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Fig. 3. The LPM is properly specified in Sox77 mutants.

(A-H) Foxf1 (A,E), Cryptic (B,F), Foxh1 (C,G) and Gdf7 (D,H) were
expressed normally in Sox77+~ and Sox777~ mouse embryos at 5-6 ss.
(I-0) Induction of endogenous Nodal expression by ectopic Nodal
activity in the right LPM. A lipofection mixture of the Nodal and GFP
expression vectors was injected into the right LPM (I, arrow) at the
headfold stage. GFP-expressing cells represent cells that expressed
exogenous Nodal (arrows in J,K). Induced endogenous Nodal was
expressed throughout the entire right LPM in Sox77+~ (LM, red arrows)
and Sox777(N,O, red arrows) embryos. Black arrows in L-O indicate
the sites of exogenous Nodal. Note that the left side expression was
reduced (L) or completely repressed (M) by the right side expression of
Nodal in Sox17*~ embryos. Scale bars: 500 um.

To evaluate the outcome of nodal flow on the generation of LR
polarity across the node, we examined the asymmetric expression
of the perinodal genes Nodal, L-Plunc (Bpifbl — Mouse Genome
Informatics) and Cer/2 (Dand5 — Mouse Genome Informatics)
(Hou et al., 2004; Pearce et al., 1999). All three genes were
asymmetrically expressed in the node in most Sox 77~ embryos
[Nodal, 7/11 (64%); L-Plunc, 9/11 (82%); Ceri2, 10/11 (91%); Fig.
4P-R], similar to control embryos [Nodal, 15/22 (68%); L-Plunc,
11/11 (100%); Cerl2, 9/9 (100%); Fig. 4M-O]. These data
suggested that in Sox/77~ embryos the nodal flow is strong enough
to generate LR asymmetry in the node despite some abnormal
features of the node.

Partial defects in proteoglycan distribution in
Sox17”- embryos

Finally, we examined the possibility that disrupted transfer of the
LR signals from the node to the left LPM accounts for the LR
defects observed in Sox/7~~ embryos. Previously, we reported that
proteoglycans with glucosaminoglycan moieties such as
chondroitin sulfate and heparan sulfate play important roles in
transferring the LR signals from the node to the LPM (Oki et al.,
2007). Chondroitin sulfate is distributed at the interface between
endoderm and mesoderm in control embryos, and was shown to
directly interact with Nodal proteins (Oki et al.,, 2007). We
performed IHC of chondroitin sulfate and laminin at 2-4 ss to study
the effect of Sox/7 mutation on proteoglycan distribution and ECM

Fig. 4. Node morphogenesis is partially defective but the node is
able to direct LR asymmetry in Sox77 mutants. (A-H) Sox77+~ (A-
D) and Sox 177 (E-H) embryos. (A-C,E-G) Immunohistochemistry (IHC)
of y-tubulin for basal bodies (magenta in A,B,E,F), acetylated tubulin
(Actu) for cilia (green in B,F; magenta in C,G) and ZO1 for tight
junctions (green in A,C,E,G) at 1-2 ss. (D,H) Nodal mRNA in the node
region at the headfold stage. Note that in Sox777~ embryos, some
endoderm cells remained in the node region (indicated by asterisks),
resulting in the posterior elongation of the node. The shape of nodes is
highlighted in red (C”,G"). An arrow indicates isolated node cells
posteriorly (G”). Nodal expression also showed posterior elongation of
the node in the Sox777 embryo (H, arrow). The boxed regions in A-
C,E-G are magnified in A’-C’,E’-G’. (I-)’) Node structures and cilia
formation were examined by scanning electron microscopy. The boxed
regions in | and J are magnified in 1" and J’. Note that two large
endoderm cells remained in the node (arrowheads), and ectopic ciliated
cells (arrow) were observed in the separate region posterior to the
Sox177 node (J). (K,L) Nodal flow in Sox77+~ and Sox777 nodes. Each
line represents the trajectory of bead movement over the node surface,
as taken from movies (supplementary material Movies 1, 2). The black
lines outline the boundary of the node. (M-R) Both Sox77*~ and
Sox177~ perinode cells express Nodal (M,P), L-Plunc (N,Q) and Cerl2
(O,R) asymmetrically. Ectopic Cerl2 expression was observed in the
posterior of the Sox777 node (R, arrow).
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development (Fig. 5A-C). We found that 7 of 17 (41%) Sox177~
embryos showed regional defects in chondroitin sulfate distribution
concomitant with laminin matrix disorganization (Fig. 5B-B"),
whereas the remaining 10 of 17 (59%) Sox17”~ embryos showed
an almost normal distribution of ECM (Fig. 5C-C"; control
embryos, n=6). These defects in chondroitin sulfate distribution in
the ECM might cause reduced LR signal transfer from the node;
however, the loss of Nodal expression in the LPM in 90% of
Sox177~ embryos cannot be accounted for by the reduced
chondroitin sulfate distribution and defective ECM composition
seen in only 41% of these embryos.

