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PAPC couples the segmentation clock to somite morphogenesis
by regulating N-cadherin-dependent adhesion

Jérome Chal"%345* Charléne Guillot>** and Olivier Pourquié’234567%

ABSTRACT

Vertebrate segmentation is characterized by the periodic formation of
epithelial somites from the mesenchymal presomitic mesoderm
(PSM). How the rhythmic signaling pulse delivered by the
segmentation clock is translated into the periodic morphogenesis of
somites remains poorly understood. Here, we focused on the role of
paraxial protocadherin (PAPC/Pcdh8) in this process. We showed
that in chicken and mouse embryos, PAPC expression is tightly
regulated by the clock and wavefront system in the posterior PSM. We
observed that PAPC exhibits a striking complementary pattern to N-
cadherin (CDH2), marking the interface of the future somite boundary
in the anterior PSM. Gain and loss of function of PAPC in chicken
embryos disrupted somite segmentation by altering the CDH2-
dependent epithelialization of PSM cells. Our data suggest that
clathrin-mediated endocytosis is increased in PAPC-expressing
cells, subsequently affecting CDH2 internalization in the anterior
compartment of the future somite. This in turn generates a differential
adhesion interface, allowing formation of the acellular fissure that
defines the somite boundary. Thus, periodic expression of PAPC in
the anterior PSM triggers rhythmic endocytosis of CDH2, allowing for
segmental de-adhesion and individualization of somites.

KEY WORDS: Somitogenesis, Tissue morphogenesis, Cell
adhesion, Cadherin, Protocadherin, Paraxial mesoderm, Boundary
formation, Endocytosis

INTRODUCTION

Somitogenesis is an early developmental process whereby pairs of
epithelial spheres, called somites, form periodically from the
mesenchymal presomitic mesoderm (PSM). The periodic
arrangement  of somites reflects the initial metameric
organization of the vertebrate embryo. Somites subsequently
differentiate to form the dermis, skeletal muscles and axial
skeleton (Chal and Pourquie, 2009). Somitogenesis involves a
molecular oscillator, called the segmentation clock, which drives
the periodic expression of cyclic genes and controls coordinated
pulses of Notch, fibroblast growth factor (FGF) and Wnt signaling
in the PSM (Hubaud and Pourquie, 2014). These signaling pulses
are thought to be translated into the periodic array of somites at a
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specific level of the PSM called the determination front. The
determination front is defined as a signaling threshold
implemented by posterior gradients of Wnt and FGF (Aulehla
et al.,, 2003; Diez del Corral and Storey, 2004; Dubrulle et al.,
2001; Hubaud and Pourquie, 2014; Sawada et al., 2001). Cells of
the posterior PSM exhibit mesenchymal characteristics and
express Snail-related transcription factors (Dale et al., 2006;
Nieto, 2002). In the anterior PSM, cells downregulate snail/slug
expression and upregulate epithelialization-promoting factors such
as paraxis (Barnes et al., 1997; Sosic et al., 1997). This molecular
transition correlates with the anterior PSM cells progressively
acquiring epithelial characteristics (Duband et al., 1987; Martins
et al., 2009). The first evidence for a segmental pattern is a stripe
of expression of the transcription factors of the mesoderm
posterior 2 (Mesp2) family, which are activated at the
determination front level downstream of the clock signal. Mesp2
expression becomes subsequently restricted to the rostral
compartment of the next somite to form, where its anterior
border marks the level of the future somitic boundary (Morimoto
et al., 2005; Oginuma et al., 2008; Saga, 2012).

Somites are generated as a consequence of three key events. The
first is the formation of the posterior epithelial wall that bridges the
dorsal and ventral epithelial layers of the PSM along the future
boundary and allows the formation of the somitic rosette. The
second is the formation of an acellular mediolateral fissure at the
level of the future boundary that separates the posterior wall of the
forming somite SO from the anterior PSM (Kulesa and Fraser, 2002;
Martins et al., 2009; Watanabe and Takahashi, 2010). The third step
consists of the polarization of cells of the somite’s rostral
compartment, which completes the epithelial rosette formation.
Epithelialization of the posterior wall starts before fissure formation
at the level of somite S-I (Duband et al., 1987; Pourquie and Tam,
2001; Takahashi et al., 2008). It has been shown that Mesp2 controls
the expression of the ephrin B2 receptor and EphA4, which promote
the epithelialization of the posterior wall of the somite by
downregulating Cdc42 activity (Nakajima et al., 2006; Nakaya
et al., 2004; Nomura-Kitabayashi et al., 2002; Watanabe et al.,
2009). In zebrafish, Ephrin-B2/EphA4 signaling in the PSM is also
implicated in the activation of Integrin alpha$ at the forming somite
boundary leading to the restriction of fibronectin fibril assembly in
the intersomitic fissure (Koshida et al., 2005; Julich et al., 2009).
The type I cadherin N-cadherin (CDH2), which is the major
cadherin expressed in the paraxial mesoderm, plays an important
role in somite epithelialization and boundary formation (Duband
etal., 1987; Horikawa et al., 1999; Linask et al., 1998; Radice et al.,
1997; McMillen et al., 2016). In zebrafish, Cdh2 is also required in
adjacent PSM cells to maintain Integrin alpha 5 in an inactive
conformation, thus inhibiting the formation of fibronectin fibrils
inside the PSM (Julich et al., 2015). This mechanism restricts the
production of the fibronectin matrix to the somitic surface and the
intersomitic fissure.
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Paraxial protocadherin (PAPC/Pcdh8/arcadlin) is a protocadherin
implicated in paraxial mesoderm segmentation (Kim et al., 2000,
1998; Rhee et al., 2003; Yamamoto et al., 1998), in convergence-
extension movements and in tissue separation during gastrulation
(Hukriede et al., 2003; Kraft et al., 2012; Luu et al., 2015; Medina
et al., 2004; Unterseher et al., 2004; Yamamoto et al., 2000). Also,
in neurons, PAPC is involved in synapse remodeling by triggering
CDH2 endocytosis (Yamagata et al., 1999; Yasuda et al., 2007). In
the anterior PSM, PAPC is expressed in bilateral stripes under the
control of the Notch/Mesp2 signaling pathway (Kim et al., 1998;
Rhee et al., 2003). Interfering with PAPC function in the paraxial
mesoderm in frog or mouse leads to defects in boundary formation
and somite epithelialization (Kim et al., 2000; Rhee et al., 2003;
Yamamoto et al., 1998). How PAPC controls somite formation is,
however, not yet understood.

