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Abstract

During gastrulation of the mouse embryo, individual cells ingress in an apparently stochastic
pattern during the epithelial-to-mesenchymal transition (EMT). Here we define a critical role of
the apical protein Crumbs2 (CRB2) in the gastrulation EMT. Static and live imaging show that
ingressing cells in Crumbs2 mutant embryos become trapped at the primitive streak, where they
continue to express the epiblast transcription factor SOX2 and retain thin E-cadherin-containing
connections to the epiblast surface that trap them at the streak. CRB2 is distributed in a complex
anisotropic pattern on apical cell edges, and the level of CRB2 on a cell edge is inversely
correlated with the level of Myosin I1B. The data suggest that the distributions of CRB2 and
Myosin 11B define which cells will ingress and we propose that cells with high apical CRB2 are
basally extruded from the epiblast by neighboring cells with high levels of apical myosin.

An epithelial to mesenchymal transition (EMT) during gastrulation establishes the three
layers of the animal body plan (ectoderm, mesoderm and endoderm) through a defined
sequence of morphological transformations?:2:34, Defects in the gastrulation EMT and in
subsequent mesoderm migration are a significant cause of human birth defects®. EMTs are
also required for formation of many organs and are associated with tumor progression®.7.

Gastrulation of amniotes (e.g. birds and mammals) requires a sequence of coordinated
cellular events. The gastrulation EMT begins with the breakdown of the basement
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membrane underlying the epithelial epiblast at a single position, the primitive streak, which
marks the future posterior pole of the body plan. Basement membrane breakdown is rapidly
followed by apical constriction and a basal shift of the nucleus of an ingressing epiblast cell,
followed by dissolution of apical tight and adherens junctions, and, finally, acquisition of a
migratory program in cells of the nascent mesoderm and definitive endoderm. This EMT is
triggered by a convergence of secreted signals (Wnt, Nodal, FGF, BMP)® and is coupled to
changes in transcription factor expression, including loss of expression of the pluripotency-
associated factor SOX2 and upregulation of the mesenchymal factor SNAIL1°.

The amniote primitive streak is a dynamic cell population: as cells leave the primitive streak
epithelium to populate the mesoderm, they are continuously replaced by cells from the
adjacent epiblast epithelium. It is not known how the stable morphology of the primitive
streak is maintained despite this continuous flux*. Cells at the chick or mouse primitive
streak exit from the epiblast epithelium as individuals, while the adjacent cells of the
epiblast retain their apical junctions34. Thus amniote gastrulation, like collective cell
migration, requires dynamic neighbor exchanges while simultaneously maintaining the
integrity of the epithelium.

Here we show that mouse Crumbs2 (CRB2) promotes cell ingression during gastrulation. In
contrast to the best-defined role of Drosophila Crumbs protein as a determinant of the apical
domain of epithelial cells0-11, epithelial polarity is normal in the epiblast of Crumbs2
mutants, but cells of the late (>E7.5) primitive streak fail to delaminate and remain tethered
to the apical surface of the epiblast epithelium by thin E-cadherin-containing connections.
Thus mouse CRB2 is required to remove, rather than maintain, apical junctions. We also
find that CRB2 is localized in a complex anisotropic pattern in cells of the epiblast.
Localized CRB2 accumulation is inversely correlated with the level of apical Myosin 1B,
consistent with the hypothesis that CRB2 is an essential component of a system that directs
stochastic actomyosin-dependent cell ingression during gastrulation.

CRB2 is required for normal mesoderm production

Mammals have three members of the Crumbs family. Mutations in human or mouse
Crumbs1 cause light-dependent retinal degeneration but do not affect viabilityl2. Mice
lacking Crumbs3survive to birth with defects in lung and intestinal epithelial3. Mouse
Crumbs2 mutants initiate post-implantation development normally but arrest at mid-
gestation (~E9.0) with a syndrome of morphological defects, including a deficit of
mesoderm and an abnormal neural plate1*15, Both Crumbs2 RNA and protein are expressed
in the epiblast, but not the endoderm or mesoderm layers, of the E6.75 and E7.5 embryo
(Supplementary Fig. 1).

To test whether CRB2 overlaps in function with other Crumbs family proteins, we analyzed
the phenotypes of double and triple mutant embryos. Crumbs2™”~ Crumbs3™~ and
Crumbs18/98 Crumbs2~~ double mutant embryos and Crumbs1/@5 9 Crumbs2~
Crumbs3~~ triple mutant embryos all expressed the primitive streak marker Brachyury (T)
in the normal posterior domain at E7.5, had reduced paraxial mesoderm, marked by Meox1
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expression, and an abnormal neural plate at E8.5 (Fig. 1A, B), indicating that only CRB2
has a critical role in the early embryo.

