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morpholino and actSmad2/3) in which BMP2/4 is also knocked
down. The size of neurogenic ectoderm is unchanged in those
embryos, whether or not Fez protein is present or absent (Fig. 5G-
M). These data indicate that the signal that Fez blocks in the animal
plate is BMP2/4. Thus, FoxQ2 causes production of Fez, which
attenuates BMP2/4 signaling in the aboral animal plate ectoderm.

To determine if and when BMP2/4 signals in the animal plate,
we monitored the presence of phospho-Smad1/5/8 (pSmad1/5/8)
(Lapraz et al., 2009) and FoxQ2 protein by immunostaining
between the unhatched blastula and mesenchyme blastula stages.
The specificity of each of these antibodies in H. pulcherrimus was
confirmed because all signals were absent in embryos injected with

the corresponding morpholinos (see Fig. S4 in the supplementary
material). Furthermore, all pSmad1/5/8 signals at this stage are
attributable to BMP2/4 activity, because there are no signals in
BMP2/4 morphants (see Fig. S4 in the supplementary material).
Before the hatching blastula stage, no BMP signaling is detected,
but when the embryo hatches, a clear signal appears in the nuclei
of cells in the animal half of the embryo, including the animal plate
marked by FoxQ2 expression (Fig. 6A,B). However, a few hours
later, at mesenchyme blastula stage, BMP2/4 signaling increases
dramatically in the future aboral ectoderm and establishes a
decreasing gradient from aboral to oral through animal plate (Fig.
6C) (Lapraz et al., 2009). Based on the immunohistochemical data,
the relatively strong BMP signaling area is closer to the animal pole
in Fez morphants, compared with that in control embryos (Fig.
6D,E). To analyze this further, we measured pixel values on images
and used ImageJ software to quantitate relative immunofluorescent
signal intensities that reflect the relative levels of FoxQ2 and
pSmad1/5/8 proteins in nuclei in cells in a line from the animal
pole to the center of the aboral side (Fig. 6F, white dots). The data
were normalized in each embryo, then averaged among individual
batches and shown as relative intensity. The measurements were
performed in 10-14 embryos in three independent batches to check
reproducibility. In normal embryos, the concentration of FoxQ2
drops from maximal levels to background in the area three to six
cells from the center of the animal plate and within that same area
an inverse relationship exists for pSmad1/5/8 (Fig. 6G, upper
panel). A similar inverse relationship exists in Fez morphants, but
the corresponding drop in FoxQ2 occurs several cells closer to the
center of the animal plate (Fig. 6G, lower panel). In both normal
and Fez morphants, maximal levels of FoxQ2 are achieved when
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Fig. 6. BMP2/4 diffuses over the animal plate region and builds
an activity gradient at the mesenchyme blastula stage.
Accumulation of pSmad1/5/8 in the ectoderm during blastula stages.
(A-C�) Phospho-Smad1/5/8 (pSmad1/5/8) and FoxQ2 expression at
unhatched blastula (A), hatching blastula (B) and mesenchyme blastula
(C) stages. Boxed areas in A�, B� and C� indicate magnified regions
shown in A-A�, B-B� and C-C�, respectively. DAPI nuclear stain is also
shown in A�, B� and C�. (D-E�) The accumulation of pSmad1/5/8 in
the animal plate region is altered in Fez morphants at the mesenchyme
blastula stage. FoxQ2 (D�,E�) marks the animal plate. Boxed areas in D�
and E� indicate magnified regions shown in D-D� and E-E�, respectively.
DAPI nuclear stain is also shown in D� and E�. Asterisks indicate the
center of the FoxQ2-expressing region. (F)The intensities of fluorescent
signals in nuclei for pSmad1/5/8 and FoxQ2 were measured with
ImageJ for each cell along a line extending outward from the center of
the animal plate to the center of the aboral side as illustrated (white
dots). Some dark regions unlabeled by either FoxQ2 or pSmad1/5/8
antibodies are ectoderm folds that occur as a result of embryo
processing procedures. We selected embryos in which there are no
folds observed along the line to avoid inaccurate measurements.
(G)Relative fluorescent signal intensities of pSmad1/5/8 and FoxQ2 in
the animal plate/aboral ectoderm region in controls (upper panel) and
Fez morphants (lower panel). The data were normalized in each
individual, and then averaged for three to four embryos per mating
pair. Data collected from three independent batches are shown by
individual lines, and pSmad1/5/8 and FoxQ2 signals are shown by solid
green and dotted magenta lines, respectively. Scale bars: in A� 20m
for A-C; in D�, 20m for D,E.
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pSmad1/5/8 levels are 30-40% of maximal. The clear difference in
Fez morphants is that, within the critical region of the animal plate
that is defined by half maximal levels of FoxQ2 in control and Fez
morphant embryo (vertical dotted dashed lines), the pSmad1/5/8
levels are ~20-40% of maximum in controls, but 50-80% of
maximum in Fez morphants. Because maximum levels of FoxQ2
and pSmad1/5/8 are the same in control and Fez morphants, and
because Fez is not required for FoxQ2 expression, these data
indicate that, in this outer region of the animal plate, maximal
FoxQ2 expression occurs if Fez suppresses BMP signaling below
a threshold level ~30-40% of maximal.