Since paraxial mesoderm lies between the node and the LPM, it
could conceivably play a role in mediating transfer of the LR signal
from the node to the LPM. To test this, we determined whether the
paraxial mesoderm develops normally in Sox/7 mutants. In
Sox177~ embryos, both MeoxI, which regulates somitogenesis
(supplementary material Fig. S2A,C), and Raldh2 (Aldhla2 —
Mouse Genome Informatics), a key gene for retinoic acid synthesis
that coordinates symmetric somitogenesis and LR asymmetry
(Vermot and Pourquie, 2005) (supplementary material Fig. S2B,D),
were expressed normally, suggesting that paraxial mesoderm is
normal in Sox77~ embryos.

Reduced gap junction function in Sox77 mutant
epithelial cells

After nodal flow is established, intracellular upregulation of Ca**
flux is observed in endoderm cells immediately left of the node
(Hadjantonakis et al., 2008; McGrath et al., 2003; Tanaka et al.,
2005). This suggests that Ca** flux might have an important role
in signal transfer of LR determination from the node to the LPM
(Mercola, 2003). Since the relay of Ca>" flux is mediated by gap
junctional transport of small molecules such as IP3 or Ca’" itself,
we examined the expression of a gap junction protein, connexin 43
(Cx43; Gjal — Mouse Genome Informatics), by whole-mount IHC,
which had not been described previously for the time when LR
asymmetry is established. In control embryos, we found that Cx43
was localized in the cell membrane in both extra-embryonic and
embryonic endoderm, but not in the node including perinode cells
(Fig. 6A,E; supplementary material Fig. S3). In SoxI7”~ embryos,
Cx43 was localized in the cell membrane of extra-embryonic
endoderm but was greatly reduced in the endoderm cells in the
embryonic region (Fig. 6B,F). We also observed that the

Fig. 5. Defects in proteoglycan
and ECM distribution are not the
primary cause of LR
abnormalities in Sox77 mutants.
Co-IHC of chondroitin sulfate,
laminin and GFP in Sox77°* and
Sox179P6FP mouse embryos at 3-4
ss. The Sox17° allele is a null
mutation. Chondroitin sulfate
(proteoglycan) and laminin (ECM)
are distributed uniformly in
Sox17CFF* embryos (A-A"), whereas
Sox17CfP6fP embryos showed either
regional defects (B-B”, stars in B;
n=7/17) or almost normal
phenotypes (C-C”; n=10/17) in the
organization of chondroitin sulfate
and laminin. Ect, ectoderm; Mes,
mesoderm.

Laminin

localization of another connexin, Cx40 (Gja5 — Mouse Genome
Informatics), on the cell membrane was attenuated in the endoderm
of Sox177 versus control embryos (data not shown).

We next assessed the level of Cx43 mRNA and found that Cx43
expression was reduced in endoderm cells near the node in Sox177~
embryos (Fig. 6", red arrows) as compared with control embryos
(Fig. 6K"), whereas Cx43 mRNA was expressed normally in both
the foregut and extra-embryonic endoderm of Sox/7” embryos
(Fig. 6K-L").

