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Abstract
The mouse node is a transient early embryonic structure that is required for left-right asymmetry
and for generation of the axial midline, which patterns neural and mesodermal tissues. The node is
a shallow teardrop-shaped pit that sits at the distal tip of the early headfold (e7.75) embryo. The
shape of the node is believed to be important for generation of the coherent leftward fluid flow
required for initiation of left-right asymmetry, but little is known about the morphogenesis of the
node. Here we show that the FERM domain protein Lulu/Epb4.1l5 is required for left-right
asymmetry in the early mouse embryo. Unlike other genes previously shown to be required for
left-right asymmetry in the mouse, lulu is not required for specification of node cell identity, for
Nodal signaling in the node or for ciliogenesis. Instead, lulu is required for proper morphogenesis
of the node and midline. The precursors of the wild-type node undergo a series of rapid
morphological transitions. First, node precursors arise from an epithelial-to-mesenchymal
transition at the anterior primitive streak. While in the mesenchymal layer, the node precursors
form several ciliated rosette-like clusters; they then rapidly undergo a mesenchymal-to-epithelial
transition to insert into the outer, endodermal layer of the embryo. In lulu mutants, node precursor
cells are specified and form clusters, but those clusters fail to coalesce to make a single continuous
node epithelium. The data suggest that the assembly of the contiguous node epithelium from
mesenchymal clusters requires a rapid reorganization of apical-basal polarity that depends on
Lulu/Epb4.1l5.

Introduction
The mouse embryo node (also called the posterior notochordal plate (PNC) (Blum et al.,
2007)) and midline serve as important organizing centers. The role of the node in the
establishment of left-right asymmetry has been studied extensively, and the motility of the
long cilia in the node is essential to generate a leftward fluid flow that ultimately directs left-
side specific expression of genes (Shiratori and Hamada, 2006: Lee and Anderson, 2008). In
addition, the axial mesendodermal cells that derive from the node and extend anteriorly
provide signals that are important for patterning other tissues in the embryo (Beddington,
1994). Sonic hedgehog (Shh) expressed in the notochord precursors (axial mesendoderm)
initiates dorsal-ventral patterning of the overlying neural plate and mediolateral patterning in
the flanking somites (Echelard et al., 1993). Lefty1 expressed in the midline cells inhibits
Nodal signaling and restricts it to the left side of the embryo, in order to maintain left-right
asymmetry (Meno et al., 1998). The anterior-most cells of the midline, the prechordal plate,
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produce Wnt and Bmp inhibitory signals that are required for development of the forebrain
(del Barco Barrantes et al., 2003).

The spatial organization of the node and axial midline is crucial for their patterning roles. It
is likely that the proper structure of the mouse node is required to generate the coherent
leftward fluid flow that initiates left-right asymmetry (Cartwright et al., 2004). The node,
which is derived from the anterior primitive streak (Kinder et al., 2001), is a cluster of
~250–350 cells that assembles on the surface of the distal tip of the e7.75 (early bud -
headfold) embryo (Hashimoto et al., 2010). The node is an epithelium of cells with
characteristically small apical surfaces and long primary cilia that forms a shallow pit. (This
specialized epithelial layer on the embryo surface is often called the “ventral node” or the
posterior notochord (PNC); for simplicity, we refer to this structure as the node.) The node
epithelium is contiguous with the epithelium of the visceral endoderm, and the visceral
endoderm cells that surround the node express Nodal and components of the Notch pathway
(Zhou et al., 1993; Krebs et al., 2003).

Fate-mapping studies have shown that the cells that form the axial midline have three
different origins. The most anterior midline cells derive from cells at anterior of the
primitive streak at e7.0, the cells of the early and mid-gastrula organizer (Kinder et al.,
2001). These cells apparently migrate with the mesodermal wings and navigate to the
anterior midline to form the prechordal plate and anterior-most axial midline in response to
unknown guidance cues. The next-most posterior axial midline cells derive from cells of the
node by rearrangement of cells from the relatively wide node to the much narrower axial
midline, apparently by convergent extension (Yamanaka et al., 2007; Ybot-Gonzalez et al.,
2007). The most posterior midline, the tail notochord, is derived from cells of the node that
migrate towards the posterior (Yamanaka et al., 2007).

The cellular and molecular mechanisms that produce the stereotyped organization of the
mouse node and axial midline are not well understood. A number of signaling pathways and
transcription factors that are essential for specification of cells of the node and axial midline
have been identified. The Nodal signaling pathway and the FoxA2 and FoxH1 transcription
factors are essential for specification of the node (Ang and Rossant, 1994: Weinstein et al.,
1994; Hoodless et al., 2001); Noto and FoxA2 cooperate to specify the trunk notochord
(Yamanaka et al., 2007); and Noto defines a transcriptional hierarchy that specifies nodal
cilia and some specific aspects of node cells (Beckers et al., 2007). However, little is known
about how these transcription factors regulate the morphogenesis of the node and midline.