Here, we performed a molecular analysis of PAPC function
during somitogenesis in chicken and mouse embryos. We show that
segmental expression of PAPC downstream of the segmentation
clock enhances clathrin-mediated endocytosis dynamics of CDH2,
leading to somitic fissure formation through local cell de-adhesion.
Thus, PAPC expression stripes in the anterior PSM establish a
differential adhesion interface localized at the anterior edge of the
PAPC expression domain that delimits the somite boundary.

RESULTS

PAPC expression domain defines the future somitic

boundary

We isolated two distinct, full-length PAPC coding sequences from
chicken embryo cDNA (accession numbers EF175382 and
IN252709), resulting from the differential splicing of the 3" end
of'exon 1 (Fig. 1A). Both isoforms code for transmembrane proteins
composed of an extracellular domain including six extracellular
cadherin (EC) motifs, a single transmembrane domain and an
intracytoplasmic tail (Fig. 1A). The PAPC short isoform (PAPC-S)
is lacking a 47 amino-acid stretch in its cytoplasmic domain,
compared with the long isoform (PAPC-L, blue domain) (Fig. 1A).
These two isoforms are similar to those described in mouse
(Makarenkova et al., 2005). We next generated a polyclonal
antibody against the extracellular domain of the chicken PAPC
proteins. In PSM protein extracts, PAPC appears as a doublet
around 110 kD, close to the predicted molecular weight of the
isoforms (103 and 108 kD, respectively) with the long isoform
appearing to be more abundant (Fig. 1B).

During chicken embryo development, PAPC mRNA expression
is first detected at stage 4HH (Hamburger and Hamilton) in the
newly ingressed paraxial mesoderm (data not shown). From the
onset of somitogenesis (stage 7HH; day 1) to the end (stage 24HH;
day 4), PAPC expression formed a marked, decreasing rostrocaudal
gradient along the PSM, with two or three stripes in the anterior
PSM (Fig. 1C-F). PAPC mRNA expression was observed by in situ
hybridization in the posterior PSM, but no protein could be detected
(compare Fig. 1E and 1G). In the anterior-most PSM and forming
somite (S-I to SI), PAPC mRNA and protein were detected in a
striped pattern (Fig. 1E-H). In the anterior PSM, PAPC mRNA
expression becomes restricted to the rostral compartment of the
forming somite, creating an interface at the level of the forming
boundary (Fig. 11).

The dynamic expression of PAPC is downstream of the
segmentation clock

We noticed different PAPC expression patterns in the PSM of
chicken embryos with exactly the same somite number, suggesting

that PAPC expression is highly dynamic (Fig. 1J-L). In some
embryos, PAPC expression extended along the posterior PSM,
whereas in others, it was restricted to the anterior PSM (Fig. 1J-L).
Direct comparison of PAPC expression with the cyclic gene lunatic
fringe (LFNG) (McGrew et al., 1998) shows that PAPC expression
also follows a periodic sequence (Fig. 1J-M, n=17). In contrast to
LFNG, however, PAPC is never detected in the most caudal part of
the PSM. During phase I of the LFNG cycle (Pourquie and Tam,
2001), when LFNG is expressed in a broad posterior domain, PAPC
is also expressed in a broad, gradient-like domain in the posterior
PSM (Fig. 1J). Asthe LFNG expression domain moves and narrows
anteriorly, the PAPC expression domain likewise becomes restricted
to the anterior PSM (Fig. 1K-M). This dynamic expression in the
posterior PSM suggests that PAPC defines a new class of cyclic
gene regulated by the segmentation clock (Fig. 1M).

Because the segmentation clock is mainly regulated by FGF, Wnt
and Notch signaling, we next explored the role of these signaling
pathways in regulating PAPC dynamic expression. Strikingly,
compared with FGF signaling gene targets, PAPC exhibits a reverse
expression gradient (decreasing caudally) in the PSM. We tested
whether PAPC expression in the posterior PSM is regulated by FGF
signaling, using SU5402, a FGF signaling inhibitor (Mohammadi
et al., 1997). In treated embryos, PAPC expression was strongly
upregulated throughout the PSM compared with control DMSO-
treated embryos (Fig. 2A,B; n=7) indicating that FGF signaling
represses PAPC expression in the posterior PSM. Mesogenin 1, a
transcription factor expressed in the posterior PSM downstream of
Whnt signaling, plays a key role in paraxial mesoderm patterning in
the mouse embryo (Buchberger et al., 2000; Wittler et al., 2007,
Yoon and Wold, 2000). Overexpression by electroporation of the
chicken mesogenin 1 homolog MESPO (Buchberger et al., 2000) in
the PSM resulted in strong ectopic expression of PAPC throughout
the paraxial mesoderm, except in the most caudal region (Fig. 2E,F;
n=9). These data suggest that a periodic FGF input inhibits the Wnt/
mesogenin 1-dependent PAPC expression in the posterior PSM,
resulting in the cyclic transcription of PAPC.

We then examined the role of Notch signaling in PAPC regulation
in chicken embryo explants using the y-secretase inhibitor DAPT.
Treatment resulted in the complete loss of PAPC expression stripes
in the anterior PSM (Fig. 2A,C,D; n=9). However, in the DAPT-
treated embryos, PAPC maintained a distinct cycling expression
domain in the posterior PSM (Fig. 2C,D). This suggests that PAPC
dynamic expression in the posterior PSM does not depend on Notch
signaling. Overexpression of the chicken Mesp2 homolog (MESO?2)
by electroporation, resulted in a strong ectopic expression of PAPC
throughout the paraxial mesoderm (Fig. 2G; n=7) compared with
control embryos (Fig. 2E; n=8). Together, these data confirm that in
the anterior PSM of the chicken embryo, PAPC becomes regulated
by Mesp2/MESO2 downstream of Notch signaling as reported in
frog and mouse (Kim et al., 2000; Nomura-Kitabayashi et al., 2002;
Rhee et al., 2003).