Although Crumbs is required for establishment of the apical domain of epithelia in the
Drosophila embryo, markers of apical-basal polarity were correctly localized in the epiblast
of E7.75 Crumbs2™~ mutant and the Crumbs2™~ Crumbs3™~ double mutant embryos. ZO1,
a component of tight junctions, pERM, an apical membrane marker, and the Par complex
proteins aPKCA and Par3 were apically localized in wild type and mutants (Fig. 1C). -y-
tubulin+ centrosomes were apical and Arl13b+ cilia extended from the apical surface of
cells of the E7.5 Crumbs2™~ Crumbs3™~ epiblast (Fig. 1C).

CRB2 promotes cell ingression

The primitive streak of the mouse embryo, marked by the expression of the transcription
factor Brachyury (T), is the region of the posterior epiblast where cells delaminate from the
epithelium to form the mesoderm and definitive endoderm germ layers. At the early bud
stage (E7.5), one day after the initiation of gastrulation, the primitive streak regions of wild-
type and Crumbs2™~ mutant embryos were similar in morphology (Fig. 1D). At this stage,
cells of the wild-type epiblast epithelium expressed SOX2 and cells in the mesoderm layer
expressed SNAIL1 (Fig. 1E). In E7.5 Crumbs2~~ mutants, the width of the streak, as
defined by the size of the break in the basement membrane, was comparable to the wild type
and a thin SNAIL1+ mesoderm layer was present (Fig. 1E).

Twelve hours later, at E8.0, the primitive streak of the Crumbs2~~ mutant was dramatically
engorged with cells. At this stage, many layers of SOX2-positive cells had accumulated at
the primitive streak (Fig. 1F). At E8.0, the region of laminin breakdown at the mutant streak
was wider than in wild type and cells expressing E-cadherin had accumulated at the streak
(Supplementary Fig. 2A). Indistinguishable defects were seen in Poglut1"*"P embryos (Fig.
1F), which lack CRB2 activity due to an independent genetic lesion: POGLUT1 is required
for the glycosylation of extracellular EGF repeats, which is required for cell surface
localization of CRB2 [ref. 15]. In contrast, mutants with blocked mesoderm migration, such
as Racl, accumulate SNAIL1-positive cells near the streak (Supplementary Fig. 2B).

Scanning electron micrographs (SEMs) of E7.75 wild-type embryos showed that some
epiblast cells at the streak had basally-displaced nuclei and cell protrusions, suggesting that
they were acquiring mesodermal characteristics (Fig. 2A, A”). In SEMs of E7.75
Crumbs2~'~ mutant embryos, some nuclei in the streak region were far from the epiblast
surface but the cells remained attached to the apical surface of the epiblast by thin
projections (Fig. 2B, B”). Similar defects were seen in cells at the Pog/ut1"5"P streak (Fig.
2C,C").

To visualize the shapes of individual cells, we labeled individual cells with an X-linked GFP
transgene that expresses cytoplasmic GFP in a mosaic manner as a result of random X-
inactivation in female embryos1®. Some apically constricted cells at the wild-type primitive
streak had cell bodies displaced from the apical surface of the epiblast (Fig. 2D, G). In
CrumbsZ™'= and Poglut1"s"° mutant embryos, cell bodies far from the apical surface
remained attached to the apical surface of the epiblast (Fig. 2E, F, H). The thin cytoplasmic
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connections to the apical surface of delaminating Crumbs2™'~ and Poglut1¥sP streak cells
were E-cadherin-positive (Fig. 2E, F), indicating that these cells had failed to dissolve their
apical adherens junctions, a necessary step in the EMT. We infer that the SOX2+, E-cadherin
+ cells that accumulated at the mutant streak remained integrated within the epiblast
epithelium, and were therefore arrested in the midst of the EMT.

Live imaging defines cell ingression dynamics

To compare the dynamics of cell ingression of wild-type and mutant streak cells, we labeled
individual cells by mosaic activation of GFP expression using the EIIA-Cre, mT/mG
system3 and followed cell behavior in E7.5 cultured embryos by live confocal imaging. In
the wild-type embryo, ingressing cells were apically constricted and had basal protrusions;
they displaced their cell bodies basally and exited the epithelium in less than 2 hours (30—
110 min; n=5 cells) (Supplementary Videos 1-3; Fig. 3A, D). In Crumbs2™~ mutants, cells
at the streak constricted their apical membrane as the cell body moved basally, but they
failed to leave the epithelium in the duration of imaging (>200 minutes; n=5 cells)
(Supplementary Videos 4-6; Fig. 3B, D), leading to an accumulation of bottle-shaped cells
with long thin apical extensions at the streak (Fig. 3C).

