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SUMMARY

Paraxial Protocadherin (PAPC)encodes a transmembrane movements that driveXenopusgastrulation. Thus, PAPC is
protein expressed initially in Spemann’s organizer and then not only an adhesion molecule but also a component of the
in paraxial mesoderm. Together with another member of machinery that drives gastrulation movements inrXenopus
the protocadherin family, Axial Protocadherin (AXPC) it PAPC may provide a link between regulatory genes in
subdivides gastrulating mesoderm into paraxial and axial Spemann’s organizer and the execution of cell behaviors
domains. PAPC has potent homotypic cell adhesion activity during morphogenesis.

in cell dissociation and reaggregation assays. Gain- and

loss-of-function microinjection studies indicate that PAPC  Key words: Protocadherin, Gastrulation, Cell movement,

plays an important role in the convergence and extension Convergence, Extension, Cell adhesdanopus

INTRODUCTION 1995; Sano et al., 1993), and, in the case of neural fold
protocadherin, NFPC, strong adhesive activity was observed in
One of the most influential experiments in amphibianXenopusassays (Bradley et al., 1998).
embryology was that of Townes and Holtfreter (1955), in Gastrulation is the process by which movements of cohesive
which cells were completely disaggregated from tissues afell sheets constituting the three germ layers — ectoderm,
neurula stages and allowed to reaggregate. Initially all cellendoderm and mesoderm — generate the vertebrate body plan.
indiscriminately adhered to each other, but within as little as Zhe cell biological machinery that drives these morphogenetic
hours they specifically sorted out according to germ layers ar(de., form-generating) movements is poorly understood. In
histotypes. This experiment led to the realization that selectivenother influential experiment in embryology, Spemann and
cell adhesion played a central role in the formation of tissueglangold (1924) showed that these complex morphogenetic
and organs. Cells can adhere homotypically even before tissoeovements are orchestrated by a particular region of the
differentiation takes place, as exemplified by studies irembryo, the dorsal blastopore lip. In an effort to isolate
Drosophilaimaginal discs (Garcia-Bellido, 1966) akdnopus  molecules expressed specifically in the dorsal lip, an extensive
blastulae (Turner et al., 1989). Much effort has been investatifferential screen was carried out (Bouwmeester et al., 1996).
in understanding the molecular nature of differential cellOf the ten different dorsal-specific cDNAs isolated, nine
adhesion, and the cadherins have emerged as fundamergatoded regulatory proteins, namely secreted or transcription
mediators of homotypic cell-cell interactions (Gumbiner, 1996factors, and have been described in previous publications
Kemler, 1993; Takeichi, 1991, 1995). Cadherins argBouwmeester et al., 1996; De Robertis et al., 1997; Leyns et
transmembrane proteins with calcium-dependent cell adhesi@h., 1997). The final gene encoded a structural transmembrane
properties. Classical cadherins are thought to have evolvemtotein, Riraxial Protocadherin (PAPC), that is presented in
from ancestral proteins similar to the protocadherinsthis report.
Protocadherins differ from classical cadherins in several PAPChas a dynamic pattern of expression in the paraxial
respects: they have more than five extracellular cadherin (E@)esoderm of the trunk, in regions that undergo convergence
domains, contain signature amino acids in EC3 and EC5, armthd extension movements during gastrulation. A second
lack af-catenin-binding site in the intracellular domain that isprotocadherin  gene, AXPC expressed in the axial
crucial for linking classical cadherins to the cytoskeleton(notochordal) region of the mesoderm, in whieAPC is
(Suzuki, 1996). The morphogenetic role of protocadherins iswitched off, was also identified. Cell reaggregation assays
largely unknown at present, but weak homotypic cell adhesioshowed that PAPC has potent cell adhesion activity in
activity has been demonstrated in tissue culture (Obata et abmbryonic cells and that this activity was distinct from that of
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AXPC. A dominant-negative secreted form of PAPC was ablehodamine, and with contropiolactin) or protocadherinRAPC or

to block convergence and extension gastrulation movements<PQ mRNA into all four animal blastomeres at the 8-cell stage. As

and, in gain-of-function experimen®APCmRNA promoted  the rhodamine-dextran was not RNAse-free, it was injected separately
elongation of animal cap explants treated with low doses of0 Minutes before the test mRNA. At stage 9 (2-3 hours before
activin. The elongation caused bRPAPC mRNA was gastrulatlon). anlmal cap explants were excised anq transferred to
accompanied by striking changes in cell morphology. Th MFM medium, in which cells of the inner (sensorial) cell layer