Next, gap junction function was tested by iontophoresis of a gap
junction permeable dye, Lucifer Yellow. Three minutes after dye
injection, the Lucifer Yellow spread from the injected cell into
neighboring cells of the embryonic endoderm (n=10, average 33.1
cells and 4.5 cell diameters; Fig. 6G) or extra-embryonic endoderm in
control embryos (Fig. 61), whereas the impermeable dye Rhodamine
dextran was retained in the injected cell. In Sox/77~ embryos, the
Lucifer Yellow dye, but not Rhodamine dextran, spread into
neighboring cells of the extra-embryonic endoderm (Fig. 6J); however,
in embryonic endoderm, both injected dyes stayed in the injected cell
(n=6/23 injections) or the Lucifer Yellow expanded into significantly
fewer cells (n=17/23, average 6.6 cells and 1.4 cell diameters;
P<0.001, Student’s t-test) (Fig. 6H) than in the control embryo.

In conjunction with the reduction of Cx43 mRNA and in the
membrane localization of connexin proteins, these data clearly
indicate that Sox/7”" endoderm has defective gap junction
communication, which is likely to be the major cause of defective
LR determination in Sox17”~ embryos.

Sox17 mutants exhibit defects in the formation of
epithelial structures in endoderm cells

Why was Cx43 not distributed in the cell membrane in Sox/7
mutants? We first tested the possibility that the mislocalization of
connexin proteins might be due to a lack of cell-cell contacts. The
tight junction component ZO1 was localized normally on the cell
membrane of Sox17”~ endoderm cells, similar to control endoderm
(Fig. 6C,D), suggesting that Sox/7 mutant endoderm develops an
epithelial structure with tight junctions.

We further evaluated the epithelial organization of Sox/7 mutant
endoderm that lies in close proximity to the node, at stages
corresponding to LR signal transfer from the node to the LPM (1-3
ss). We made use of Sox!7GFP knock-in mice, in which a GFP
reporter cassette replaces the coding region of the Sox/7 locus,
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Fig. 6. Defective Cx43 localization and gap junctional transport in Sox777~ endoderm cells. (A-F) Staining for Cx43 (green in A-F), nuclei (magenta
in A,B; blue in C,D), ZO1 (magenta in C-F) and GFP (white in E,F). Asterisks indicate the node (A,B). In control embryos, Cx43 protein is normally localized
in cell membranes of extra-embryonic (ExE) and embryonic (Emb) endoderm cells (A,A’,E,F). In Sox777 embryos at 3 ss, localization to cell membranes is
disrupted only in embryonic endoderm cells and not in the extra-embryonic endoderm cells (B,B’,E,F). By contrast, ZO1 was localized on the cell
boundaries in both Sox777~ and Sox77+~ endoderm cells in the embryonic (C-F) and extra-embryonic (E,F) regions. (A’,B",C,D) Embryonic endoderm cells.
The boxed regions in A and B are magnified in A" and B’. (G-J) Gap junctional transport was examined by iontophoresis of fluorescent dyes. A mixture of
Lucifer Yellow and Rhodamine dextran (10 kDa) was injected into endoderm cells of the embryonic region (G,H) or into extra-embryonic endoderm cells
(1,)). Three minutes after the injection, Lucifer Yellow dye was transferred to the surrounding cells in the embryonic region in Sox77+~ embryos (G) as well
as to extra-embryonic endoderm cells in both Sox77+~ and Sox777~ embryos (1,J), but only weakly transferred in the embryonic endoderm of Sox777-
embryos (H). (K-L") Cx43 mRNA expression in Sox7 7+~ (K-K") and Sox777 (L-L") embryos at 2 ss. Position of sections (K’,K”,L",L") are indicated in K and L.
Red arrows indicate Cx43 expression in endoderm cells near the node (K”,L"). Note that no Cx43 expression is observed in the ventral side of the node.
FgEn, foregut endoderm; HF, headfold; n, node. Scale bars: 50 um in A,B,G; 5um in C,D; 10um in E,F; 100 um in K-L".

resulting in null mutation and placing GFP expression under the
control of the endogenous transcriptional regulation of Sox/7 (Kim
et al., 2007).