Autonomous and non-autonomous CRB2 activities

Consistent with the epiblast-specific expression of CRB2 (Supplementary Fig. 1), deletion
of a conditional Crumbs2allele in epiblast-derived cells using the Sox2-Cre transgenel’
reproduced the deficit of paraxial and axial mesoderm seen in the null mutants
(Supplementary Fig. 3), which demonstrated that CRB2 is required in embryonic rather than
extraembryonic lineages. The Brachyury (T)-Cre becomes active in cells of the mid-to-late
streak stage primitive streak (E7.5)18. Conditional deletion of Crumbs2with 7-Cre allowed
formation of somewhat more mesoderm than in Crumbs2 null mutants (Fig 4A), but
recapitulated most aspects of the null phenotype: paraxial mesoderm was reduced and
SOX2+ mutant cells accumulated in the late primitive streak (Fig 4B). Thus CrumbsZ2is
required specifically in the cells of the primitive streak for cell ingression and efficient
production of mesoderm.

To examine cell autonomy at high resolution, we generated chimeric embryos using
Crumbs2 mutant that expressed the membrane marker GPI-GFP1? (see Methods). After
injection of GFP+ Crumbs2™'~ ES cells into wild-type blastocysts, chimeric embryos were
analyzed at E8.5 (Fig. 4C). High percentage chimeras (95-100% mutant cells; n=9)
recapitulated the Crumbs2~~ phenotype (Supplementary Fig. 4B). In chimeric embryos with
a lower contribution of mutant cells (10-40%; n=20), the overall morphology of the
embryos appeared normal (Supplementary Fig. 4A) and mutant cells were incorporated into
normal-appearing epithelia (Fig. 4D, E). Although Crumbs2™~ embryos did not form clear
somites, Crumbs2 mutant cells were incorporated into somites in chimeric embryos (Fig.
4E), indicating that they had undergone both the primitive streak EMT and the mesodermal-
to-epithelial transition (MET) that produces the somites.

In chimeric embryos, CRB2 was not detected on most of the edges of wild-type cells
adjacent to mutant cells (GFP+) at the streak (Fig. 4F-F ") and in the neural epithelium
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(Supplementary Fig 4C). In the same cells, actin (Fig. 4F, 4F""") and p-catenin
(Supplementary Fig 4C) localized normally at boundaries between wild-type and mutant
cells, suggesting that stability of membrane CRB2 may depend on homophilic interactions
with adjacent cells, as seen in Drosophilaand zebrafish20.21.22,

Complex spatial distribution of CRB2

CRB2 was enriched apically in the E6.75 and E7.75 epiblast (Fig. 5A, B; Supplementary
Fig. 1D). At the early headfold stage (E7.75), there was a posterior-to-anterior gradient of
apical CRB2, with approximately 4-fold higher levels near the streak than in the anterior
epiblast (Fig 5B, B"). The posterior enrichment suggested that CRB2 has an instructive,
rather than permissive, role in behavior of cells at the primitive streak.

En face imaging of the apical surface of the epiblast showed that the surface area of epiblast
cells was variable, although the tight junction protein ZO1 was expressed at similar levels on
all edges of epiblast cells (Fig. 5C). In contrast, CRB2 was localized in complex anisotropic
patterns (Fig. 5D). The anisotropic distribution was apparent in both the epiblast layer of the
streak and in the adjacent epiblast (Supplementary Fig. 5); the highest CRB2 levels were
>50-fold higher than the lowest levels. The distribution of edges with high CRB2 was, in
part, correlated with cell topology: nearly half of triangular cells had high CRB2 on all
edges, whereas only 10-15% of cells with 5 or 6 sides had CRB2 on all edges
(Supplementary Fig. 5).

PATJ (INADL), a member of the Crumbs complex23 was also distributed anisotropically in
the epiblast (Supplementary Fig. 6A), providing independent confirmation of the anisotropic
localization of the Crumbs complex. Apical PATJ could not be detected in the primitive
streak region of Crumbs2™~ or Poglut1"s"P embryos (Supplementary Fig 6B), consistent
with a requirement of CRB2 for PATJ localization in the early mouse embryo.