DISCUSSION
The data presented here establish that Fez functions as soon as it is
produced downstream of FoxQ2 to attenuate BMP signaling on one
side of the animal plate, thereby maintaining the size of this
neuroectodermal domain in the sea urchin embryo. This
mechanism is superimposed on the well-known pathway that
produces a gradient of extracellular BMP activity through the
activities of its antagonists or their activating proteases (Lamb et
al., 1993; Sasai et al., 1994; Piccolo et al., 1997; Lee et al., 2006;
Plouhinec and De Robertis, 2009). Fez produces a significant
decline of BMP2/4 activity in the outer regions of the animal plate
of the early embryo along which the serotonergic neurons will
subsequently develop.

The model for the mechanism and timing of Fez function is
described in Fig. 7. bmp2/4 begins to be expressed in prospective
oral ectoderm of an unhatched blastula as a result of Nodal
signaling, prior to the appearance of fez mRNA in the animal plate
(Fig. 7A) (Duboc et al., 2004; Materna et al., 2010). Although no
pSmad1/5/8 signals were observed in this embryo, it is likely that
BMP2/4 protein starts to be secreted there and to signal at low
levels because only a few hours later at hatching blastula stage low
levels of pSmad1/5/8 can be detected in both aboral and anterior
neurogenic ectoderm (Fig. 6B). At this time, FoxQ2 and perhaps
other factors induce fez transcription in animal plate cells (Fig. 7A).

During mesenchyme blastula stages, BMP2/4 moves towards the
aboral side, away from the site of bmp2/4 transcription, possibly
aided by Chordin, and establishes a gradient of activity between
aboral and oral sides of the embryo (Fig. 6C, Fig. 7A) (Ben-Zvi et
al., 2008; Lapraz et al., 2009). The BMP activity gradient in the
neurogenic ectoderm is shallow and continuous in the absence of
Fez function (Fig. 6G) and probably reflects the normal morphogen
gradient pattern in the extracellular space. However, in the normal
embryo, the continuous gradient is perturbed at the border between
neurogenic and non-neurogenic ectoderm by Fez (Fig. 6G, Fig.
7B,C), sharpening the border between the animal plate and the
aboral ectoderm.

The abnormal shift of the animal plate border in Fez morphants
occurs on the side where BMP signals, which reduces the size of
the animal plate size in these embryos. This conclusion is
supported by the observation that foxQ2 expression is reduced
where BMP2/4 signaling occurs, but Nodal signaling is prevented.
The consequence is that Fez functions to stabilize the border on the
aboral side along which the serotonergic neurons develop; Fez is
later also expressed specifically in these neurons, although it is not
required to confer neuronal identity to them. Instead it might
continue to protect them from BMP signaling and/or it might be
involved in promoting normal axon guidance because elongation
of axons in these neurons is poorly developed in Fez morphants
(Fig. 2B), as has been observed in the olfactory bulb of Fez mutant
mice (Hirata et al., 2006b).