To assess whether the regulation of PAPC expression is
conserved in amniotes, we re-investigated Papc mRNA and
protein expression in mouse embryos (Makarenkova et al., 2005;
Rhee et al.,, 2003; Yamamoto et al., 2000). We generated a
polyclonal antibody against the mouse PAPC protein and observed
an antigen distribution similar to that observed in the chicken
paraxial mesoderm. Mouse PAPC is expressed in dynamic stripes in
the anterior PSM and becomes localized in the rostral compartment
of the forming somite S-I, posteriorly to the forming boundary
(Fig. 1H). Although Papc mRNA expression is much fainter in the
posterior PSM than in the anterior PSM, analysis of stage-matched
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Fig. 1. Characterization of chicken paraxial protocadherin. (A) Organization of the PAPC locus showing sequence features (in base pairs). The long (PAPC-L)
and short (PAPC-S) isoforms differ by alternative splicing of the 3’ end of exon1 (blue box). CM1/2, conserved domains of 8-protocadherins (green boxes); EC,
extracellular cadherin motif; ex, exon; TM, transmembrane domain. (B) Chicken PAPC protein expression by western blot on extracts of wild-type PSM (lane 1),
wild-type somite (2), somites overexpressing PAPC-L (3) or PAPC-S isoform (4), and PSM expressing PAPC RNAI constructs (5,6). (C-H) PAPC mRNA

expression in chicken embryo at stage 6HH (C), 6-somite stage (D), E2 (20-somite) embryo (E), E3 embryo (F), and of PAPC protein in E2 (20-somite) chicken
embryo (G), and in mouse at E10.5 (H). Whole embryo is shown in C,D and detail of the posterior region showing the PSM in E-H. SO, forming somite. Arrowheads
denote the last formed somite boundary. (1) Left: parasagittal section showing chicken PAPC mRNA expression in the anterior PSM (blue). Somite boundaries are
delimited by white dashed lines. Caudal half somites lacking PAPC mRNA are indicated by asterisks. Right: corresponding diagram. C, caudal; R, rostral; S-1/0/1,
somite -1/0/I. Arrowhead indicates the last formed somite boundary. (J-M) Direct comparison of PAPC and LFNG mRNA dynamics on bisected E2 (20-somite)

chicken embryos (J-L; n=17) and corresponding scheme (M). Arrowheads denote expression stripes. Segmentation clock phases are indicated by roman
numerals. (C-H,J-L) Dorsal views, anterior to the top. Scale bars: 200 um (C-H,J-L); 50 um (I).

mouse embryos showed distinct patterns of Papc mRNA expression
in the posterior PSM (Fig. 2H-J, arrowheads), consistent with the
idea that Papc expression is also regulated by the segmentation
clock in mouse.

We then examined Papc expression in several mouse lines with
mutations in components of key signaling pathways involved in the
segmentation clock control and PSM maturation. In Rbpj mutant
mice, which are defective for Notch signaling (Oka et al., 1995),
Papc expression was strongly reduced, but one or two diffuse
expression stripes were nevertheless observed in a region
completely lacking somites in the posterior paraxial mesoderm
(Fig. 2K,L, arrowheads; n=13). These data suggest that, as in
chicken embryos, the periodic activation of mouse Papc in the
posterior PSM is independent of Notch signaling. The vestigial tail
(Vf) mouse mutant is a hypomorphic mutant of Wnt3a, which
exhibits a loss of Wnt signaling in the tail bud at embryonic day
(E) 10.5 (Aulehla et al., 2003; Greco et al., 1996). In this mutant,
Papc expression was strongly downregulated, and the expression
stripes were often fused and mispatterned compared with control
(Fig. 2M-O, arrowheads; n=5). Retinoic acid signaling has also
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been shown to contribute to paraxial mesoderm maturation by
antagonizing the Wnt/FGF posterior gradient (Diez del Corral et al.,
2003; Moreno and Kintner, 2004; Niederreither and Dolle, 2008). In
Raldh?2 (Aldh1a2) null mutant mice, which are defective for retinoic
acid production, Papc expression was restricted to the anterior-most
PSM and formed narrow asymmetrical stripes (Fig. 2P,Q; n=5). As
Raldh? mutants exhibit a FGF signaling gain-of-function
phenotype in the PSM (Vermot et al., 2005), the lack of posterior
expression of PAPC in these mutants is consistent with the FGF-
dependent repression observed in chicken embryos. Thus, our data
identifies PAPC as a novel type of cyclic gene exhibiting an unusual
periodic repression in the PSM downstream of FGF signaling in the
mouse and chicken embryos.

Complementary distribution of PAPC and CDH2 along the
PSM

In the anterior PSM, although CDH2 is present throughout the
tissue, its protein exhibits a striking segmental pattern
complementary to PAPC (Fig. 3A,B). In the chicken embryo,
epithelialization of the posterior somitic wall begins before the
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Fig. 2. The periodic expression of PAPC is
controlled by FGF/Wnt signaling in the
posterior PSM and by Notch/Mesp2 in the
anterior PSM. (A-D) PAPC expression by in
situ hybridization of E2 chicken embryo
posterior explants cultured for 3-4 h in the
presence of DMSO (0.2%; A; n=5), SU5402
(80 uM; B; n=7) or DAPT (10 pM; C,D; n=9).
Arrowheads indicate the last formed somite.
(E-G) PAPC expression in E2 chicken embryos

1 pciG | || pCIG
MESO2
=2

overexpressing a pCIG control vector (E; n=8),
a MESPO-expressing vector (F; n=9) or a
MESO2-expressing vector (G; n=7) in the PSM.
(H-J) Mouse Papc expression by in situ
hybridization in the PSM of stage-matched E9.5
wild-type (WT) embryos (n=14). Arrowheads
indicate the anterior boundary of expression
stripes. (K-Q) Papc expression in mice mutant
for Rbpj '~ (E9.0; K,L; n=13); in control (M;
n=12) and vestigial tail mutants (V#/Vt) (E10.5;
N,O; n=5); and in Raldh2~'~ mutants (E8.5;
P,Q; n=5). Arrowheads indicate expression
stripes. (H-N) Anterior to the top, lateral view;

[ ][ DMSO || sus402 [ DAPT [ pCIG |
ol > > i > ‘
a i ,

= '

s i

5 | | a

L

© \ N

8

[

[}]

(7]

=

]

=

(A-G,0-Q) dorsal view. Scale bars: 200 um.

fissure forms (Duband et al., 1987; Nakaya et al., 2004). Thus, in the
forming somite (S0), the epithelialization process is more advanced
in the caudal compartment than in the rostral one, as evidenced by
increased colocalization of CDH2 and F-actin (Fig. 3B,F). The
rostral compartment of SO acquires an epithelial polarity and
becomes recruited to the rosette soon after formation of the posterior
fissure. This transition correlates with the downregulation of PAPC
in the rostral compartment of the newly formed somite, and with the
accumulation of CDH2 and F-actin at the apical membrane of
anterior somitic cells (Fig. 3D,F). At the forming boundary level
(S-I/S0), PAPC is excluded from the posterior epithelializing
domain of SO (Fig. 11; Fig. 3C-E). In the posterior wall of SO, CDH2
was found to be essentially located at the cell membrane of
epithelial cells (Fig. 3D). In contrast, in the rostral part of S-I, CDH2
and PAPC are also found intracellularly. Using the anti-PAPC
polyclonal antibody and a secondary antibody labeled with gold
particles, we analyzed PAPC distribution by electron microscopy in
the anterior compartment of SO and detected PAPC primarily at cell-
cell contacts and sites of membrane trafficking, including clathrin
pits and endocytosis vesicles (Fig. S1).