In addition to the global anisotropic distribution of CRB2, there was strong punctate CRB2
staining in the region of the primitive streak (Fig. 5D, E). Transverse sections of embryos in
which individual cells expressed the X-linked GFP transgene showed that the strong CRB2
puncta corresponded to the apical membranes of highly constricted primitive streak cells
(Fig. 5E, E”), suggesting that apically constricted cells that are poised to delaminate have
high levels of apical CRB2. The basally-positioned nuclei of these apically constricted cells
had low but detectable levels of SNAIL1 (Fig 5F-G”), suggesting that SNAIL1
accumulation begins at the time of apical constriction.

CRB2 and Myosin IIB on opposing cell edges

In Drosophila, cell edges enriched with Crumbs can direct Myosin Il cable formation at
other cell edges??, and Myosin Il (non-muscle myosin heavy chain 11-B) has an important
role in amniote gastrulation24. When viewed en face, Myosin 11B was present on most apical
edges of wild-type E8.0 epiblast cells, but the intensity of expression was variable. In double
labeling experiments, the levels of Myosin I1B and CRB2 on cell edges were inversely
correlated: cell edges with high levels of CRB2 had lower levels of Myosin 11B, whereas cell
edges with thicker myosin cables tended to have low levels of CRB2 (Fig. 6A-C). The
reciprocal enrichment of CRB2 and Myosin 11B was also apparent in E7.0 early bud streak
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regions (Supplementary Fig. 6C) and in the epiblast adjacent to the streak at E8.5
(Supplementary Fig. 6D). The overall level of apical Myosin 1B assayed by
immunofluorescence was ~2-fold lower in the mutants than in wild-type embryos (Fig. 6D,
E), indicating that CRB2 promotes the apical enrichment of Myosin 11B.

The abnormal EMT disrupts the epiblast basement membrane

In older (E8.5) CrumbsZ2and Poglut1"S"P mutants, we observed that the epiblast epithelium
outside of the streak was ~1.4-fold thicker than in wild-type embryos (Fig. 7A, E).
Individual cells of the anterior CrumbsZ2 epiblast (the future neural epithelium) were taller
and had smaller apical surfaces than those in wild type (Fig. 7B, D). This was not due to
altered proliferation rates, as the frequency of mitotic cells was the same in the wild type and
mutants (Supplementary Fig. 7A); nor was it due to a breakdown in apical-basal polarity, as
apical markers were localized correctly in the mutants (Supplementary Fig. 7B). Breaks in
the basement membrane were detected in the mutant neural epithelium (Fig. 7A) and
occasional cells expressing SOX2 were detected below the breaks in the basement
membrane (Fig. 7A), demonstrating that integrity of the epiblast was compromised in the
mutants at this stage.

To test whether CRB2 was required for integrity of the epiblast in older embryos because of
events triggered by gastrulation, we blocked primitive streak formation genetically. Wnt3is
required for the initiation of the primitive streak, but the Wnt3 mutant epiblast continues to
proliferate as an epithelium?>. Crumbs2 Wnt3 double mutants were indistinguishable in
morphology from Wnt3single mutants (Fig. 7F). Sections stained for SOX2 and Laminin
expression showed that the double mutant epiblast resembled that of the Wni3single
mutants (Fig. 7G, H): the basement membrane below the epiblast appeared to be intact (Fig.
7H) and no SOX2-positive nuclei were located below the basement membrane in the double
mutants (Fig. 7H). We infer that the defects in epithelial organization of the Crumbs2
epiblast are secondary to the gastrulation phenotype, which suggests that that the physical
disruption caused by the absence of CRB2 at the primitive streak propagates through the
contiguous epiblast epithelium.

DISCUSSION

The data presented here define a specific role for the apical protein CRB2 in promoting cell
ingression during the epithelial-to-mesenchymal transition that generates the germ layers
during mouse gastrulation. A previous analysis of the mouse Crumbs2 mutant phenotype
identified a defect in gastrulationl4; that group inferred, based on the function of Drosophila
Crumbs, that the gastrulation defect was secondary to disruption of apical-basal polarity in
the epiblast. In contrast, we find that mouse embryos that lack all Crumbs proteins form an
epiblast epithelium that expresses classical markers of apical-basal polarity in the correct
pattern. The phenotype of the Crumbs2 null mutant is recapitulated by deleting the gene
specifically in cells of the primitive streak using 7-Cre, demonstrating that CRB2 is
specifically required in the cells of the primitive streak to promote the EMT.

Crumbs2 mutants show a striking block in cell ingression beginning at E7.5. The first steps
of the EMT are successful in Crumbs2 mutants: the basement membrane breaks down, and
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cells at the streak undergo apical constriction accompanied by a basal shift of the cell body.
However, in the absence of CRB2, apical junctions do not dissolve, even as the cell body
moves further away from the apical surface, leaving a long thin E-cadherin+ cytoplasmic
connection to the apical surface of the epiblast.