We previously showed that Lulu (also known as Erythrocyte band 4.1-like 5 (Ebp4.1l5)) is a
FERM domain protein that is essential for early mouse development. Null mutations in lulu
cause embryonic arrest associated with a set of defects in morphogenesis, including
disruption of the organization of the neural plate and failure of the normal gastrulation
epithelial-to-mesenchymal transition (Lee et al., 2007; Hirano et al., 2008). Lulu protein,
which is localized apically in the epithelia of the epiblast and neural plate (Lee et al., 2007),
is required for the reorganization of the actin cytoskeleton that occurs during gastrulation.
Lulu is also important for the apical localization of a population of F-actin in the neural
plate, and in the absence of Lulu, closure of the neural tube fails completely. Here we show
that Lulu is essential for the establishment of left-right asymmetry because it is required for
the morphogenesis of the node and midline.
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Materials and Methods
Mouse strains

The lulu mutation is an apparent null allele of Epb4.1l5 that was generated by ENU
mutagenesis of C57BL/6J mice (Lee et. al., 2007). The GT2 allele of Epb4.1l5 corresponds
to BayGenomics line XC282 and was generated in house from ES cells obtained from
BayGenomics (Lee et. al., 2007). The nodal-lacZ knock-in allele (Collignon et al., 1996)
was a gift from Elizabeth Robertson. The AFP-GFP strain (Kwon et al., 2006) was a gift
from A.-K. Hadjantonakis.

Phenotypic analysis
Embryos were dissected in ice-cold PBS. For immunofluorescence, embryos were fixed for
1 hour at room temperature in PBS/4% paraformaldehyde. Embryos were washed after
fixation in PBS, and then processed either for cryosectioning or for whole-mount staining.
For cryosectioning, embryos were embedded in OCT and sectioned at 8 μm thickness. For
antibody staining of both whole-mount and sections, embryos were blocked for 1hr. in PBS/
0.1% Triton-X100/1% goat serum at 4°. Primary antibody was diluted in blocking buffer
and incubated overnight at 4°; whole mount embryos were incubated on a rocking platform.
After incubation, embryos were washed 3 × 20 minutes at room temperature in blocking
buffer, and then incubated at RT for 1 hr. in blocking buffer + anti-rabbit secondary
conjugated to Alexa-488. TRITC-conjugated phalloidin at 10 U/ml and DAPI were included
in the secondary incubation. After the secondary incubation, embryos were washed 3 × 20
min. in blocking buffer, then rinsed 2 times briefly in PBS, and then mounted for imaging.
Arl13b antibody (Caspary et al., 2007) was used at 1:2000. Brachyury (T) antibody was a
gift from Frank Conlon, and was used at a dilution of 1:1000. Rat anti-E-Cadherin antibody
(Sigma) was used at 1:500. TRITC-conjugated phalloidin was used at 10 U/ml.

For whole-mount node imaging, whole embryos were mounted immediately after staining in
molten 1% low-melting agarose dissolved in PBS, on Mattek coverslip-dishes. Embryos
were oriented vertically, with the distal tip of the embryo as close to the coverslip as
possible. Embryos were imaged by confocal microscopy using a Leica TCS AOBS SP2
inverted stand confocal microscope. Alternatively, the distal tip of the embryo was removed
and flat-mounted on a slide using Vectashield mounting media, and then scanned using a
Leica TCS AOBS SP2 upright stand confocal microscope. Cryosections were mounted in
Vectashield and scanned using both Leica TCS AOBS SP2 microscopes. Confocal datasets
were analyzed using the Volocity software suite (Improvision).

For in situ hybridization, embryos were fixed overnight at 4° in PBS/4% PFA. For XGal
staining, embryos were fixed for 15 min. at room temperature in 0.2% glutaraldehyde.
Whole-mount in situ hybridization and X-Gal staining were performed using standard
protocols. Samples for SEM were fixed overnight in 2.5% glutaraldehyde, then processed
and observed according to standard procedures using a Zeiss Supra 25 Field Emission
Scanning Electron Microscope.