In order to evaluate CDH2 and PAPC colocalization, we
performed a cross-correlation study of the intensity profile of
PAPC and CDH2, which was compared with a similar analysis
between CDH2 and F-actin (which colocalize in the apical domain
of epithelial cells). The analysis was performed in the chicken
anterior PSM (Fig. 3B,F; Fig. S2). As expected, the strongest
correlation coefficient obtained was for CDH2 and F-actin in the
newly formed somite (SI) where CDH2 complexes are stabilized by
the network of F-actin to maintain the epithelial structure of the

somite (Fig. 3F). Interestingly, we observed a graded decrease of the
correlation coefficient of CDH2 and F-actin from high in somite to
low in the PSM consistent with the progressive nature of the
epithelialization process along the PSM (Fig. 3F; Fig. S2). The
correlation between PAPC and CDH2 was maximal in the rostral
part of the somite 0 (SO R) and in the somite I (S-I) where PAPC is
strongly expressed indicating that CDH2 and PAPC largely
colocalize in these regions of the PSM (Fig. 3B,F).

We also performed cross-correlation measurements of the
intensity profile of PAPC and CDH2 or of CDH2 and F-actin at
the interface between cells in the rostral part of SO (Fig. 3G; Fig. S2).
As in the cross-correlation analysis described above, the values were
compared with that obtained for F-actin and CDH2 colocalization in
the somite. Interestingly, the correlation was high (correlation
coefficient=0.8) with a peak of colocalization found at O um
indicating that PAPC and CDH2 are strongly colocalizing in the
rostral part of S0, at a 200 nm resolution (Fig. 3G). These data
suggest that PAPC and CDH2 are also located in close proximity at
the cell membrane in the rostral compartment of SO. Attempts to co-
immunoprecipitate PAPC with CDH2 from chicken PSM extracts
were negative, suggesting that the PAPC and CDH2 do not directly
interact (data not shown).

PAPC regulates somite boundary formation and CDH2
distribution at the cell membrane

The striking complementary patterns of PAPC and CDH2
expression during somitogenesis prompted us to examine whether
PAPC interferes with CDH2 function during somitogenesis. We
used in ovo electroporation of the primitive streak paraxial
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Fig. 3. Complementary distribution of PAPC
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F CDH2 CDH2 (Phalloidin, red), PAPC (magenta) and CDH2

(green). Arrowheads mark somitic boundaries,
asterisks mark sites of CDH2 and F-actin
epithelial colocalization. Scale bar: 100 pm.
(C-E) Confocal images of the interface between
somites SO and S-I, immunostained for PAPC
(green) and CDH2 (red). The dashed white line
marks the position of the forming boundary.
Nuclei are labeled in blue. Scale bar: 50 pm.

Normalized correlation coeff.

Hoechst

mesoderm precursors to overexpress PAPC constructs in the PSM
(Dubrulle et al., 2001). Chicken embryos overexpressing the long
PAPC isoform (PAPC-L) were not different from control embryos
overexpressing the empty vector (data not shown). In contrast, when
we overexpressed the short PAPC isoform (PAPC-S) and a
membrane-bound GFP reporter, electroporated cells formed
clumps of cells, which interfered with proper somite
morphogenesis, forming mesenchymal bridges that blocked
boundary formation (Fig. 4A,B; n=25, control n=15). Also,
electroporated anterior PSM and newly formed somite cells
exhibited a rounder, more mesenchymal morphology, losing the
apical accumulation of CDH2 (Fig. 4D-I). We also observed
differential sorting of the electroporated cells, which were found
preferentially in the rostral mesenchymal compartment of newly
formed somites (Fig. 4M,N; n>6 per condition). In clumps of
PAPC-S-overexpressing cells, CDH2 expression was only
detectable at a low level at the cell membrane compared with
neighboring cells and with control electroporated cells (compare
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(F) PAPC, CDH2 and F-actin colocalization
analysis in the anterior PSM. Normalized
correlation coefficients were calculated based
on signal intensity profiles for each staining
within each PSM subdomains (n=3 embryos). A
value of 1 corresponds to a total positive
correlation. C, caudal half; mes, posterior

PSM mesenchyme; R, rostral half; S-1/0/1,
somite -1/0/I. ***P<0.0005. (G) PAPC, CDH2
and F-actin colocalization analysis at cellular
junctions. Normalized correlation coefficients
were calculated based on signal intensity
profiles along cell-cell junctions in various PSM
subdomains (n=20 junctions per domain; R,
rostral; SO/I, somite 0/1). Avalue of 1 corresponds
to a total positive correlation, and a peak
centered at 0 um indicates that both signals are
colocalized.

— PAPC/CDH2in SOR

CDH2

Fig. 4D-F and 4G-I). Hence, overexpression of PAPC-S in anterior
PSM cells reduces CDH2 distribution at the membrane of the
expressing cells. CDH2 plays an important role in the maintenance
of the epithelial structure in anterior PSM (Duband et al., 1987,
Horikawa et al., 1999; Linask et al., 1998; Radice et al., 1997) and in
boundary formation (McMillen et al., 2016). Thus, the reduction of
CDH2 at the membrane of cells overexpressing PAPC could explain
their loss of epithelial polarity, their acquisition of a mesenchymal
fate and their segregation in the rostral compartment of the forming
somite.