The cells that accumulate at the streak in Crumbs2 mutants express SOX2 rather than
SNAILL1, suggesting that the expression of SNAIL1 depends on completion of the CRB2-
dependent step in cell ingression. As SNAIL1 represses expression of both SOX2 and E-
cadherin during the EMT 926:27  the absence of SNAIL1 could also account for the failure to
down-regulate E-cadherin in Crumbs2 mutants. However, mouse embryos that lack SNAIL1
protein do make a mesoderm layer?’, indicating the failure to upregulate SNAIL1 is not
sufficient to block cell ingression. We therefore infer that CRB2 has an additional role
during the EMT.

CRB2 is localized in a striking anisotropic pattern in the apical epiblast. The accumulation
of unequal levels of CRB2 on different cell edges is reminiscent of the distribution of planar
cell polarity proteins, but there is no obvious polarity of the CRB2 distribution, suggesting
that it is not dictated by a global clue. In chimeric embryos, wild-type epiblast cells adjacent
to mutant cells lacked detectable CRB2 protein on the interface with the mutant cell (Fig. 4F
and Supplementary Fig 4C), suggesting that stability of CRB2 depends on the formation of
homophilic complexes with CRB2 on adjacent cells, as in Drosophila and zebrafish20.21.22,
These data suggest that the complex CRB2 distribution in the apical epiblast is self-
organizing: once a cell expresses high CRB2 on a cell edge adjacent to a CRB2-expressing
cell, a positive feedback loop leads to accumulation of more CRB2 at that edge.

Although Myosin 1IB is present at all cell edges of the mouse epiblast, the level of Myosin
I1B is inversely correlated with the amount of CRB2 on that edge. In the invaginating
Drosophila salivary gland placode, homophilic interactions between Crumbs proteins on
adjacent cell edges recruit aPKC20-28, aPKC can phosphorylate and inactivate Rho-kinase,
and Rho-kinase can activate myosin assembly2®. Thus we hypothesize that aPKC is
sequestered to cell edges with high CRB2, promoting myosin assembly on cell edges with
low CRB2. Myaosin cables under tension will recruit more myosin in a Rho-kinase
dependent process3?; such a positive feedback loop could reinforce the anisotropy of the
myosin distribution in the mouse epiblast (Fig. 6F).

We suggest that the unequal distribution of CRB2 protein is an essential component of a
local mechanism that determines which cells will ingress from the epithelium. As high levels
of CRB2 correlate with lower levels of Myosin 11B, the final stage of cell ingression during
the EMT may occur by basal cell extrusion, where myosin contraction in cells neighboring a
high CRB2-expressing cell pushes the adjacent CRB2+ cell out of the epithelium. This
process may resemble apical cell extrusion, which removes dying cells from epithelia3! and
the basal cell extrusion that takes place during metastasis32. Generation of new transgenic
reporters for live imaging of the dynamics of Myosin 11B and CRB2 should help define the
events and mechanisms of cell ingression during this EMT.
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Our findings fit with a recent model that ingression of cells at the primitive streak is a
population event controlled by dynamic, self-reinforcing cell interactions?, and place the
CRB2 protein complex at a central node in these interactions. In this view, CRB2 anisotropy
helps determine which cells will ingress at the streak while promoting the mechanical
process of ingression. In addition, forces generated at the streak in the absence of CRB2
affect the integrity of the contiguous epithelium of the epiblast, consistent with a role for
Crumbs proteins in global tissue integrity during dynamic tissue rearrangements1:33,

Heritable mutations in CRB2have been identified in childhood-onset kidney disease 34:35,
and abnormal epithelial-to-mesenchymal transitions are associated with renal fibrosis36:37.
EMTSs have been implicated in tumor progression, and both amplification and point
mutations in CRBZ2have been identified in large-scale cancer genome sequencing
projects38:39.4041 Cel| biological studies to test the functional significance of these CRB2
mutations should provide new perspectives on tissue dynamics in human disease and cancer
progression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Crumbs2 isrequired for mammalian gastrulation
(A) In situ hybridization for Meox1 expression in wild type, Crumbs2 mutant, Crumbs2