Results
Left-right asymmetry is randomized in lulu mutants

lulu mutant embryos arrest at approximately e9.0, prior to many of the morphological
manifestations of left-right asymmetry (Lee et al., 2007). In particular, morphogenesis of the
heart is abnormal in lulu embryos, so it was not possible to determine whether there were
defects in left-right asymmetry based on morphology of the mutant hearts. Nevertheless,
molecular markers of left-right asymmetry are asymmetrically expressed at e8.5, when lulu
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embryos are healthy. Nodal-lacZ (Collignon et al., 1996) and lefty2 are normally expressed
exclusively in the left lateral plate mesoderm at early somite stages. In contrast, the vast
majority of lulu embryos expressed the nodal-lacZ transgene inappropriately: 11/20 mutants
expressed the transgene bilaterally; 7/20 showed no transgene expression in the lateral plate
mesoderm; 2/20 showed weak left-sided expression only (Fig. 1A, B). Similarly, all three
lulu mutants examind expressed lefty2 bilaterally (Fig. 1C).

Lulu is required for organization of the embryonic node and midline
Left-right asymmetry depends on signals generated in the node that are propagated to the
left lateral plate and maintenance of left-sided signals depends on an intact axial midline.
Markers of the node and midline were expressed in lulu embryos, but the spatial
organization of the midline structures was abnormal. As previously reported, Brachyury (T)
is expressed continuously along the wild-type e8.5 midline, but was discontinuous in lulu
embryos (Lee et al., 2007). We found that the expression of the midline markers Shh and
FoxA2 was also discontinuous in lulu embryos (Fig. 2A–D). Midline markers were
expressed robustly in the anterior-most midline, at a position corresponding to the
prechordal plate, but expression at more posterior positions was patchy and varied among
lulu embryos. The node becomes a distinct structure at the distal tip of the wild-type embryo
by e7.5, and node cells express T, Shh and FoxA2, as well as specific markers of the node
such as Foxj1 (Fig. 2E). These markers were expressed at the distal tip of lulu embryos,
although the expression was often weaker than in wild type (Fig. 2B, D, F).

The disruption of the structure of the lulu node was more clearly revealed by the pattern of
expression of the nodal-lacZ transgene. Prior to its expression in the left lateral plate, nodal
is expressed in the endodermal crown cells that surround the node. The expression pattern of
nodal-lacZ revealed that the organization of the nodal-expressing cells around the node was
abnormal in lulu embryos (Fig. 1A, B). The pattern of nodal-lacZ expression varied among
lulu embryos, but it was never expressed in the wild-type pattern (Fig. 3). In some embryos,
the nodal-lacZ expression domain collapsed towards the midline. In other embryos, there
were two or more rings of nodal-lacZ expression, as if more than one node had initiated.

Lulu was expressed at high levels in the outer (ventral) epithelial layer of the node, based on
expression of a gene trap allele of lulu that fuses most of the FERM domain to β-
galactosidase (luluGT2) (Lee et al., 2007). The fusion protein was expressed in most cell
types in the embryo (Fig. 4), but was expressed at relatively high levels in cells of the e8.0
node (Fig. 4B), consistent with a direct role of the Lulu protein within the cells of the node.

The lulu node fails to assemble correctly
The nodal-lacZ expression pattern indicated that the crown cells associated with the node
were not organized correctly in lulu embryos. We therefore examined the cellular
organization of the node at higher resolution. Cells of the node have two clear
morphological hallmarks: each cell has a single long cilium and the apical surfaces of the
cells are strongly constricted (Lee and Anderson, 2008). As a result, node cells can be
recognized even when not properly organized into the node pit.

The apical constrictions of node cells are readily visualized by staining of F-actin with
phalloidin. The apically constricted cells of the wild-type node form a stereotyped teardrop-
shaped array (Fig. 5). The disrupted organization of the cells within the node was apparent
in phalloidin-stained lulu embryos. The organization of the apically constricted node cells
varied among lulu embryos, but the cells never formed a single well-organized field. In
many cases, multiple patches of apically constricted cells were seen at the distal tip of the
embryo, at the position where the node should develop (Fig. 5B). The apically constricted
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cells in ectopic clusters had long cilia, as visualized by staining with the cilia marker Arl13b
(Caspary et al., 2007) (Fig. 5C).

Each cluster of lulu cells appeared to initiate the morphogenetic movements that create the
node pit. Three-dimensional renderings of confocal images of the lulu node indicated that
the clusters of ectopic ciliated cells formed small pits (Fig. 5C; Supplemental Movie 1).
Optical sections parallel to the surface confirmed that there was a single large pit in the
wild-type node, whereas similar sections of the distal region of lulu embryos often showed
more than one pit (Fig. 5D, E).

Scanning electron microscopy studies have shown that the wild-type node assembles during
the six hour period between the late streak to zero bud stages (~e7.5-e7.75). At this stage,
clusters of ciliated cells with small apical surfaces appeared on the surface of the embryo
near its distal tip, separated by squamous cells of the visceral endoderm (Sulik et al., 1994;
Lee and Anderson, 2008). By e7.75, there was a single field of ciliated cells with small
apical surfaces at the distal tip of the wild-type embryo (Fig. 6A–C). Similar to the results of
immunofluorescent staining, SEM views showed that ectopic clusters of ciliated cells were
present in the distal region of the lulu embryo (Fig. 6D–E). Thus all the analysis shows that
the defect in the lulu embryo was not in acquisition of node cell identity, but the formation
of a single coherent node.