We then examined the effect of PAPC knockdown in anterior
PSM cells. Chicken embryos electroporated with PAPC-RNAI
exhibited strong downregulation of PAPC mRNA expression
(Fig. S3), associated with a loss of PAPC protein in PAPC RNAi-
expressing cells compared with controls (Fig. 1B; Fig. S3). Notably,
the PAPC RNAi-expressing cells were located preferentially in the
epithelial fraction of the somite, showing an opposite behavior to
cells expressing PAPC-S (Fig. 4C,N; n=25). Cells in which PAPC
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Fig. 4. PAPC misexpression disrupts somite boundary formation and CDH2 localization. (A-C) CDH2 immunostaining of parasagittal sections of E2
chicken embryo PSM electroporated with pCImG (control, A; n=15), PAPC-S (B; n=25) or PAPC-RNAI (C; n=25). Nuclei are shown in blue. Electroporated cells
co-express a membrane-bound GFP (A,B,D,F,G,lI, green) or cytoplasmic RFP (C,J,L, red). Somite limits are highlighted by dashed white lines. Arrowheads
denote segmentation defects. Asterisk in B marks a mesenchymal clump. Scale bar: 100 um. (D-L) Higher magnification of the newly formed somite Sl of E2
chicken embryos electroporated with control pCImG (D-F), PAPC-S (G-l) and PAPC-RNAI (J-L) constructs showing immunostainings of parasagittal sections
labeled with an anti-GFP (D,G, green) or an anti-RFP (J, red), and anti-CDH2 (E,H, red; K, green) and merged panels (F,l,L). Asterisks in H mark low CDH2
membrane localization in PAPC-S electroporated cells with round morphology. Arrowheads in K mark high CDH2 membrane localization in PAPC-RNAI-
electroporated cells with elongated epithelial morphology. Scale bar: 25 ym. (M) Distribution of electroporated fluorescence-positive (FP) cells along the rostral
(R) and caudal (C) somite compartments, in chicken embryos electroporated with pCImG, PAPC-S or PAPC-RNAI constructs (n>6 per condition). (N) Distribution
of electroporated fluorescence-positive (FP) cells in the mesenchymal and epithelial domains (mesenchymal index) of the newly formed somites, in embryos
electroporated with pCImG, PAPC-S or PAPC-RNAI constructs (n>6 per condition). (O) Electron microscopy analysis of cellular organization in the PSM of
chicken embryos electroporated with pCImG, PAPC-S or PAPC-RNAI constructs (n=4 per condition). Left: PSM diagram indicating the sites of analysis, namely
posterior PSM (mesenchyme, mes.), the rostral compartment of S-I (R) and the caudal compartment of SO (C) at the level of the forming boundary. Right:
representative pictures of the cellular organization of control and treated domains. Scale bar: 2 ym. (P) Cell-cell connectivity index in control embryos, and in
PAPC-S- and PAPC-RNAi-electroporated embryos (n=4). Data shown are meants.e.m.; *P<0.05; refer to Materials and Methods for quantification method.

was knocked down were preferentially located in the epithelial layer ~ formed epithelial connections between somites, interfering with
and acquired a spindle-shape morphology, accumulating CDH2 and  proper segmentation and somite morphogenesis. No cell
actin cytoskeleton at their membrane (Fig. 4C,J-L,N,O). These cells  distribution bias along the rostrocaudal compartments of somites
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was observed, possibly due to the increase in cell adhesivity
(Fig. 4M). These data support the idea that PAPC activity regulates
the membrane distribution of CDH2, promoting a more
mesenchymal state.

We further analyzed the effect of overexpressing PAPC-S and
PAPC-RNAIi constructs on the cytoarchitecture of paraxial
mesoderm cells by electron microscopy (Fig. 40). A clear
transition was observed on both sides of the future somitic
boundary, between the mesenchymal nature of S-I and the
epithelial organization of the posterior wall of SO (Fig. 40). The
progressive epithelialization of the anterior PSM was characterized
by a large increase in cell-cell connectivity, namely an increase in
the number of cell-cell contacts and their length (Fig. 40,P).
Overexpression of PAPC-S resulted in a significant decrease in cell-
cell connectivity in the caudal compartment of SO compared with
control (Fig. 40,P; n=4). Conversely, expression of PAPC-RNAi
constructs in the anterior compartment of S-I resulted in an increase
of cell connectivity (Fig. 40,P; n=4). This suggests that the
expression level of PAPC in PSM cells is inversely correlated with
their epithelialization status.

To determine whether PAPC antagonizes CDH2 function, we
attempted to rescue the PAPC-S overexpression phenotype by co-
electroporating a CDH2-expressing construct. However, direct
expression of CDH2 in the epiblast leads to cell-sorting defects
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during gastrulation, thus preventing the analysis of the PSM
phenotypes (data not shown). To circumvent this, we used an
inducible system to restrict overexpression of CDH2 once the
cells entered the PSM. The phenotype of chicken embryos
overexpressing only CDH2 in the anterior PSM resembled that of
PAPC loss of function with overexpressing cells clustering
and integrating the epithelial compartment of the anterior PSM
(Fig. 5A-H; n=25). In these embryos, intersomitic fissures were
often absent as cells remained connected by epithelial bridges
(Fig. 5E). Co-electroporation of the inducible CDH2 construct
together with PAPC-S led to a partial rescue of somite
morphogenesis (Fig. 5I; n=32). In these embryos, somite
morphology was partially restored, and co-electroporated cells
contributed both to the somite epithelial ring and to the
mesenchymal somitocoele compartment (Fig. S5I-M). These
experiments  suggest that PAPC can antagonize the
epithelialization-promoting function of CDH2 in the anterior PSM.

PAPC regulates endocytosis in the anterior compartment of
the forming somite

Our data show that interfering with PAPC level alters the epithelial
state of PSM cells and the amount of CDH2 at the cell membrane.
Interestingly, in the rat nervous system, PAPC/arcadlin was shown
to regulate CDH2 function by controlling its endocytosis (Yasuda

Fig. 5. PAPC negatively regulates CDH2 during somite morphogenesis. (A-L) Immunostainings of parasagittal sections of E2 chicken embryos PSM
electroporated with pBIC (control; A-D; n=10), pBIC-CDH2 (E-H; n=25), or co-electroporated with pBIC-CDH2 and pCImG-PAPC-S (I-L; n=32). Electroporated
cells with pBIC vectors co-express mCherry (red), and with pCImG vector co-express membrane-bound GFP (green, I-L). Nuclei are shown in blue in A,E,l and D,
H,L. Somite individualization is highlighted by dashed white lines. (A,E,l) Low magnification images. Scale bars: 100 ym. Asterisks in E mark ectopic epithelial
rosettes. Arrowheads in | mark contribution to somitocoele. (B-D,F-H,J-L) Higher magnification of parasagittal cryosections of the forming somite region of E2
chicken embryos electroporated with pBIC (B-D), pBIC-CDH2 (F-H) or pBIC-CDH2+pCImG PAPC-S (J-L) showing immunostainings labeled with an anti-Cherry
(red, B,F,J), an anti-CDH2 (green, C,G), an anti-mGFP (green, K) and merged panels (D,H,L). Scale bars: 25 ym. (M) Distribution of electroporated fluorescence-
positive (FP) cells in the mesenchymal and epithelial domains (mesenchymal index) of the newly formed somites electroporated with pBIC, pBIC-CDH2 or
co-electroporated with pBIC-CDH2+pCImG PAPC-S (n>6 per condition). Meants.e.m. *P<0.05.
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et al.,, 2007). Because the main pathway involved in cadherin
endocytosis is the clathrin-mediated endocytosis pathway (Delva
and Kowalczyk, 2009), this led us to ask whether PAPC regulates
CDH?2 distribution by regulating clathrin-dependent endocytosis in
the chicken paraxial mesoderm. Interestingly, the rostral
compartment of S-I, which strongly expresses PAPC, shows high
levels of punctate clathrin staining, suggesting more active
endocytosis compared with the newly formed somite SO
(Fig. 6A-F). In the rostral compartment of S-I, PAPC and CDH2
distribution largely overlaps with clathrin (Fig. 6G-L).

