells expressing MEK* showed enhanced formation of filopodia, which was distinct from the
behaviors of the cells expressing p110caax (Fig. 10, supplementary movies). Our results imply
that both PI3K and Erk MAPK can act downstream of ErbB4 to regulate membrane protrusions,
but they may preferentially modulate distinct aspect of the protrusions, with Erk MAPK
associated more closely with filopodia formation.

3. Discussion
Gastrulation in Xenopus has previously been shown to be under the control of non-canonical
Wnt, FGF, PDGF and ErbB signals. These signals regulate different aspects of cell behaviors.
PDGF signaling orients head mesodermal cells toward the animal pole for directional
migration, but does not affect convergent extension movements. PI3K pathway is utilized
downstream of PDGFR to modulate directionality of cell migration (Ataliotis et al., 1995;
Symes and Mercola, 1996; Nagel et al., 2004). By contrast, non-canonical Wnt and FGF control
C&E movements. Both signals employ the PKC/Ca2+ pathway to influence mediolateral cell
intercalation; but additionally, non-canonical Wnt also activates Dishevelled and Rho/Rac
GTPases to control polarized membrane protrusions (Wallingford et al., 2002). In comparison,
ErbB signaling regulates both head mesoderm migration and trunk mesoderm convergent
extension (Nie and Chang, 2007). ErbBs modulate cell-cell and cell-matrix adhesion as well
as membrane protrusions to control cell movements. However, it is unclear whether the effects
of ErbB signaling on different cell behaviors in different mesodermal regions are mediated by
the same or distinct downstream signals. Our current study shows that PI3K and MAPK both
act downstream of ErbB receptors to regulate gastrulation, and they have overlapping as well
as distinct activities.

3.1 PI3K and MAPK in mesoderm induction and gastrulation
Both PI3K and MAPK have been implicated in mesoderm induction. Interference with these
signals with dominant negative components, natural negative regulators or chemical inhibitors
all leads to impaired mesoderm formation (Gotoh et al., 1995; LaBonne et al., 1995; Umbhauer
et al., 1995; Carballada et al., 2001; Sivak et al., 2005). Though gastrulation is also impeded
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in the absence of these signals, it has been considered as a secondary effect. The direct
involvement of PI3K and MAPK in gastrulation morphogenesis has not been firmly
established. By applying the chemical inhibitors of PI3K and MEK at different developmental
stages, we show that these signals are required sequentially during mesoderm specification and
gastrulation. Blocking PI3K and MAPK at gastrula stages does not inhibit mesoderm formation
efficiently, but it suffices to hinder the C&E movements. During development, MAPK is
activated in the marginal zone at the blastula stages and is later detected at high levels in the
involuting mesoderm during gastrulation (LaBonne and Whitman, 1997; Christen and Slack,
1999; Curran and Grainger, 2000; Schohl and Fagotto, 2002). The expression pattern is thus
consistent with a function of the activated MAPK in gastrulation. The distribution of activated
PI3K signaling components during early Xenopus development has not been described. ErbB
receptors, as well as the neuregulin 1 (NRG1) ligand, are expressed maternally and throughout
early frog embryogenesis (Yang et al., 1998, 1999; Nie and Chang, 2006). Since inhibition of
ErbB signaling does not block mesoderm formation and patterning but interferes with
gastrulation (Nie and Chang, 2006, 2007), we propose that ErbB signaling mainly regulates
the second phase of PI3K and MAPK activation during gastrulation, but is dispensable for
PI3K- and MAPK-dependent mesodermal induction. Depletion of ErbB4 leads to decreased
activation of both PI3K and Erk MAPK in the dorsal mesoderm of Xenopus gastrulae,
suggesting that ErbB signaling is indeed important to stimulate these pathways endogenously.
However, low level residual activation of PI3K and Erk MAPK can still be detected in ErbB4
morphant embryos, indicating that other signals, such as those of FGF and PDGF, may also
participate in activation of PI3K and MAPK during gastrulation. Apparently the strength of
these signals is not sufficient for proper morphogenetic movements in the absence of ErbB4.
Our results thus imply that ErbB, FGF and PDGF signals cooperate in vivo to regulate
gastrulation movements through activation of the PI3K and the Erk MAPK pathways.