Lulu disrupts the coalescence of clustered pre-node cells
Node cells arise from the anterior primitive streak at the late streak stage (Kinder et al.,
2001), and go through a series of rapid morphological transitions to generate the node. Node
precursors undergo an epithelial-to-mesenchymal transition as they move out of the epiblast
layer of the streak. At the late streak stage, an accumulation of cells between the epithelial
layers of the epiblast and the endoderm can be seen at the anterior primitive streak that is
likely to correspond to the node precursors (Fig. 7A). Unlike most cells that have transited
the primitive streak, these pre-node cells express high levels of E-cadherin on all aspects of
their surfaces. Shortly thereafter, the same cells undergo a mesenchymal-to-epithelial
transition as they incorporate into the endodermal layer to generate the outer epithelial layer
of the node. Optical cross sections of E-cadherin stained embryos reveal that there is an
organization within the mesenchymal node precursors: several rosette-like structures
composed of 10–20 cells with clustered apical surfaces are present between the epiblast and
the endoderm layers of the pre-node embryo (Fig. 7B, 7C). These clustered cells near the
distal tip of the embryo between the epiblast and the visceral endoderm layers already have
the long cilia characteristic of nodal cilia (Fig. 8B). Within a few hours, all the node cells are
visible on the surface of the embryo, and the mesenchymal-to-epithelial transition is
complete (Fig. 7D).

In lulu mutants, there are normal numbers of node cells (an average of 220 ciliated cells in
lulu compared to 200 in wild type littermates), node cells form cilia of normal length
(4.2±1.0 μm in lulu; 3.5±0.6μm in wild-type), and clustered node cells constrict their apical
surfaces (Fig. 5B, 5C, 6E). However, the early clusters of node precursors do not resolve
into a single field, and several groups of node cells remain separated in the surface layer of
most mutant embryos.

Like the morphogenesis of the node, organization of the anterior mesendoderm also involves
clusters of apically constricted ciliated cells that coalesce to form a narrow stripe of apically
constricted cells on the midline (Fig. 5A). The midline of the embryo has more than one
origin. Cells of the trunk notochord (caudal to the second somite) derive from the cells of the
node, while more anterior midline cells (the anterior head process and prechordal plate)
derive from cells of the early/mid gastrula organizer (Kinder et al., 2001; Yamanaka et al.,
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2007). Although somite formation is blocked in lulu embryos, the mutants arrest at the
equivalent of the about two-somite stage, so the midline cells in lulu embryos most probably
derive from the early and mid-gastrula organizer. In lulu mutants, there are midline cells that
express midline markers, but, as in the node, these cells did not coalesce to make a single
midline (Fig. 2).

Coordination of cell behaviors between the visceral endoderm and the node/midline
During the formation of the node and midline, cells derived from the primitive streak insert
into the visceral endoderm layer that surrounds the e7.5 embryo. An AFP-GFP transgene
(Kwon et al., 2006), which is expressed in the cells of the visceral endoderm (VE) at this
stage, makes it possible to visualize the behavior of the VE cells. At approximately e7.5,
cells of the definitive endoderm begin to insert into the outer VE layer, causing the AFP-
GFP+ VE cells to become dispersed over most of the embryo (Kwon et al., 2008). At the
same stage, VE cells remain covering the region of the primitive streak and form a single-
cell file surrounding the node and midline (Kwon et al., 2008; Fig 9A). The same general
pattern was retained in lulu embryos: AFP-GFP+ VE cells became dispersed over most of
the embryo and were retained over the primitive streak. In the region of the node and
midline, the arrangement of AFP-GFP+ VE cells in lulu embryos paralleled the
disorganization of the node and axial mesendoderm cells (Fig. 9B, C). The most striking
feature of the mutant AFP-GFP+ VE cells was that they continued to organize around
mutant node cells. For example, in the embryo shown in Fig. 9B, there appeared to be two
contiguous node-like regions, as defined by two oval regions that express T (Fig. 9B′), and
AFP-GFP+ cells aligned between the two nodes (Fig. 9B″, arrow).