Crumbs3and Crumbs1™ Crumbs2 double mutants at E8.5. The double mutants have the
same reduction in paraxial mesoderm seen in Crumbs2 mutants, n = 4 embryos for each
genotype. (B) Wild type, Crumbs2 mutants and Crumbs triple mutants (Crumbs1'@,
Crumbs2™~, Crumbs3~") at E7.5 probed for expression of Brachyury, a marker of the
primitive streak, n = 3 embryos for each genotype. The extraembryonic portion of the triple
mutant was removed for genotyping (C) Transverse sections through the epiblast of E7.75
wild type and Crumbs2™~ Crumbs3™~ double mutant embryos immunostained for ZO1 and
pERM, aPKCA and Par3 and -y-tubulin and ARL13b, n=3 double mutant embryos (3-4
sections per embryo). The double mutants do not have defects in apical-basal polarity of the
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epiblast. Single optical sections of transverse sections through the primitive streak at E7.5
(D, E) and E8.0 (F) of WT (D, E), Crumbs2 (D, E, F) and Pog/ut1™>"P (F) immunostained
for Brachyury (T) and Laminin (D), SNAIL1 and SOX2 (E, F), h =5 mutant embryos per
genotype. Posterior to the right; bars indicate width of primitive streak. At E7.5, a few cells
expressing SOX2 accumulate at the streak (line in E). At this stage, the SNAIL1+ mesoderm
layer is 2-3 cells thick in wild type, and 1-2 cells thick in the mutant. By E8.0, many
SOX2+ cells, and scattered SNAIL1+ cells, have accumulated in the Crumbs2 and
PoglutI™s"P primitive streak region (F). (A) Dorsal view, anterior up, (B) Lateral view,
anterior to left, distal down. (C) Apical is up. Scale bars in A and B, 50um; C-F, 21um. The
images shown here are representative and are of the mutant and wild type from the same
experiment.
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Figure 2. Crumbs2 promotes cell ingression at the primitive streak
(A-C) Scanning electron microscope views of the primitive streak in fractured wild-type (A,

A", Crumbs2 (B, B") and Poglut1¥s"P (C,C") embryos at E7.75, n = 6 embryos per
genotype; posterior to the right. A’, B” and C” are higher magnification of the boxed
regions in A, B and C respectively. Arrows point to long constricted apical segments of
primitive streak cells in the mutants. (D—F) Single optical section from 3-D reconstruction of
transverse sections through the primitive streak immunostained for E-cadherin (red) of wild
type (D), Crumbs2 (E) and Poglut1™s"P (F) embryos expressing X-linked GFP in a mosaic
manner, n = 5 X-GFP positive embryos per genotype. Arrows show thin E-cadherin-positive
cytoplasmic connections to the apical surface of cells, with the cell base (nuclei) far from the
epiblast surface. (G-H) 3-D reconstructions of individual GFP-expressing single cells from
the primitive streak of wild-type (G) and Crumbs2 mutants (H) carrying the X-GFP
transgene, showing the elongated cytoplasmic threads that connect ingressing mutant cells to
the apical surface of the epiblast (apical to the left), n = 5 X-GFP positive embryos per
genotype. Scale bar (A-C” and G-H),10 pm; D-F, 25 um. The images shown here represent
the mutant and wild type from the same experiment.
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Figure 3. Liveimaging defines defectsin cell ingression in Crumbs2 mutants
Individual cells delaminating at the primitive streak (highlighted yellow) in snapshots from

time-lapse imaging of wild-type (A) and Crumbs2 (B) mutant embryos with mosaically
labeled cells using the mT/mG system. Apical is up in these transverse optical sections. In
wild-type embryos (A), the cell constricts its apical membrane and detaches its apical
connection to delaminate from the epithelium in less than 2 hours (arrows showing loss of
apical connection/retraction tail). In Crumbs2 mutants (B), the cell constricts its apical
membrane and sends out basal protrusions but fails to leave the epithelium. Time interval: 10
minutes. Apical side of the epithelium is up. (C) Quantitative analysis of cell shape at the
streak in wild-type and Crumbs2 mutant embryos. Membrane GFP-expressing cells were
depicted manually for cell surface rendering and ellipticity was plotted for wild-type and
Crumbs2 mutant streak cells to compare cell shape. Wild-type cells at the streak were
predominantly oblate ellipsoids (flattened spheroids); long axes parallel to the epiblast
surface (e = 0.34 + 0.01 (mean + SEM), n=102 structures from 9 cells, 4 independent
experiments), whereas mutant cells were prolate ellipsoids (cigar-shaped) with long axes
perpendicular to the epiblast surface (e = 0.17 + 0.01 (mean £ SEM), n=169 structures from
13 cells, 3 independent experiments) (unpaired t-test: p < 0.0001). (D) Ingression dynamics
of streak cells. The apical surface area was determined from optical confocal sections of
GFP-labeled cells from time-lapse images at the apical surface of streak cells. The apical
surface of wild-type cells reduced over time, whereas the mutant cells stuck at the streak
have a constant small apical surface area. Pink bar marks the onset of ingression in wild
type. Scale bars A, B,10 um.
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Figure 4. Streak-autonomous and non-cell autonomous activities of Crumbs2
(A) Meox1 expression at E8.5 shows the reduction in paraxial mesoderm in embryos with