It t that PAPC i i | dhesi | etached in about 10 minutes. The outer layer, which is more
results suggest tha IS not merely an adnesion molecu gmented, did not dissociate under these conditions and was

but also a component of the molecular machinery that drivegmoved. Dissociated inner layer cells from three injected animal caps
convergence and extension movements of the paraxi@lere thoroughly mixed with those from five uninjected caps and
mesoderm during gastrulation. transferred into another dish containing*0MMR, creating a heap
of cells in the center of the dish. Experiments of similar design have
been previously described XenopugDetrick et al., 1990).

MATERIALS AND METHODS Open-faced animal cap explants
) . _ Animal caps were excised from stage 8 embryos and incubated for 90
Screening and plasmid construction minutes in recombinant activin protein (1 ng/ml or 10 ng/ml)/0.2%

A full-length PAPCcDNA was subcloned into tHecoRI-Xhd sites of  BSA /VLCMR (Piccolo et al., 1996) keeping the explants open and
pCSZ (a gift of R. Rupp) to generat&p-PAPC A membrane-tethered flat. The activin-treated explants were mounted on microscope slides
form (pM-PAPQ was generated by PCR using pfu polymerase, within 0.4x MMR with restraining coverslips fixed into position by
primers F5GCAGAATTCATGCTGCTTCTCTTCAGAGCC-3 and applying high-vacuum Silicon grease (Beckman) around the rim
R5-AGCGCAGTCGACGTGTTGTTCAGGTACCTGCTT3 and (Keller, 1991). The slides were kept immersed inxOMMR to
cloned into theEcdRl-Xhd sites of pCS2 A dominant-negative prevent drying and taken out for confocal microscapy5(0 nm)
secreted form (PN-PAPQ was generated by amplifying the every 60 minutes.

extracellular domain (amino acids 34-585, lacking the signal peptide)

with primers 5>TAATCCTCGAGCCCCCTGGCACTGTAATTGC-3

and R5TACATCTAGACTACTCTTCTGCAGATGGTTGC-3 and RESULTS

subcloned into th&Xhd-Xbd sites of pCS2-chdSP/Flag (a kind gift

from S. Piccolo). pCS2-chdSP/Flag contains the chordin signal pepti ; ; ;

followed by a Flag epitope tad ® the Xhd site. To cloneAXPC qgolatlon of Paraxial Protocadherin ..

cDNA, RT-PCR fragments of about 500 bp (Sano et al., 1993The longesPAPCcDNA clone was 3649 base pairs in Iength_
Yamamoto et al., 1998) were identified as protocadherins by sequen@@d was sequenced on both strands (GenBank accession
comparison and used to screen a dorsal lip library. A paH&C number AFO42192). The 979 amino acid open reading frame
cDNA of 2 kb contained the first 5 EC domainsdXPC which were  contained a hydrophobic amino-terminal signal peptide and a
cloned into pCS2to generate PN-AXPC To generate a membrane- predicted internal transmembrane domain (Fig. 1A). The
tethered form oAXPC(pM-AXPQ), a newBarHl site was created at  extracellular domain contained six cadherin repeats of about
position 1360 by PCR based point mutation (#B§2QBan), and the 110 amino acids each, with conserved amino acids (indicated

BarHl fragment of M-PAPC was replaced with that of pBS- 1 agterisks in Fig. 1A), including four cysteines, that are

AXPOBam pXombiwas generated by PCR amplification of Xwembi : : ; ; ; .
open reading frame (Lustig et al., 1996) and subcloning the PC[—%IagnOStIC of protocadherin family members (Suzuki, 1996;

product into thexhd-Xba sites of the pCS2vector. GFP-GAP43 ~ OUT unpublished observations). The intracellular domain was
containing a palmitoylation signal (Moriyoshi et al., 1996) was kindly265 amino acids in length and had no significant homologies
provided by Dr Paul Garrity and subcloned into BRI site of t0 other proteins in the database, including the published

pCSZ. cadherin and protocadherin sequences. Like other
) protocadherins the PAPC intracellular domain lackg-a
RNA synthesis catenin-binding site, and the only sequence similarity detected

Synthetic capped mRNA was produced using the Ambion Messaggas with a zebrafish homologue of PAPC (Yamamoto et al.,
Machine kit. To obtain sense MRNAFIPPAPG pM-PAPC pDN-  1998) which has a stretch of 25 amino acids of unknown
EeArP\C,;veFr’ENé%ézt% dva\'/ﬁ;(’\Tgf pzﬁénli:aﬁsﬁl;g:'avﬁ:”gFf’gpgf\’l'A function that was 84% identical (indicated in bold in Fig. 1A).