Discussion
Roles of lulu/Epb4.15 in left-right asymmetry

Many mouse genes have been shown to be required for the generation of left-right
asymmetry, but most appear to regulate either ciliogenesis or Nodal signaling. Cilia are
required to generate a leftward fluid flow across the node; mutations that disrupt
ciliogenesis, cilia motility or the calcium signaling activated by nodal flow lead to
randomization of laterality, frequently accompanied by bilateral expression of Nodal in the
lateral plate (Lee and Anderson, 2008; Basu and Brueckner, 2008). Mutations in the Nodal
signaling pathway have direct effects on signaling from the node to the lateral plate
mesoderm (Brennan et al., 2002; Saijoh et al., 2003). Other signaling pathways are also
important in left-right asymmetry: activity of the Hedgehog pathway in the lateral plate
mesoderm is required to propagate Nodal signaling in the lateral plate (Tsiairis and
McMahon, 2009) and Fgf signaling is required for laterality in the mouse, perhaps through
regulation of Nodal signaling or cilia length (Meyers and Martin, 1999; Neugebauer et al.,
2009). Other genes required for left-right asymmetry (e.g. T, Tbx6, Dll1, Wnt3a) (King et
al., 1998; Hadjantonakis et al., 2008; Przemeck et al., 2003; Nakaya et al., 2005) are thought
to act, at least in part, through regulation of Nodal signaling.

In contrast to these previously characterized mutations, the failure of lulu mutants to
establish left-right asymmetry appears to be due to a disruption of morphogenesis of the
node and midline. Although lulu embryos arrest before handedness of the visceral organs
would be apparent and have independent defects in heart morphogenesis that would prevent
the detection of defects in heart looping (Lee et al., 2007), the symmetrical expression of
nodal and lefty2 in the lateral plate mesoderm (Fig. 1) demonstrate that lulu mutants fail to
establish correct laterality. Both Nodal signaling and formation of nodal cilia are required
for establishment of left-right asymmetry, but both appear to be normal in lulu embryos. A
loss of Nodal signaling would lead to a failure to express nodal in the node or lateral plate
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mesoderm, but nodal is expressed in both regions of lulu embryos. Homologues of Lulu/
Epb4.1l5 have been shown to regulate the activity of Crumbs in Drosophila and zebrafish,
and siRNA and shRNA experiments have implicated Crumbs proteins in mammalian
ciliogenesis (Fan et al., 2004; Fan et al., 2007); however Lulu/Epb4.1l5 is not required for
ciliogenesis, as nodal cilia of normal length are present at the distal tip of the headfold stage
lulu embryos (Fig. 5C, 6E). Instead, we conclude that Lulu/Epb4.1l5 is required for left-
right asymmetry because it is required for cells to organize a correctly structured node and
midline.

Coalescence of clusters of node precursors is required for formation of the wild-type node
Formation of the epithelial layer of the node on the outer surface of the mouse embryo is an
interesting and unusual process in which a population of cells undergoes rapid, sequential
epithelial-to-mesenchymal and then mesenchymal-to-epithelial transitions, such that the new
epithelium has the opposite polarity to the epithelium of origin. Cells of the node derive
from the anterior primitive streak of the late streak stage embryo (~e7.5) (Beddington, 1981;
Kinder et al., 2001). As in other regions of the primitive streak, these cells undergo an
epithelial-to-mesenchymal transition as they move from the epithelial layer of the epiblast
into the mesenchymal layer between the epiblast and the endoderm. Cells in more proximal
regions of the streak rapidly down-regulate E-cadherin, and that down-regulation is essential
for migration of the nascent mesoderm away from the primitive streak (Burdsal et al., 1993;
Ciruna and Rossant, 2001). In contrast, the node precursors at the primitive streak
apparently never down-regulate E-cadherin from the time they are in the epiblast until they
assemble into the node; instead, when cells move out of the primitive streak, E-cadherin is
redistributed so it that is not restricted to an apical surface and instead is uniformly
distributed on the cell surface (Fig. 7A). While still in the layer between the epiblast and
endoderm, the precursors of the node begin to grow long primary cilia and assemble into
several rosettes-like clusters (Fig. 7C). Each rosette appears to have higher levels of E-
cadherin at the center, suggesting that the center of the rosette has an apical identity. These
separate rosettes then coalesce to form the single epithelium of the node, which has the
opposite apical-basal polarity of the epiblast epithelium from which they derived a few
hours earlier (Fig. 7D). Similar rosettes of Noto-expressing node cells were reported by
Yamanaka et al (2007), although those authors did not observe the coalescence of the
rosettes or describe how they insert into the endodermal layer.

In the wild-type embryo, the separated rosette-like structures emerge on to the embryo
surface as they insert as groups into the endodermal layer. They first appear as clusters of
apically-constricted ciliated cells in SEM images at the zero bud stage (Sulik et al., 1994;
Lee and Anderson, 2008) and as a sheet of ciliated cells below the endoderm layer (Fig. 8B).
At the end of morphogenesis of the node and midline, a single row of visceral endoderm
cells outlines these midline structures (Kwon et al., 2008; Fig. 9A).