In order to test whether PAPC can stimulate clathrin-dependent
endocytosis, we compared the uptake of fluorescent dextran in
chicken embryos electroporated with a vector driving expression of
PAPC-S and of a membrane-bound myristylated GFP (mGFP) or
electroporated with a vector driving only expression of mGFP
(pCimG) (Fig. 7A.B; Fig. S4). PAPC levels were quantified by
immunohistochemistry and compared with dextran fluorescence in
GFP-positive and GFP-negative cells (Fig. 7A,B; Fig. S4). As
expected, the ratio of PAPC over dextran fluorescence intensity was
found to be increased in cells overexpressing the PAPC-S construct.
These cells also exhibited an increase in intracellular dextran
fluorescence (Fig. 7A,B; Fig. S4). Treating the electroporated

F-Actin Clathrin

Clathrin

embryos with Pitstop2 (an inhibitor of clathrin-mediated
endocytosis), prior to the addition of dextran, significantly
decreased the uptake of dextran in PAPC-S-overexpressing cells
(Fig. 7B; Fig. S4). Interestingly, when we compared the
internalization efficiency of mGFP (internalization of which is not
exclusively clathrin dependent) with that of CDH2 (which is
clathrin dependent), we observed that PAPC-S-overexpressing cells
specifically increase CDH2 uptake compared with cells
electroporated with mGFP. Together, this suggests that PAPC
specifically promotes the internalization of the clathrin-dependent
dextran and CDH2 cargos (Fig. S4). Altogether, these experiments
show that PAPC expression level can regulate clathrin-mediated
endocytosis in anterior PSM cells.

The data above suggest that inhibiting the clathrin-mediated
endocytosis pathway on a short timescale is sufficient to destabilize
the dynamics of CDH2 internalization in anterior PSM cells. We
next tested the role of long-term inhibition of clathrin-mediated
endocytosis in somite boundary formation by treating cultured
embryo explants with the endocytosis inhibitor chlorpromazine for
3-5 h. Whereas control explants formed several somites (Fig. 7C,E),
treated explants did not form any new somites (Fig. 7D,F; n=7). In
treated explants, PSM cells failed to adopt an elongated polarized

Fig. 6. PAPC, CDH2 and clathrin colocalize in the
anterior PSM. (A-C) Immunostainings of parasagittal
sections of E2 chicken embryos anterior PSM stained
with Phalloidin (F-actin; A, green) and an antibody
against clathrin (B, red) (n=4). S-1/0, somite -1/0. Scale
bar: 50 uym. (D-L) Higher resolution images
comparing clathrin localization with PAPC (D-l) and
CDH2 (J-L) proteinimmunolocalization during somite
formation. G-I show higher magnifications of the
boxed areas in D-F, respectively. Nuclei are
counterstained (blue). Parasagittal sections, anterior
to the right. Scale bars: 20 um (D-F); 10 ym (G-L).
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Fig. 7. PAPC promote anterior PSM cells endocytic activity.

(A,B) Quantification of dextran uptake as a measure of endocytosis level.
Fluorescence intensities for PAPC and dextran were measured in embryos
electroporated with pCImG (white) or PAPC-S (black) and subsequently
treated with DMSO (control) or Pitstop2. The fluorescence intensity ratio of the
GFP* over GFP~ cells are shown. Number of embryos analyzed per condition:
pCImG/DMSO n=2; pCImG/Pitstop2 n=4; PAPC-S/DMSO n=7; and PAPC-S/
Pitstop2 n=6. Meanzs.d. (C-F) CDH2 distribution in chicken PSM explants
cultured for 4 h in the presence of DMSO (0.2%; C,E; n=3) or chlorpromazine
(50 uM; D,F; n=3). E and F show higher magnifications of the boxed areas in C
and D, respectively. t0, last formed boundary at treatment start. Dorsal view,
anterior to the top. Scale bars: 100 ym.

epithelial morphology, as evidenced by the lack of ZO-1
accumulation and failure of tight junction formation (Fig. S9),
and displayed a higher level of mislocalized membrane CDH2
(Fig. 7F). These data support the idea that PAPC is involved in the
control of CDH2 endocytosis, which is crucial for the formation of
the somitic fissure (Fig. 8).

DISCUSSION
How the rhythmic signal of the segmentation clock translates into
the activation of a periodic morphogenetic program, ultimately
leading to the formation of the epithelial somites is not well
understood. Here, we provide evidence for a direct coupling
between the segmentation clock oscillator and somite
morphogenesis via the periodic regulation of the protocadherin
PAPC, which increases the clathrin-mediated endocytosis dynamics
of CDH2 to control the formation of the posterior somitic fissure.
We demonstrate that P4 PC expression in the posterior PSM shows
periodic waves of gene expression with similar kinetics to the LFNG
waves associated to the segmentation clock (Forsberg et al., 1998;
McGrew et al., 1998). Blocking Notch signaling pharmacologically
in the chicken embryo or genetically in the mouse does not interfere
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Fig. 8. Model for the role of PAPC in somite segmentation. Segmental
expression of PAPC protein (green) is superimposed on the CDH2 adhesion
field (red) leading to enhanced endocytosis (blue) clearing locally CDH2 from
the cell surface and generating a de-adhesion interface, which allows the
formation of a new somitic boundary. C, caudal; R, rostral.