. The extracellular repeats of PAPC were most similar to
polymerase. pS#hot-2 (Gont et al., 1996) was digested wisal, ; s
and transcribed with SP6 RNA polymerastacg and f5FP.RN3 Drosop.hlla faf a tumor suppressor g(.ane cqntalnlng 3.4
(Zernicka-Goetz et al., 1996) were transcribed with T3 RNaCadherin repeats (Mahoney et al., 1991); the highest identity,

polymerase after linearization wifst and Sfi, respectively. 40%, was shared between EC5 of PAPC and EC20 of fat. The
_ ) entire PAPC protein shared 31% identity with either human
Embryo manipulations protocadherin 1 or 2 (Sano et al., 1993). We conclude that

Microinjection, in situ hybridizations and RT-PCR were carried outPAPCencodes a typical member of the protocadherin family.
as described (Bouwmeester et al., 1996). For elongation assays,

animal cap explants were prepared from stage 8 embryos and treat@d PC expression and morphogenesis
with recombinant human activin protein (a kind gift of Genentech) aBy whole-mount in situ hybridizatioPAPC mRNA is first

. ; ) .
a concentration of 1 ng/ml or 10 ng/ml in lowJdg2* medium detected at the late blastula stage about 1 hour before the start

(Piccolo et al., 1996) containing 0.2% bovine serum albumin (BSA), f trulati t 95 all st ding to Ni K
After 3 hours of incubation, the explants were transferred to cultur@' gastruiation (stage 9.5, all stages according to Nieuwkoop

dishes with 0.4 MMR (Peng, 1991) and cultured overnight. and Faber, 1994). At this stage, expression is found in the dorsal
marginal zone (Fig. 2A), and at early gastrula (stage 10.5) it
Dissociation and reaggregation assay expands to about 180° of the marginal zone (Fig. BBRC

Embryos were injected with either 100 @FP/RN3mRNA or 8 ng  was isolated because of this initial dorsal-specific expression
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A By stage 14PAPCtranscripts become more intense in two

TSI T s AQYYID EEEPEGTVIA 40 stripes preflg_urlng _the appearance of_somltes (Flg. 2E). Once
VLSQOHSIFNT TDIPATNFRL MKQFNNSLIG VRESDGOLSI 80 somitogenesis beginBAPCexpression is turned off in mature

Mmséfa‘uﬂc‘iigigéumn DVVSFSKGHF KLLNVKVEVR 120 somites an_d new stripes appear more post.eriorly (Fig. 2F)..This
DINDHSPHFP SEIMHVEVSE SSSVGTRIPL EIAIDEDVGS 160 cycle continues until Completlon of somite formation, with

NSIQNFQISN NSHFSIDVLT RADGVKYADL VLMRELDREI 200 PAPC expression disappearing as the last somites form at the
QPTIIMELLA MDGGVPSLSG TAVVNIRVLD FNDNSPVFER 240 tip of the tail (stage 40, data not shown). During somitogenesis
STIAVDLVED APLGYLLLEL HATDDDEGVN GEIVYGFSTL 280 PAPC is expressed throughout the unsegmented paraxial
ASQEVRQLEK INSRTGSURD BOQVDFETHY Iy PFEVOAQD 320 mesoderm, a region also called the segmental plate (Fig. 2F).
LGPNPLTATC KVTVHILDVN DNTPAITITE LTTVNAGVAT 360 Histological sections show that the two most intense bands of

*
IPETATKENF IALISTTDRA SGSNGQVRCT LYGHEHFKLQ 400
QAYEDSYMIV TTSTLDRENI AAYSLTVVAE DLGFPSLETE 440
EC4 4—— ——» EC5
KYYTVKVSDE NDNAPVFSKP QYEASILENN APGSYITTVI 480
ARDSDSDQNMG KVNYRLVDAK VMGQSLTTFV SLDADSGVLR 520
EC