The assembly of the mouse node epithelium from multiple rosette-like structures has a
number of parallels with the morphogenesis of Kupffer’s vesicle, the organ of laterality in
the zebrafish embryo (Amack et al., 2007; Oteíza et al., 2008). Like the node, Kupffer’s
vesicle (KV) is a ciliated epithelium that generates a fluid flow required to initiate left-right
asymmetry in the fish. Like the node, the KV epithelium arises as the result of a
mesenchymal-to-epithelial transition (Amack et al., 2007) that goes through an intermediate
of several epithelial rosette like-structures that resolve to form the single KV (Amack et al.,
2007; Oteíza et al., 2008).
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Lulu/Epb4.1l5 is required for coalescence of node precursor clusters
In the lulu mutant, cells derived from the anterior streak are specified to have a node identity
and have most properties of normal node cells. lulu mutant node cells express node markers,
such as Foxj1; they form long, apical primary cilia, they change cell shape and acquire a
small apical surface, and clusters of cells form concave depressions. The lulu mutant cells
fail, however, to coalesce into a single node field. Although the morphology of the node
varies among mutant embryos, there are always node-like cells on the surface of the embryo
that are outside the primary node region.

A few other mouse mutants have been described that cause abnormal morphogenesis of the
node and midline. For example, in several Notch pathway mutants (Dll1, Baf60c; Rbpj) loss
of left-right asymmetry is correlated with the presence of some endoderm cells over the
node and/or loss of expression of midline markers (Przemeck et al., 2003; Takeuchi et al.,
2007). The presence of endoderm cells over the node could reflect a delay in development,
as endoderm cells normally move off the node over time, or it could be due to a breakdown
in communication between the node and visceral endoderm. However, the disruptions in
left-right asymmetry in these mutants have been attributed to loss of Nodal expression in the
node (Krebs et al., 2003; Przemeck et al., 2003; Takeuchi et al., 2007), which is not the case
in lulu mutants.

In the zebrafish, two Tbox transcription factors, Brachyury/no tail and Tbx16/spadetail, are
required for morphogenesis of Kuppfer’s vesicle. In particular, Tbx16/spadetail appears to
be required for coalescence of the epithelial rosettes that give rise to the KV. The mouse
homologue of Tbx16/spadetail appears to be Tbx6, and left-right asymmetry is disrupted in
mouse Tbx6 mutants, but that defect appears to be the result of defects in cilia structure and
Notch signaling rather than morphogenesis of the node (Hadjantonakis et al., 2008).
However, the relatively intense expression of lulu in the node (Fig. 4B) suggests that it could
be a target of Tbox transcription factors that promote morphogenesis of the organs of
laterality.

Loss of Lulu/Epb4.1l5 affects the behavior of both the cells of the node and the adjacent
visceral endoderm cells. Mutant cells with node identity form ectopic clusters (Fig. 5C, E;
Fig. 6C; Fig 9B′) and, in parallel, the surrounding nodal-expressing mutant visceral
endoderm cells are found in ectopic locations, often in ectopic rings (Fig. 2B, C, E). In the
regions where the lulu node and midline cells are organized more normally, most endoderm
cells move away from the midline and outline the ectopic node and midline cells (Fig. 9B″,
C″). These findings highlight the coupling of the cell behaviors in these two tissues. Because
of the roles of Lulu/Epb4.1l5 in epithelial reorganization (Lee et al., 2007), we suggest that
the defect in lulu node morphogenesis may be intrinsic to the node precursor cells, but future
genetic mosaic experiments will be required to test this possibility.

The initial studies of Epb4.1l5 homologues in Drosophila and zebrafish (Yurt and Mosaic
Eyes) emphasized the role of these proteins in the regulation of apical Crumbs complexes
(Laprise et al., 2006; Hsu et al., 2006; Gosens et al., 2007). However, recent studies have
shown that Drosophila Yurt and mammalian Lulu/Epb4.1l5 are also important for the
stabilization of the basolateral domain of epithelial cells (Laprise et al., 2009). A role for
Lulu in establishment of the basolateral domain is supported by the similarity of the global
morphology of lulu embryos and those of FAK, Paxillin and Fibronectin mutants, which
should lack normal focal adhesions (Furuta et al., 1995; Hagel et al., 2002; George et al.,
1993). Although the Paxillin mutant phenotype has not been characterized in depth, the
similar time of arrest and global morphology of the lulu and Paxillin mutants is especially
provocative, as the region of Lulu/Epb4.l15 C-terminal to the FERM domain has been
shown to bind Paxillin (Hirano et al., 2008).
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Mammalian genomes encode approximately 50 FERM proteins, most of which have not
been studied. Lulu/Epb4.1l5, and its homologues Drosophila Yurt and zebrafish Mosaic
eyes, are members of the FERM-FA subfamily, which includes ~14 mammalian genes
(Tepass, 2009). The mouse protein most closely related to Lulu/Epb4.1l5 is Epb4.1ll4b
(Ehm2), which was first identified based on its upregulation in a metastatic melanoma cell
line (Hashimoto et al., 1996) and is expressed in prostate epithelium (Wang et al., 2006).
Although the expression and function of Epb4.1l4b in the mouse embryo has not been
studied, it will be interesting to test whether it cooperates with Lulu in early embryonic
morphogenesis. FERM-FA proteins, including the founding member of the family, Band
4.1, associate with spectrin, and our previous studies suggest that Lulu is required for
organization the membrane-associated actin cytoskeleton, as actin-associated proteins
including β2-spectrin are mislocalized in the lulu neuroepithelium.