with PAPC dynamic expression in the posterior PSM, indicating that
this periodic regulation is independent of Notch. In contrast,
overexpressing the basic helix-loop-helix transcription factor
MESPO (the homolog of mesogenin 1, a key target of the Wnt
pathway in the PSM; Wittler et al., 2007) is sufficient to drive ectopic
PAPC expression in the mesoderm in the chicken embryo. Together
with the Papc downregulation observed in the mouse Wnt3a mutant
(Vt), our work suggests that PAPC acts downstream of the Wnt
signaling pathway in the posterior PSM. In addition, we show that in
the posterior PSM, PAPC expression is negatively regulated by FGF
signaling and exhibits an expression gradient opposite to the FGF
gradient. As FGF signaling has been shown to be periodically
activated in the posterior PSM in mouse and chicken embryos (Dale
et al., 2006; Dequeant et al., 2006; Krol et al., 2011; Niwa et al.,
2007), this argues that PAPC is periodically repressed by FGF
signaling. Thus, our data indicate that PAPC is a novel cyclic gene,
positively regulated by Wnt signaling and periodically repressed by
FGF signaling in the posterior PSM of chicken embryos.

PAPC expression has been described in the anterior PSM of fish,
frog and mouse embryos where it is expressed as dynamic stripes
(Kim et al., 2000; Rhee et al., 2003; Yamamoto et al., 1998). Here,
we show that Notch inhibition prevents the formation of PAPC
stripes in the anterior PSM. Importantly, in mouse, Papc expression
is lost in the Mesp2~'~ mutant (Nomura-Kitabayashi et al., 2002;
Rhee et al., 2003) whereas in frog and chicken embryos
overexpression of the Mesp2 homologs leads to ectopic activation
of PAPC (Kim et al., 2000). Furthermore, PAPC expression in the
anterior PSM tightly overlaps with the Mesp?2 stripes. Together,
these data show that PAPC is a conserved target of the Mesp2
transcription factor and acts downstream of Notch signaling in the
anterior PSM in vertebrates.

Our data suggest that, in the chicken embryo, PAPC prevents
epithelialization of cells in the rostral somite compartment by
controlling CDH2 endocytosis, thus negatively regulating its
function. This results in a sawtooth pattern of CDH2 resembling
that recently described in zebrafish (McMillen et al., 2016). The
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action of PAPC on CDH2 endocytosis leads to the establishment
of an interface between cells expressing high levels of CDH2
(posterior SO) and lower CDH2 levels (anterior S-I) at their cell
membrane at the forming somite border. In zebrafish, CDH2
inhibits Integrin alpha5 activation in adjacent PSM and such an
interface is required to allow the activation of Integrin alpha5 by
the EphA4-Ephrin-B2 system (Julich et al., 2009; Koshida et al.,
2005; McMillen et al., 2016). Integrin activation at this interface
results in the local assembly of fibronectin fibrils in the forming
intersomitic fissure. Our results provide a possible mechanism for
the establishment of this important interface between the
mesenchymal domain of the rostral part of S-I and the
epithelial domain of the caudal part of SO. Such an interface
could promote the de-adhesion behavior involved in somite
boundary formation and the subsequent matrix-filled fissure
formation (Fig. 8). However, no somitic defects have been
reported in mice mutant for EphA4, ephrin B2 or Papc (Adams
et al., 1999; Dottori et al., 1998; Yamamoto et al., 2000), whereas
in zebrafish, Papc and EphA4 were shown to act through
independent mechanisms (Barrios et al., 2003), supporting some
level of functional redundancy among the different pathways
involved in somite boundary formation.

Several studies suggest that PAPC indirectly controls cell
adhesion by negatively regulating the function of classical
cadherins (Chen and Gumbiner, 2006; Chen et al., 2009; Yasuda
etal., 2007). CDH2 is a major component of adherens junctions and
has been implicated in somite morphogenesis (Duband et al., 1987;
Horikawa et al., 1999; Linask et al., 1998; Radice et al., 1997). Our
study demonstrates that PAPC and CDH2 colocalize at cell-cell
junctions and also in trafficking vesicles in the anterior
compartment of the forming somites. Remarkably, where the two
proteins are co-expressed, CDH2 appears to be abundant in the
cytoplasm of the cells and at loose cell-cell connections, whereas, in
domains lacking PAPC expression, such as the caudal domain of the
forming somite, CDH2 essentially localizes at the cell membrane.
Moreover, cells overexpressing PAPC in the anterior PSM lose their
epithelial structure and downregulate CDH2 expression at the cell
membrane. PAPC overexpression resulted in a striking cell-sorting
phenotype and a disruption of normal boundary formation,
consistent with a modulation of the CDH2-dependent adhesion of
overexpressing cells in the anterior PSM. CDH2 overexpression
also results in expressing cells adopting an epithelial fate. This effect
can be partly rescued by overexpressing PAPC together with CDH2,
supporting the idea that PAPC antagonizes CDH2 function in the
anterior PSM. Importantly, the half-life of cadherins is around 5-
10 h (Kowalczyk and Nanes, 2012), and thus, given the short timing
of fissure formation (less than 2 h in vertebrates), transcriptional
regulation of CDH2 would not be able to control CDH2 dynamics in
somite formation. Endocytosis has been shown to modulate the
adhesive properties of cadherins on short timescales (Kowalczyk
and Nanes, 2012; Troyanovsky et al., 2006), leading us to
hypothesize that the fast transcriptional dynamic expression of
PAPC downstream of the clock signals could regulate CDH2
localization on the short timescale (through endocytosis) required
for fissure formation. Interestingly, in the nervous system, PAPC
(also known as arcadlin) has been shown to directly trigger CDH2
endocytosis through a p38 MAPK activation, leading to dendrite
remodeling (Yasuda et al., 2007). Our results also show that
clathrin-mediated endocytosis is active in the anterior PSM and
becomes overactivated in PAPC-electroporated cells. Together,
these observations support a model in which PAPC antagonizes
CDH2 function in the rostral part of the forming somite by

promoting its endocytosis. As a result, cells of the rostral
compartment of the somite S-I remain mesenchymal, whereas
cells of the caudal compartment of the somite SO form an epithelial
posterior wall. This interface will form the posterior somitic fissure
(Fig. 8). Although the PSM exhibits an overall uniformly graded
distribution of CDH2 in the anterior PSM, our work suggest that the
periodic regulation of CDH2 trafficking mediated by PAPC
downstream of the segmentation clock triggers local de-adhesion,
creating the interface forming the somitic fissure (Fig. 8). Thus,
PAPC functions as a morphogenetic translator of the input of the
clock and wavefront system, leading to periodic somite boundary
formation.