In Sox179FP"* embryos at 2 ss, whole-mount THC of GFP and the
tight junction component ZO1 showed GFP expression in the tightly
packed endoderm cells as a contiguous epithelial layer overlying
mesoderm cells, encompassing the entire embryonic region except

the midline and the node (Fig. 7A). Endoderm cells were attached to
each other over a relatively large area of contact (Fig. 7A",A"). In
Sox179FP/GFP embryos, although the endoderm layer covered the
entire embryo in a manner similar to that of control endoderm, the
endoderm cells constituting the endoderm layer were thinner and
larger than those of the control embryo, with a greatly reduced area
of contact between cells (Fig. 7B-B”). Unexpectedly, some GFP-
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positive cells in Sox7°"P9FP embryos were found interspersed
among the underlying mesoderm cells on either side of the midline
(Fig. 7B’,B"). We hypothesized that these misplaced cells might be
delaminated from the outer endoderm layer, possibly owing to the
loss of epithelial cell polarity, or that these cells might be derived
from endodermal cells that have failed to epithelialize after migrating
out from the primitive streak. From these observations, we
hypothesized that Sox17 is required for uniform structural and
functional epithelial integrity in endoderm cells.

To determine whether the abnormal endoderm development in
Sox17 mutants affects the membrane localization of gap
junctions, we compared microtubule organization and Cx43
localization by co-IHC in control and Sox/7 mutant endoderm
cells (Shaw et al., 2007; Thomas et al., 2005). In control
embryos, microtubules labeled by o-tubulin were distributed in
a radial fashion and along the cell membrane (Fig. 7C,C"),
whereas in Sox/7 mutant embryos, which showed severely
reduced Cx43 membrane distribution, o-tubulin was primarily
present in a fibroblast-like parallel arrangement in the
cytoplasmic region and did not show clear accumulation at the
cell boundaries (Fig. 7D,D’) (Bre et al., 1990).

Adherens junctional complexes comprising E-cadherin and [3-
catenin constitute the main source of mechanical adhesion between
adjacent epithelial cells (Baum and Georgiou, 2011). In endoderm
cells neighboring the node of control embryos at 3 ss, E-cadherin
was evenly localized in the basolateral membrane (Fig. 7E),
whereas in Sox/77 embryos E-cadherin distribution was reduced
in most cells and was absent from some endoderm cells (Fig. 7F,
blue stars). Labeling of actin filaments with phalloidin also showed
an uneven localization of actin fibers at the cell boundary in
endoderm cells of Sox/7 mutants (Fig. 7F). Similar patterns were
observed for B-catenin, which was not localized at cell boundaries
in some endoderm cells (data not shown). These defects suggest
weak intercellular adhesion between endoderm cells, even though
Z01 is localized normally on the cell membrane of Sox/7 mutant
endoderm cells (Fig. 6D).

Fig. 7. Loss of Sox17 results in defective
epithelial polarity and disorganized cellular
adhesion. (A-B”) GFP and ZO1 IHC in Sox17°"* and
Sox17CF/SFP mouse embryos at 3 ss (A,B). Optical
transverse sections from the reconstructed confocal
images showed a compact epithelial layer of definitive
endoderm cells in Sox77%* embryos (A’,A”),
whereas in Sox77°/6” embryos the epithelial layer
was uneven and a portion of the GFP-positive cell
population was found interspersed among the
mesoderm cells (B’,B"). (C-D’) Co-IHC of a-tubulin
and Cx43 together with nuclear staining in Sox17+~
and Sox77~~ embryos at 3 ss. Microtubules labeled
with o-tubulin showed a parallel arrangement in
Sox177~ endoderm (star, D), in contrast to the radial
arrangement in Sox77*~ embryos, accompanied by a
reduction in the membrane localization of Cx43
(optical transverse sections in C’,D’). (E,F) E-cadherin,
GFP and actin distribution in endoderm near the
node. Note the disorganized localization of E-
cadherin in the Sox17%/5fF embryos (F) as compared
with the control embryos (E), suggesting weak
adherens junctions. Stars indicate individual cells; the
blue stars indicate cells with much reduced E-cadherin
distribution in the cell boundary. Mes, mesoderm; N,
node.