Lulu/Epb4.1l5 is required for the gastrulation epithelial-to-mesenchymal transition (Lee et
al., 2007; Hirano et al., 2008), and we propose that the defect in node morphogenesis in lulu
embryos may be due to defects in the reorganization of the actin cytoskeleton during the
MET that generates the node epithelium. We note that while the LuluGT2-β-gal fusion
protein is localized apically in the epithelium of the epiblast, like the Lulu protein itself
(Figure 4; Lee et al., 2007), LuluGT2-β-gal was not restricted to apical regions of the node,
and instead was present throughout those cells. We suggest that the fractured node of lulu
embryos reflects the importance of Lulu/Epb4.1l5 in the rapid reorganizations of apical-
basal polarity during the sequential EMT and MET required for formation of the node.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Left-right asymmetry is disrupted in lulu mutant embryos. (A) Dorsal views of nodal-lacZ
expression in e8.5 wild-type (left) and lulu mutant embryos (right). Nodal-lacZ is expressed
in the left lateral plate mesoderm (LPM) in wild type, but is expressed bilaterally in the
mutant. (B) Ventral view of another lulu mutant embryo, showing Nodal-lacZ expression in
both the left and right (arrow) LPM. The expression in the right LPM does not extend as far
posteriorly (arrowhead) as in the left LPM. Note the abnormal expression of nodal-lacZ in
the region of the mutant node in (A) and (B). (C) lefty2 RNA expression is bilateral in lulu
(left; ventral view) (seen in 3/3 mutant embryos examined), but is confined to the left LPM
in wild type (right; dorsal view). As with Nodal-lacZ, lefty expression in the right LPM
(arrow) does not extend as far posteriorly as in the left LPM. Scale bars = 150μm.
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Fig. 2.
Abnormal expression of midline and node markers in lulu embryos, assayed by in situ
hybridization. (A, B) Shh expression in e8.5 wild-type (A) and lulu (B) embryos. (C, D)
FoxA2 expression in e8.5 wild-type (C) and lulu (D) embryos. Expression of both Shh and
FoxA2 is discontinuous in the lulu midline. (E, F) FoxJ1 expression is expressed in a lateral
view of an e7.5 wild-type (E) and a frontal view of a lulu (F) node arrows, but the
expression level is lower in the mutant. Arrows point out the node. Scale bars = 150μm in
A–D.
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Fig. 3.
Variable disruption of node morphology in lulu mutant embryos, as revealed by the pattern
of nodal-lacZ expression. Ventral views of wild type (A) and lulu nodes (B–F), in which
node shape is outlined by the expression of nodal-lacZ in the crown cells. Anterior is to the
top. Node shape is highly variable in the mutants; defects include loss or reduction of the
node pit (arrows, D–F, compare to arrow in A), ectopic crown cells (arrowheads, B, C, E,
F), and an apparently duplicated node (arrow, B). All images are at the same magnification;
scale bar = 20 μm.
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Fig. 4.
Expression of lulu in the node. (A, B) The LuluGT2-β-gal fusion protein (blue) is enriched
apically in the epiblast epithelium (arrowheads) at both transverse sections of e7.5 embryos
(A) and frontal sections of headfold stage embryos (B) that are heterozygous for the gene
trap allele. Localization of the gene trap fusion protein parallels the localization of the
endogenous Lulu/Epb4.1l5 protein (Lee et al., 2007). At the headfold stage (B), the
epithelium of the node has assembled (arrow). The LuluGT2-β-gal fusion protein is present
throughout these cells, rather than being enriched at the apical surface.
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Fig. 5.
Abnormal cellular organization of the lulu node. Phalloidin (red) and DAPI (blue) staining
revealed that multiple node pits form in lulu embryos. (A) Phalloidin staining of the distal
surface of an e7.75 wild-type embryo shows the organization of the cells with small apical
surfaces in the node and midline, compared to the large surfaces of the surrounding
squamous cells of the endoderm. Anterior is to the upper right. (B) At the same stage in lulu
embryos, cells with small apical surfaces are found in several separate clusters; this is an
extreme example of the disruptions of the node in lulu embryos. Anterior is to the upper left.
(C, D, E) Phalloidin: red. DAPI: blue. (C) 3D rendering of an e7.75 lulu embryo reveals that
ectopic node cells form pits. Several clusters of cells with long cilia (marked by expression
of Arl13b in green) are present outside the main node region; even the small clusters are
depressed from the surface of the endoderm in small pits. Anterior to the left. See also