MATERIALS AND METHODS

Embryos

Chicken embryos were staged by days of incubation (e.g. E1, E2) by
counting somite pairs and according to Hamburger and Hamilton (HH)
(Hamburger, 1992). Wild-type mouse embryos were harvested from timed-
mated CD1 mice. Rbpj~~, Raldh2~'~ and Wnt3a hypomorph V#/Vt mutant
mouse embryos were obtained by conventional breeding of each line.
Embryos were genotyped and phenotyped as described (Greco et al., 1996;
Niederreither et al., 1999; Oka et al., 1995). Chicken embryo explants were
cultured as described (Delfini et al., 2005) in presence of DAPT (10 uM,
Calbiochem) (Dale et al., 2003), or SU5402 (80-100 uM, Pfizer) (Delfini
et al., 2005), dissolved in DMSO.

PAPC isoform isolation and in situ hybridization (ISH)

PAPC full-length sequence was amplified by PCR from cDNA of E2
chicken embryos. A short isoform (PAPC-S; Genbank JN252709) and
a long isoform (PAPC-L; Genbank EF175382) were identified.
Sequence alignments were performed using Vector NTI (Informax).
Whole-mount ISH was performed as described (Henrique et al., 1995).
Chicken PAPC probe was synthesized from ChEST435118. The chicken
LFNG (Dale et al., 2003) and the mouse PAPC (Rhee et al., 2003)
probes have been described. Chicken N-cadherin (CDH2) probe was
amplified by PCR from cDNA using the chicken coding sequence
(NM001001615).

Generation of PAPC antibodies and western blot analysis

c¢DNA coding for fragments of the extracellular domain of chicken PAPC
and mouse PAPC were cloned in the pET vector expression system
(Novagen), expressed in Escherichia coli, purified with a His-Bind Kit
(Novagen) and used to immunize rabbits (Cocalico Biologicals). The sera
were collected, assayed and validated by western blot and used as anti-
PAPC polyclonal antibodies. Western blot analysis was performed
following standard procedures (Delfini et al., 2005). Protein extracts
were obtained by lysis in RIPA buffer of pools of dissected tissue of
E2-E3 chicken embryos after electroporation. The signal was detected
with a horseradish peroxidase-conjugated anti-rabbit IgG (1:1000;
SouthernBiotech, 4030-05) and an ECL+ kit (Amersham).

Plasmids and in ovo electroporation

In ovo electroporations were performed as described (Delfini et al., 2005).
Full-length coding sequences of chicken MESO2 (Buchberger et al., 2002)
and MESPO (Buchberger et al., 2000) were cloned in pCIG (Megason and
McMahon, 2002). The coding sequence of PAPC-S was subcloned in
pCImG (pCAGGS-IRES-membrane GFP). PAPC RNAi targeting
sequences were designed using Genscript and cloned into the RNA
interference vector pRFP-RNAI containing an RFP reporter (Das et al.,
2006). pBIC (pBI-Cherry) was generated from the Tet-inducible bi-
directional promoter pBI (Clontech) by subcloning mCherry in pBI. pBIC-
CDH?2 (pBICN) was then generated by subcloning the coding sequence of
chicken CDH2 into pBIC. pBIC-CDH2 was co-electroporated with
pCAGGS-1tTA, and doxycycline (1 ug ml™!) was added in ovo after
overnight incubation and embryos were re-incubated for a further 7-10 h
before fixation. Control embryos were electroporated with matched empty
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vectors, namely pCIG, pCImG, pRFP or pBIC. After electroporation,
embryos were re-incubated for 25-30 h. Embryos were then fixed and
fluorescent reporter expression was analyzed before ISH and
immunohistochemistry processing.

Immunohistochemistry and electron microscopy

Whole-mount immunohistochemistry was performed essentially as
described (Bessho et al., 2003). Further details on immunohistochemistry
on cryosections and imaging analysis are provided in supplementary
Materials and Methods.

PAPC-CDH2 colocalization measurement

Signal intensity and distribution for CDH2, PAPC and F-actin (Phalloidin)
were analyzed on immunostained parasagittal chicken embryo sections both
at the tissue level (PSM areas) and subcellular level (cell-cell junctions).
PSM area signals colocalization analysis was performed using ImageJ (n=3
embryos) to calculate a Pearson’s coefficient (ranging from —1 to 1, with 1
corresponding to a total positive correlation between signals). For junction
level colocalization analysis, signals along junctions (#=20 junctions) were
cross-correlated using IGORPro software (Munjal et al., 2015). A peak
centered at 0 um means that both signals are colocalized. Further details on
signal colocalization analysis are provided in supplementary Materials and
Methods.

Phenotype quantifications

The distribution of electroporated cells was quantified on confocal images
of parasagittal sections of the last three formed somites in at least six
embryos per condition. Rostrocaudal distribution corresponds to
localization of electroporated cells in the rostral versus the caudal
somitic compartments. The mesenchymal index corresponds to the ratio
between the mesenchymal versus epithelial fraction of the cells by direct
scoring of each cells’ location within the somite and polarization based on
F-actin, CDH2 and fluorescent reporter expressions. The tissue cell-cell
connectivity index corresponds to the average length of cell-cell contact
per cell, quantified on electron micrographs using Image]. Data are
represented normalized to the control SO caudal domain value, fixed at
100. Statistical significance was assessed using Student’s f-test. Further
details on phenotypical quantifications are provided in supplementary
Materials and Methods.

Endocytosis assays

For the dextran uptake assay, chicken embryos were electroporated with
pCImG-PAPC-S or pCImG at stage SHH then cultured on filter paper on
agar/albumen plate (Chapman et al., 2001) for 24 h. Embryos were then
treated for 20 min with DMSO or the clathrin-mediated endocytosis
inhibitor Pitstop2 (30 uM, Abcam). Next, a sagittal slit was generated within
the PSM and embryos were incubated with an Alexa Fluor 647-conjugated
dextran (10,000 MW, Molecular probes) for 7 min at 37°C. Embryos were
washed in cold PBS before processing with immunostaining for CDH2 and
mGFP. Analyses were performed with ImageJ (>110 cells per conditions).
For chlorpromazine treatment, bisected posterior embryo explants were
cultured for 3-5 h as described (Delfini et al., 2005), the left side treated with
DMSO (control) and the right side with chlorpromazine at 50 uM (Sigma).
Three embryos per conditions were analyzed. Further details on the
endocytosis assays and analysis are provided in supplementary Materials
and Methods.
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