conditional deletion of CrumbsZ2in cells of the primitive streak using 7-Cre, compared to
WT, n = 3 embryos per genotype. (B) Single optical section of transverse sections through
the primitive streak region of WT and 7-CRE, Crumbs2'°%/Crumbs2~ embryos at E8.5
immunostained for SNAIL1 and SOX2, n = 3 embryos per genotype (2-3 sections per
embryo). Conditional deletion of Crumbs2with T-Cre leads to accumulation of SOX2+ cells
at the primitive streak similar to Crumbs2 null mutants. (C) Schematic showing the
generation of mouse chimeras with Crumbs2'~ mutant cells labeled with GP1-GFP. (D-E)
Contribution of Crumbs2'~ cells to normal tissues in chimeras. Transverse cryosection (D)
and single optical section of whole mount immunostaining (E) through chimeric embryos
with moderate contribution of Crumbs2 mutant cells (green) stained with phalloidin (red)
showing the contribution of mutant cells to neural epithelium and otic vesicle (D) and
somites (E) (F) En face view of the streak epithelium of chimeric embryos at E8.5
immunostained for Crumbs2 (red) and phalloidin (white-F’’”). Mutant cells are GFP
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positive. Arrows point to the absence of CRB2 expression in wild-type cells at the edges
shared with mutant cells, whereas phalloidin expression was maintained at these edges.
Asterisk highlights an exceptional cell at the streak that retains CRB2 despite being adjacent
to Crumbs2 mutant cells. Scale bars A, 150 ym; B, D, E, 40 um; F,10 pm. The images shown
here are representative and show the mutant and wild type from the same experiment. (D—F)
n=10 chimeric embryos were analyzed by cross section for contribution to different tissues
and n=10 chimeric embryos were used for immunostaining and enface visualization of
proteins (n=5 chimeric embryos for Crb2, Phalloidin and n=5 chimeric embryos for Crb2, p-
catenin).
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Figure 5. CRB2 enrichment at the primitive streak
(A, B) Double staining of CRB2 and phalloidin at early primitive streak stages, posterior to

the right. (A, A") At E6.75, CRB2 is enriched in the posterior epiblast, including the region
of the primitive streak. Posterior epiblast from A is magnified in A”. (B, B"). At E7.75
CRB2 is expressed in both the anterior presumptive neural epithelium and the epiblast and is
enriched in the posterior epiblast. (B") Higher magnification of streak region. (C, C") £n
face view of the apical surface of E8.5 posterior epiblast cells; proximal is up. Extended
projection view of the same region of the primitive streak stained for ZO1(C) and CRB2 (D).
Z01 is expressed at uniform levels on all cell edges, whereas the level of expression of
CRB2 is highly variable between cells and at different edges of the same cell. Neither
Crumbs2 RNA nor CRB2 protein was detected in the wild-type endoderm or mesoderm
(Fig. 5A, A”; Supplementary Fig. 1). (E, E”) 3D reconstruction from whole mount
immunostaining for CRB2 in wild-type E8.0 embryos that express the X-linked GFP
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transgene, highlight the shape of individual cells. Apically constricted cells have high levels
of apical CRB2. (F-G") 3D reconstruction from whole mount immunostaining for SNAIL1
in wild type X-GFP embryos at E8.0. SNAIL1 is detectable in the basal nuclei of apically
constricted cells in the epiblast layer of the wild-type streak. Black bar indicates the position
of the streak. Cells of the wild-type mesoderm layer (bottom) are strongly Snaill+ (red),
whereas some apically constricted GFP+ cells of the epiblast layer (top) have detectable
levels of Snaill in their basally-positioned nuclei (rightward arrows). Note the thin GFP+
cytoplasmic connection to the apical surface of the Snail+ cell in (F) (leftward arrow). Scale
bars A, B, 100 um; C-G’, 10 um. Each immunostaining experiment contained at least 5-6
wild type embryos with and without X-GFP each. The images shown here are representative.
This staining was repeated a minimum of three independent times to ensure reproducibility.
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Figure 6. CRB2 regulatesthe distribution of Myosin 11B
(A) En face view of the apical surface of the epiblast layer of the primitive streak at E8.0,