Abnormal cytoskeletal assembly together with the incomplete
formation of adherens junctions demonstrates defects in the
epithelial features of Sox/7 mutant endoderm. These defects could
result in the loss of gap junction communication, either by lowering
the levels of Cx43 transcription or by reducing the localization of
Cx43 to the cell membrane, which might cause defects in
transferring LR signals from the node to the LPM.

DISCUSSION

All tissues that have previously been reported to play a role in LR
determination are mesodermal derivatives, such as the node, LPM,
notochord and somites. Here, we report a novel role for endoderm
cells in transferring LR signal information from the node to the LPM.

Sox17 mutants develop endoderm-specific defects
and lose signal transfer

Sox177~ endoderm cells exhibit epithelial disorganization. Despite
this, the tight junction component ZO1 is still expressed normally,
suggesting that the endoderm in the mutant maintains partial
epithelium formation. Endoderm constitutes the outermost layer of
the early embryo and plays an important role in homeostasis of the
embryo by forming a tight junction barrier to the external
environment. It should be noted that mesodermal and ectodermal,
but not endodermal, derivatives form normally in Sox/7 mutants
(Fig. 3; data not shown).

The overall shape of the node in Sox/7”~ embryos is affected by
the presence of isolated endoderm cells that fail to clear from the
node region; however, LR determination at the node seems to
develop normally, as evidenced by the relatively normal nodal flow
and the asymmetric expression of perinodal genes. Similarly, the
LPM in Sox!7 mutants also develops normally, with the potential
to express and propagate Nodal, as shown when triggering Nodal
proteins were exogenously supplied directly into the LPM.
Therefore, the most likely cause of the absent or reduced LR gene
expression observed in Sox/7 mutants is a failure to transfer the LR
signal from the node to the LPM.



2434 RESEARCH ARTICLE

Development 139 (13)

Conserved gap junction function in establishing
LR asymmetry in mammals
In this study we found that the localization of the gap junction
molecules Cx43 and Cx40 to the cell membrane of the embryonic
endoderm was greatly impaired in Sox/7 mutants. Physiological
assays of gap junction communication indicated that it was
dysfunctional in mutant endoderm. These findings suggest the
importance of gap junctions in endoderm for LR signal transfer. In
addition to our data, it was recently reported that a pharmacological
inhibitor of gap junction communication, 18-o-glycyrrhetinic acid,
could inhibit Nodal expression in the left LPM of wild-type embryos
(Viotti et al., 2012). Although these inhibitor experiments did not
specifically identify the endoderm as the tissue responsible for the
gap junction communication in LR determination, when combined
with our findings from genetic analyses of Sox/7 mutants, the data
support the idea that gap junctions in the endoderm are necessary for
signal transfer from the node to the LPM in the mouse embryo.
Gap junctions have been reported to function in LR determination
in several vertebrate models (Levin and Mercola, 1998; Levin and
Mercola, 1999). In rabbits, gap junctions are used to prevent signal
transfer from the node to the right LPM in cooperation with Fgf8
signaling (Feistel and Blum, 2008). Although, in this case, the tissues
responsible for the gap junction communication were not clearly
identified, Cx43 is expressed in the endoderm as well as in the
mesoderm and ectoderm of the rabbit embryo, similar to the mouse
(Fig. 6; supplementary material Fig. S3). These data suggest that a
role for endoderm cell gap junctions in mediating signals from the
node to the LPM is conserved in mammals.