3.2 Overlapping and distinct activities of PI3K and Erk MAPK
Depletion of ErbB4 in early frog embryos results in gastrulation defects, which can be rescued
by overexpression of either human ErbB4 (Nie and Chang, 2007) or the activated components
of PI3K or Erk MAPK pathways (this study). Combined with the Western blot analyses (see
above), the data suggest that PI3K and Erk MAPK mediate ErbB signaling in regulation of
gastrulation. Detailed analyses of cell behaviors and movements indicate that PI3K and MAPK
do not always function equivalently. Activation of PI3K rescues cell-cell and cell –matrix
adhesion more efficiently, both in explants and in dissociated mesodermal cells, and allows
cells to spread on fibronectin more effectively. By contrast, activation of MAPK stimulates
the formation of animated filopodia in isolated mesodermal cells more effectively. The
differential activities of PI3K and MAPK likely reflect distinct cytoplasmic effectors of these
kinase pathways. In mammalian cells, PI3K can be recruited into cadherin-catenin complexes
at the plasma membrane to influence cell properties, and the Akt effector of PI3K activates
Rho/Rac family of GTPases to control cytoskeleton reorganization (Reif et al., 1996; Han et
al., 1998; Kotelevets et al., 2005; Barber and Welch, 2006; Xie and Bikle, 2007). Erk MAPK
controls cell movement by phosphorylating myosin light chain kinase (MLCK), focal adhesion
kinase (FAK) and paxillin, thus influencing cell adhesion and membrane protrusions (Huang
et al., 2004). Though the two signals crosstalk with each other in various contexts, including
in Xenopus embryos (Fig. 2), the strength and the kinetics of the effector activation may be
quite different with each primary signals. As a result, the two signals preferentially regulate
different cell behaviors with different efficiencies and both pathways are needed for optimal
convergent extension to occur (Fig. 5). Because of the functional distinction, it is expected that
the two signals may synergize in rescuing gastrulation defects in ErbB4 morphant embryos.
However, we did not observe such synergy over a range of RNA doses used for p110caax and
MEK* (not shown). There may be at least two explanations for this result. First, we always
used 1:1 ratio of p110caax and MEK*, and this might not reflect the endogenous ratio of the
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activation of the two pathways in the dorsal mesoderm, and thus we could not get significant
improvement in phenotypic rescue by the two components over that when a single active
component was used. Second, dynamic regulation of both signals may be important for proper
gastrulation, and activation followed by inactivation of one or both signals may be required.
For example, it has been documented in mammalian cells that transient and prolong MAPK
signals may have differential effects on cell proliferation or differentiation (Nguyen et al.,
1993). It is thus possible that continued activation of these pathways may prevent optimal
movements of the dorsal mesoderm and thus underlie the lack of synergy between the two
signals.

3.3 Other downstream signals in ErbB-mediated gastrulation process
In addition to PI3K and MAPK signals, other cytoplasmic pathways may be stimulated
downstream of the activated ErbB receptors to regulate gastrulation. One prominent signal that
is activated in mammalian cells is the phospholipase C gamma (PLCγ)/PKC pathway. During
neurite outgrowth and cancer cell migration and invasion, PLCγ/PKC signaling is stimulated
downstream of ErbBs to regulate actin remodeling (Kassis et al., 1999; Vaskovsky et al.,
2000; Dittmar et al., 2002; Gerecke et al., 2004; Sewell et al., 2005). Since PKC has been
shown to act downstream of both non-canonical Wnt and FGF signals (Kinoshita et al.,
2003; Sivak et al., 2005), it is possible that the three signals converge on PKC to influence
gastrulation movements. In addition, Src family of non-receptor tyrosine kinases may be
activated downstream of ErbBs, as they are in mammalian cells, to control Rho/Rac GTPases
and cellular protrusions (Yarden and Sliwkowski, 2001; Bromann et al., 2004; Playford and
Schaller, 2004). In Xenopus, inhibition of Src activity blocks elongation of activin-treated
animal caps and induces open blastopore phenotype (Denoyelle et al., 2001). In zebrafish, Src
family kinases Fyn and Yes converge with non-canonical Wnt signaling on RhoA to modulate
convergent extension movements (Jopling and den Hertog, 2005). Furthermore, ErbB signaling
may stimulate p38 and Jun N-terminal kinase (JNK) MAPK cascades to influence cell
migratory behaviors. In the future, it will be important to determine whether these cytoplasmic
pathways play a role in mediating ErbB-signaling to regulate distinct cell behaviors during
gastrulation.