showing the reciprocal enrichment of CRB2 and Myaosin I1B on different cell edges;
proximal is up. (A) Single optical section of whole mount immunostaining for CRB2 (red)
and Myosin 1B (green). (B) Magnification of boxed region in A, with single channels for
CRB2 and Myosin. (C) Quantification of Myosin 11B and CRB2 en face localization at cell
edges at the primitive streak (see Methods). Cell edges with high CRB have low levels of
Myosin 1B (normalized intensity of Myosin 1B at high Myosin edges = 1.48 (n=349 cell
edges) and normalized intensity of Myosin II1B at high CRB2 edges = 0.6 (n=436 cell
edges); two tailed student t-test, p<0.00001, n=5 wild-type embryos). Edges with high
Myosin 11B have low levels of CRB2 (normalized intensity of CRB2 at high Myosin edges =
0.57 (n=349 cell edges) and normalized intensity of CRB2 at high CRB2 edges = 1.36
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(n=436 cell edges); two tailed student t-test, p <0.00001. The box represents the 2575t
percentile, whiskers indicate 1.5 times the range, dots are the outliers and bar in the middle
is median. (D-E) Myosin 1B along the cell edges is reduced in Crumbs2 mutants. (D)
Extended projection view of the primitive streak of embryos whole mount stained for
Myosin 11B and phalloidin at E8.0 showing lower levels on Myosin 11B on the cell edges in
Crumbs2 compared to wild-type embryos. (E) Quantification of relative staining intensity
shows that the total level of Myosin 11B on cell edges is ~2 fold higher in wild type than in
Crb2mutants (WT mean myosin intensity: 17.25x103, n=570 edges, 4 wild-type embryos;
mutant mean myosin intensity: 9.32x103; n= 570 edges, 3 mutant embryos, two tailed
student t-test, p <0.00001). The box represents the 251-75t percentile, whiskers indicate
1.5 times the range, dots are the outliers and bar in the middle is median. Scale bars A and
B, 10 um; D, 20 um. (F) Model for actions of CRB2. CRB2 controls E-cadherin down-
regulation by promoting the SOX2-to-SNAIL1 switch, and controls Myosin 1B
accumulation through a second pathway, perhaps through aPKC and Rho kinase. The
complex anisotropic patterns of CRB2 and Myosin I1B are regulated in part by self-
organizing regulatory mechanisms. The images shown represent the mutant and wild type
from the same experiment.
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Figure7. CRB2isrequired for epiblast integrity at the primitive streak only when cells
delaminate at the streak
(A) Single optical sections of transverse section through the anterior epiblast/presumptive

neural epithelium of wild-type and Crumbs2 mutants immunostained for SOX2 and Laminin
show the increased thickness of the neural epithelium in the mutants at E8.0. (B) £n face
views of the surface of the anterior epiblast of wild type and Crumbs2 stained with ZO1
show the reduction in the apical surface area of the cells in the Crumbs2 mutants. (C) 3D
reconstruction of cells in the neural epithelium of wild type and Crumbs2~ embryos
expressing X-linked GFP and stained for ZO1. The cells in the mutants have reduced apical
surface area and an increased basolateral domain; ZO1 is expressed in the correct apical
domain. (D) Quantification of apical cell surface area of cells in the wild-type and Crumbs2
mutant anterior epiblast/presumptive neural epithelium (mean + SEM), WT = 23.64+0.60,
n=559 cells, 4 embryos and Crumbs2~”~ = 10.50+0.34, n=471 cells, 5 embryos, p<0.0001.
(E) Quantification of neural epithelial thickness (mean + SEM), WT = 37.75+0.92, n=15
anterior epiblast and Crumbs27=53.25+1.60, n=14 anterior epiblast, p<0.0001. (F)
Wnt3”~and Crumbs2™~ Wnt3~~ double mutant embryos are morphologically identical.
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Wnt3~ mutants do not form a primitive streak and develop as a bag of epithelial cells (n=8
double mutant embryos). (G) Transverse section through the embryos immunostained for
Laminin (green) and SOX2 (red), n=5 double mutant embryos. (H) Higher magnification of
the epithelium of Wnt37~and Wnt3”~ Crumbs2~~embryos shows that the double mutants
do not have breaks in laminin expression or SOX2 positive nuclei below the basement
membrane. Scale bars A-C, G—H, 21 um; F,150 pm. The images shown here are
representative and show the mutant and wild type from the same experiment.
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