Although the data presented here indicate that Fez is involved in
attenuating BMP signaling along the outer regions of the aboral
animal plate ectoderm, it is still not clear how the central part of
this domain is protected against BMP2/4 signaling in Fez
morphants (Fig. 6). Although pSmad1/5/8 activity is not as low as
in normal embryos in this region of the animal plate, it might be
below the threshold required to induce aboral, non-neurogenic
ectoderm there. Alternatively, this central region might be protected
by a Fez-independent mechanism(s). The latter possibility is more
likely because neurons differentiate in this region of animal pole
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Fig. 7. Model for the timing and location of Fez
suppression of BMP signaling in the sea urchin
embryo. (A)BMP2/4 protein theoretically synthesized
in the future oral ectoderm of unhatched blastula
diffuses throughout the ectoderm including the
animal plate. The highest activity of BMP2/4 is
observed on the aboral side at mesenchyme blastula
stage. Fez begins to be expressed in the neurogenic
animal plate at the hatching blastula stage. Green
and yellow show the regions where pSmad1/5/8
signal is present and absent, respectively. (B)FoxQ2
appears first in the animal plate before BMP signaling.
Fez is induced by FoxQ2 and reaches levels sufficient
to attenuate BMP at the outer edges of the animal
plate so that BMP cannot inhibit FoxQ2 there. (C)The
relationship between pSmad1/5/8 activity (green) and
the size of the animal plate (magenta) with/without
Fez function. In normal embryos with Fez function
(upper panel), the activity of pSmad1/5/8 is
dramatically decreased at the border between Fez-
negative and -positive regions to a level that preserves
FoxQ2 expression and the animal plate. In Fez
morphants (lower panel), the gradient of pSmad1/5/8
is continuous from the aboral ectoderm to the animal
pole and the abnormally high levels of pSmad1/5/8 in
the periphery of the animal plate prevent expression
of FoxQ2 and differentiation of the animal plate. D
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ectoderm even when mis-expressed BMP2/4 generates dramatic
downregulation of foxQ2 and fez expression in these cells at
blastula stage (Fig. 4) (Yaguchi et al., 2006).

Downregulation of BMP signaling along the aboral side of the
animal plate by Fez function is probably cell autonomous,
although the possibility that Fez induces a short-range signal
cannot be strictly ruled out. So far, because the sequence of Fez
suggests that it acts as a transcriptional repressor (Hirata et al.,
2006a) rather than a Smad-interacting protein, such as SIP1
(Verschueren et al., 1999; van Grunsven et al., 2003; van
Grunsven et al., 2007), it is unlikely that Fez interferes directly
with pSmad1/5/8 activity in intracellular regions. Thus, it is
possible that Fez regulates a gene(s) that is involved in pathways
to maintain pSmad1/5/8 levels, such as degradation,
dephosphorylation, and/or nucleocytoplasmic shuttling of Smad
(Inman et al., 2002; Chen et al., 2006). Target genes repressed by
Fez have not yet been identified in sea urchin, but, for instance,
could include gene(s) encoding protein(s) that promote BMP
signaling or regulatory gene(s) specifying aboral ectoderm
downstream of BMP2/4 signaling. It might also support
expression of several intracellular BMP signaling attenuators that
have recently been identified, including SIP1 (Nitta et al., 2004),
Smurf1 (Alexandrova and Thomsen, 2006; Sapkota et al., 2007),
Ski and SnoN (Deheuninck and Luo, 2009). However, it is thought
that the function of these intracellular factors is to pattern the
neuroectoderm, not to establish it as a domain, which is what we
focus on in this study. Whether they are also involved as mediators
of Fez function to establish the precise border between neurogenic
and non-neurogenic regions will require further investigation.

Based on previous studies, the Fez family functions at several
developmental steps in the central nervous systems in other animals
(Shimizu and Hibi, 2009), such as defining a subregion of anterior
neuroectoderm (Hirata et al., 2006a) and controlling individual
neural fate (Shimizu et al., 2010). With respect to molecular
mechanisms, more is understood about its role in neural fate
specification. In vertebrates, Fezf1 and Fezf2 control neural
differentiation by suppressing Hes5 (Shimizu et al., 2010), and in
flies, Erm, an ortholog of Fez in Drosophila melanogaster,
maintains the restricted developmental potential of intermediate
neural progenitors (Weng et al., 2010). Although it has been
reported that Fezf1 and Fezf2 suppress development of the caudal
diencephalon in mice, and expression of Irx1 and Wnt3a, the
molecular mechanisms controlling these steps are unclear. It is also
not known whether attenuation of BMP signaling is involved, as
shown here in the sea urchin embryo.

A combination of extrinsic and intrinsic mechanisms controls
the size of the animal plate. After restriction of the animal plate
to the animal pole by canonical Wnt-dependent processes,
further signaling through BMP signaling can affect its size. Here,
we show that extracellular control of BMP signaling through
antagonists is supplemented by intracellular control within the
plate itself. Similarly, Nodal signaling on the other side of the
plate suppresses serotonergic neuron development and it is
blocked from the animal plate by the extracellular antagonist
Lefty and the intracellular factor FoxQ2. What emerges from this
and previous work (Yaguchi et al., 2008) is that a fascinating
regulatory cassette, FoxQ2 and its downstream gene Fez, are
involved in attenuating expression of Nodal and its downstream
gene BMP2/4 sequentially to protect the neurogenic animal plate
on its oral and aboral sides, respectively. These parallel
mechanisms ensure that the edges of the field where neurons
develop in the animal pole ectoderm are stably defined.
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