4. Experimental Procedures
4.1 Embryo manipulations

Embryos were obtained, maintained and microinjected with capped RNAs or ErbB4-MO as
described (Chang et al., 1997). PI3K inhibitor LY294002 (Calbiochem) and MAPK inhibitor
U0126 (Calbiochem) were applied at 20μM or 50μM doses at stages indicated in the text. The
ErbB4-MO was the same as reported previously (Nie and Chang, 2007). MEK* (SESE-
MAPKK), p110caax and Δp85 constructs were kindly provided by Dr. Asashima and Dr.
Kodjabachian, respectively. RNAs were synthesized using mMessage mMachine in vitro
transcription kit (Ambion). For rescue experiments, ErbB4-MO (total 20ng/embryo) and
p110caax and Δp85 mRNA (0.5-10pg/embryo) were injected into the dorsal marginal zone
region of 4-cell stage embryos; for Western blot analyses, 20ng/embryo of ErbB4-MO and
1ng/embryo of the above RNAs were used.

4.2 Western blot analyses
DMZ explants were dissected from early gastrula stage (stage10) embryos and incubated to
mid-gastrula stages (stage11+) before total protein was extracted. Lysate equivalent to one
explant per lane was separated on 10% PAGE and transferred to Immobilon P membrane
(Millipore). Western blot was performed with 1:2000 dilutions of anti-activated MAPK
(pTEpY; Promega) or anti-phospho-Akt (Ser473; Cell Signaling) antibodies. Total Erk and
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Akt levels were examined with anti-ERK2 (BD Bioscience) and anti-PKBα/Akt1 (clone
PKB-175; Sigma) antibodies at 1:3000 dilutions.