Supplemental Movie 1. (D) A confocal section parallel to the surface of the wild-type node
highlights the pit of the node, seen here as the empty circle surrounded by cells with small
apical surfaces. (E) A similar confocal section through the node region of a lulu embryo
shows three separate pits (arrows). Scale bars = 25μm.
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Fig. 6.
Scanning electron micrographs of wild type (A, B, C) and lulu mutant (D, E) embryos,
e7.75. Anterior is to the left in all panels. The node is located distally on the ventral surface
of the embryo (arrow, A). A higher magnification view (B) shows the node is visible as a
concave pit of cells with small apical surfaces, surrounded by squamous visceral endoderm
cells; node cells have long cilia (C). (D) lulu mutant, lateral/ventral view. This node in this
lulu embryo (arrow) is approximately half the diameter of the wild-type node, and is less
deep. (D) A higher magnification view shows that cilia on the lulu node appear normal.
Ectopic cells with long, node-like are found to the posterior of the node (arrow), surrounded
by cells of the visceral endoderm. Scale bars in A, C = 200 μm; B = 50 μm; C = 2 μm; E =
10 μm.
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Fig. 7.
Sequential epithelial-to-mesenchymal and mesenchymal-to-epithelial transitions produce the
wild-type node. E-cadherin: green. DAPI: blue. (A) At the late streak stage, cells of the
presumptive node accumulate at the anterior primitive streak between the epithelial layers of
the epiblast and endoderm (arrow), after having delaminated from the epiblast layer (above
the mesenchymal cells in this image). These cells express E-cadherin (green) around their
circumferences. (B) A late streak embryo, indicating the plane of the optical section in (C).
(C) E-cadherin expression (white) reveals that the presumptive node cells between the
epiblast and endoderm layers form several large three-dimensional rosette-like structures in
the presumptive node region, where E-cadherin is enriched at the center of each rosette. (D)
Within a few hours, the cells of the presumptive node have completed the mesenchymal-to-
epithelial transition. The node cells have incorporated into the outer layer of the embryo and
express apical E-cadherin. The node has formed its characteristic pit at the distal tip of
embryo. Scale bars in A, C, D = 25 μm; in D = 50 μm.
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Fig. 8.
Groups of ciliated presumptive node cells are present below the endodermal layer in the
wild-type embryo. (A, B) 3D rendering of a ventral view of an e7.25 wild-type embryo,
early in the process of node morphogenesis. (A) Red = phalloidin; blue =DAPI; green =
Arl13b. Several clusters of cells with small apical surfaces are visible on surface of the
embryo (arrowheads). At this stage, the nuclei between the clusters belong to the visceral
endoderm (Kwon et al., 2008). (B) Same embryo as in (A), Arl13b channel only, to
visualize cilia. Clusters of long cilia are seen at the position of the clusters seen in phalloidin
staining (arrowheads); additional cells with long cilia are found beneath the endoderm
(compare to (A)). Note that short cilia are also broadly distributed on endoderm cells. Scale
bar = 25 μm.
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Fig. 9.
The organization of the node and midline is mirrored by the organization of cells of the
visceral endoderm. Green = AFP-GFP, marks the visceral endoderm. Red = T; expressed in
the node, axial midline and primitive streak. Anterior to the left; posterior (the primitive
streak) to the right. (A) The axial midline of the wild-type headfold (e7.75) embryo. The
formation of the node and midline is complete at this stage. Most visceral endoderm cells
(green) have dispersed by this stage, except for those lying over the primitive streak (right).
At this stage, a single row of visceral endoderm cells surrounds the node and midline. (A′) T
channel only shows the shape of the node and midline. (A″) GFP channel shows the
arrangement of visceral endoderm cells around the wild-type node and midline. (B and C)
lulu mutant embryos; (B′ and C′) T channel only; (B″ and C″) GFP channel only. (B). In this
lulu embryo the node appears to be pinched off into two adjacent clusters of node cells, and
AFP+ cells align between the two node-like regions (arrow). (C) In this mutant, the node is
reduced in size. A few AFP-GFP+ visceral endoderm cells are present over the axial midline
of this mutant embryo and others lie over the posterior node. All images are at the same
magnification; scale bar = 50 μm.
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