Impaired epithelial integrity in the Sox77 mutant
endoderm and possible roles of endoderm in
signal transfer from the node to the LPM

This is the first report that demonstrates the role of Sox17 in the
development of the epithelial characteristics of endoderm at the
cellular level. We examined the distribution of cell adhesion and
cytoskeleton components in Sox/7”~ and control embryos and
found that endoderm in Sox/7 mutants exhibits compromised
epithelial integrity, in which the localization of E-cadherin/B-
catenin on the cell membrane is disturbed and microtubules and
actin filaments show aberrant arrangement. These findings strongly
suggest that the severe impairment of gap junction communication
in mutant endoderm is a consequence of the failure to properly
localize connexin proteins on cell boundaries due to impaired
epithelial polarity. Thus, epithelial maturity of endoderm cells near
the node is essential for functional gap junction communication
among endoderm cells and is involved in transferring signals from
the node to the LPM in LR determination.

How do endoderm cells near the node mediate signal transfer
from the node to the LPM? In accordance with the evidence of
higher Ca" flux in the left endoderm near the node and the fact
that the inhibition of gap junction communication results in defects
in LR determination (Viotti et al., 2012), one explanation is that
endoderm directly transfers second messengers such as Ca®"
through gap junctions from the node to the LPM to induce Nodal
expression in the LPM. However, the higher Ca®" flux in the left
endoderm is observed only near the node, suggesting short-range
signal transduction. Therefore, it is unlikely that Ca®" itself signals
over a long distance to transmit the LR information from the node
to the LPM.

In addition to several studies showing that Nodal proteins act
over a long range by diffusion (Chen and Schier, 2001; Constam,
2009; Le Good et al., 2005), a recent report strongly suggests that

Nodal proteins produced in the perinode travel a long distance to
induce Nodal expression in the left LPM (Kawasumi et al., 2011).
Given these data, endoderm might play a role in supporting long-
range Nodal movement. The long-range travel of Nodal proteins
appears to require ECM components such as chondroitin sulfate
(Oki et al., 2007). In Sox/7 mutants, the ECM components
chondroitin sulfate and laminin were formed relatively normally;
however, it remains possible that there are other, as yet
unidentified, ECM components that are required for Nodal
movement and are affected in the mutant endoderm because of the
incomplete epithelial polarity. An alternative possibility is that
endoderm plays a role in the modification of Nodal proteins. The
range of travel and activities of Nodal are regulated by processing
of prepro-Nodal proteins (Ben-Haim et al., 2006), N-glycosylation
(Le Good et al., 2005) and dimer formation with Nodal itself or
another TGF[3 member, Gdfl (Tanaka et al., 2007). Since Sox!7-
expressing endoderm is tightly attached to the perinode where
Nodal is produced, endoderm might assist in these modifications
through cell-cell communication with perinode cells.

Ectopic expression of Nodal in endoderm cells of
Sox17"'~ embryos

We found that the foregut endoderm of Sox7”~ embryos expresses
ectopic Nodal at early somite stages (Fig. 1D,D’,G). Nodal is an
upstream regulatory factor that induces endoderm formation during
gastrulation (Tremblay et al., 2000) but the expression is
immediately shut down in differentiated endoderm (Collignon et
al., 1996). These observations suggest that Sox17 might be directly
or indirectly required to turn off Nodal expression in differentiating
endoderm. If this were the case, we would predict that continued
expression of Nodal might also contribute to the failure of
endoderm formation in Sox/7”~ embryos. Further analysis will be
required to test this directly.

In summary, we have identified a novel and important role of
endoderm cells in signal transfer from the node to the LPM during
the establishment of LR asymmetry in mice. The detailed
molecular mechanisms of how endoderm participates in the signal
transfer remain to be examined in future studies. However, our
present studies detailing Sox/7 mutants will help further
investigations and will significantly extend the understanding of the
complex mechanisms involved in the determination of LR
asymmetry in early development.
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