4.3 Cell intercalation, head mesoderm migration and cell adhesion assays
These assays were performed as described (Nie and Chang, 2007).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MAPK and PI3K regulate mesoderm formation and gastrulation at different
developmental stages in Xenopus
Embryos were incubated with the MAPK inhibitor U0126 or the PI3K inhibitor LY294002 at
20μM (A) or 50μM (B) from stage 4 or stage 10 onward. DMZ explants were dissected at stage
10, mesodermal markers were analyzed by RT-PCR at stage 11, and the morphology of the
explants was examined at stage 16. While both inhibitors reduced the elongation of the DMZ
explants in a dose-dependent manner when applied from either early or late stages, only
inhibitors applied from stage 4 could efficiently block expression of a panel of mesodermal
markers.
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Figure 2. ErbB signaling regulates activation of PI3K and Erk MAPK pathways in Xenopus DMZ
explants
DMZ explants from embryos overexpressing ErbB4 (2ng mRNA/embryo), ErbB4-MO (20ng
MO/embryo), p110caax (1ng mRNA/embryo), Δp85 (1ng mRNA/embryo) or MEK* (1ng
mRNA/embryo) were examined at gastrula stages for activation of PI3K (pAkt) or Erk MAPK
(dpErk) pathways. Overexpression of ErbB4 enhanced, while depletion of ErbB4 reduced, the
levels of both pAkt and dpErk. p110caax and MEK* stimulated pAkt and dpErk, respectively;
but they also weakly increased phosphorylation of the other pathway component, suggesting
a crosstalk between the two pathways.
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Figure 3. Activation of PI3K or Erk MAPK rescued gastrulation defects in ErbB4 morphant
embryos
(A) Coinjection of 5-10pg of p110caax or MEK* RNA rescued the open blastopore and axial
defects induced by depletion of ErbB4 (20ng ErbB4-MO/embryo). (B) Embryos with different
phenotypes were counted and summarized in the bar graph.
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Figure 4. Activation of PI3K or Erk MAPK rescued convergent extension of DMZ explants from
ErbB4 morphant embryos
Coexpression of 5-10pg mRNA/embryo of p110caax or MEK* rescued elongation of the DMZ
explants from ErbB4 morphant embryos (20ng ErbB4-MO/embryo) at mid-neurula (stage 18)
and tailbud (stage 24) stages. At tailbud stages, explants from ErbB4-MO injected embryos
started to dissociate, and p110caax prevented cell shedding more efficiently than MEK* did.
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Figure 5. Both PI3K and MAPK are required for optimal rescue of convergent extension in ErbB4-
depleted explants
A) 20μM of U0126 or LY294002 were applied at stage 10 to DMZ explants from ErbB4-
depleted (20ng ErbB4-MO/embryo) and p110caax or MEK* (5-10pg mRNA/embryo) rescued
embryos respectively. While both p110caax and MEK* rescued convergent extension of the
explants, treatment with either U0126 or LY294002 reduced the elongation of the explants. B)
Morphometric analyses of the elongation of the DMZ explants (15 explants for each sample).
The length-to-width (L/W) ratios of the DMZ explants were measured and calculated, and the
statistical significance of the differences was analyzed using student t-test. The difference
between control and ErbB4-morphant was significant (P-value less than 0.0005), but the
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control and the rescued samples were not significantly different (P-values of 0.81 and 0.37 for
p110caax and MEK* rescued samples respectively compared with the control explants).
Treatment of the rescued samples with the chemical inhibitors significantly decreased the L/
W ratios of the explants (P-values less than 0.003 compared with the control or the rescued
explants).
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Figure 6. Activation of PI3K and Erk MAPK rescued mediolateral intercalation of dorsal
mesodermal cells
Membrane-tethered fluorescence proteins (EGFP and Cherry) were injected separately into
two dorsal blastomeres of 4-cell embryos, together with ErbB4-MO (20ng/embryo) and RNAs
encoding p110caax or MEK* (5-10pg/embryo). Cells from ErbB4 morphant embryos
respected the midline and did not intermingle, but cells co-expressing the MO and p110caax
or MEK* intercalated with each other, so that cells with different fluorescent signals mixed
across the midline.
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Figure 7. PI3K and MAPK rescued head mesoderm migration on fibronectin
(A) Migration of head mesoderm was impaired in explants from ErbB4 morphant embryos
(20ng ErbB4-MO), and both p110caax and MEK* (5-10pg mRNA) rescued the migration. The
distance of migration was enhanced, and the cell-cell contact between migratory cells was
restored. (B) Activation of either p110caax or MEK* rescued the distance of head mesoderm
migration partially but significantly (with p-values of 0.03 from student t-test). The percentage
of the explants that maintained cell-cell adhesion was also greatly improved, with p110caax
rescued the adhesion more efficiently to a level with no statistical difference from that of control
(p=0.16; for MEK*, p=0.03).
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Figure 8. PI3K rescued cell-cell adhesion more efficiently than Erk MAPK
Dorsal mesodermal cells were dissociated for an hour before reaggregated on agarose-coated
dish for 3 hours. Cells from ErbB4 morphant embryos (20ng ErbB4-MO) did not reaggregate
well, so that loose clusters formed. Coexpression with p110caax (5-10pg mRNA) effectively
rescued cell adhesion to a level similar to that of control, while MEK* (5-10pg mRNA) was
less efficient in rescue, so that aggregates were looser in structure.
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Figure 9. PI3K rescued mesodermal cell spreading on fibronectin more efficiently than MAPK
The morphology of the mesodermal cells attached to fibronectin was examined and the number
of the spreading cells was quantified in the bar graph. While ErbB4-MO (20ng/embryo)
reduced cell spreading on FN matrix, coinjection of p110caax or MEK* (5-10pg mRNA/
embryo) increased the percentage of the spreading cells significantly (p<0.0001 compared with
ErbB4-MO alone). Expression of p110caax, but not MEK*, rescued cell spreading to the level
comparable to that of the control cells (p=0.14 and 3E-05 for p110caax and MEK*,
respectively, compared with the control).
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Figure 10. Activation of PI3K and MAPK restored the formation of membrane protrusions in cells
from ErbB4 morphant embryos
Membrane-tethered EGFP was used to label cell membrane, and formation of the cell
protrusions in dissociated DMZ cells on FN matrix were observed by time lapse movies. A)
Cells from ErbB4 morphant embryos (20ng ErbB4-MO/embryo) showed reduced filopodia
and lamellipodia, but with increased membrane blebs. Coexpression of p110caax or MEK*
(5-10pg mRNA/embryo) restored the formation of lamellipodia and filopodia. B)
Quantification of the membrane protrusions. Lamellipodia, filopodia and membrane blebs
were counted separately and summarized in the bar graph. ErbB4-MO reduced the average
lamellipodia and filopodia from 1.7 and 3.7 to 0.3 and 0.7 per cell per minute, respectively,
while increased the formation of the membrane blebs from 0.2 to 1.4 per cell per minute (p-
values less than E-10 for all type of protrusions, as assayed by student t-test). Coexpression of
p110caax and MEK* restored the frequencies of lamellipodia and filopodia (p>0.05 for all
protrusions compared with the control cells), with MEK* stimulating filopodia more
efficiently. The total numbers of the cells counted were given under the bar graph.
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