PAPC expression are located within the segmental plate (sp);
weaker bands of expression are found in the anterior
boundaries of the forming somite (fs) budding off from the

AVRSEBHEKL KOLDFEIEAA DNGIPOLSTR VQLNLRIVBG 560 fseg_mental_plate_: and in the last (newly comp!eted) somite, as
HDNCPUIW{E"NNGSGEVL LPISAPQNYL VFQLKAEDSD &00 |nd|Cated n Flg 2H The tWO Strong Stl’lpeS BAPC
EGHRSQLFYT ILRDPSRLFA INKESGEVFL KKQLNSDHSE 640 expression are located in the region corresponding to the
DLSIVVAVYD LGRPSLSTNA TVKFILTDSF PSNVEVVILQ 680 somitomeres that precede overt somitogenesis (Jen et al., 1997;
LTS oIt oY1 I F IAVLA GGCALLLLAL FFVASIESN St Meier, 1979). One noteworthy aspect of this expression is that
AGEFKQVPEQ HGTCNEERLL STPSPQSVSS SLSQSESCQL 760 the stripes can extend laterally well beyond the external
SINTESENCS VSSNOEQHQQ TGIKHSISVE SYHTSGWHLD 800 boundary of the presomitic mesoderm (arrowheads in Fig. 2F).
NCAMSISGHS HMGHISTKDS GKGDSDFNDS DSDISGESQK 840 Similar wide stripes that extend into the lateral plate

KSIEQPMQRQ ASAQITOESA GFRHADNYFS HRINKGPENG 890 mesoderm, which is supposedly unsegmented, have been
NCTLQYEKGY RLSYSVAPAH YNTYHARMFN LHIPHNHTLRD 920

PYTHINNPVA NRMHAEYERD LVNRSATLSP QRSSSRYQEF 960 previously noted in th.e case)éﬂ?elta—Z(Jen etal., _1997). We
NYSPQISRQL HPSEIATTF. conclude thatPAPC is dynamically expressed in paraxial
mesoderm undergoing morphogenesis during gastrulation.

B ILPC| ILPC' Axial Protocadherin in notochord
) DN DN Since expression oPAPC is downregulated in the future
Classical FL M | SP | SP . N
Cadherin ~ EIE - notochord at midgastrula (Fig. 2C), we asked whether another
| ECl | (62| EC2 ﬂgﬁ member of the protocadherin family might be expressed in the
ECI [EC2 | @f_‘: [ecs B axial midline. To investigate this, the notochord precursor
EC2 |EC3 ]| § a region of about 100 gastrulae (stage 12) was dissected and
| BC3 | EAa g Py = RNA prepared. Protocadherin fragments were isolated using
[ECa| | ECs | the PCR strategy of Sano et al. (1993). A partahl
[Ecs | =3 : protocadherin (AXPC)DNA clone spanning EC1 through 5
I I 5% [ 5T I Y was isolated (GenBank accession number AF053469). The
Intracellular predicted amino acid sequence of this AXPC clone was 33%
identical to PAPC. By in situ hybridization, localized

expression oAXPCwas not detectable during early gastrula
Fig. 1. Xenopus PAP@ncodes a transmembrane protein of the stages, but from stage 13 onwards was found specifically in the
protocadherin family. (A) Deduced amino acid sequencéeabpus ~ Nnotochord (Fig. 2I-K). These results show that the early
PAPC protein. The signal peptide and the transmembrane domain areesodermal mantle can be subdivided into two complementary
boxed in black. The six extracellular cadherin repeats (EC1-6) are regions that express specific protocadhe Ay CandPAPC
indicated with arrows and the conserved cadherin motif residues arPespite several attempts, we were unable to isolate a longer
in bold face. The protocadherin-specific cysteines (our observationsSa\XpC c¢cDNA. We therefore generated a hybrid protein
and the protocadherin signature amino acids (Suzuki, 1996) in ECSconsisting of EC1 through 5 of AXPC fused in frame with EC6

and EC5 are marked by asterisks. Within the intracellular domain, a . . :
segment of 25 amino acids conserved with zebr&#gPCis and the transmembrane domain of PAPC (Fig. 1B). This

indicated in bold. (GenBank accession number AFO42192) (B) membrane-tethered construdd-AXPC had cell adhesion

Schematic diagrams of PAPC and AXPC constructs used in this ~ Ctivity and proved invaluable as a specificity control in
study. functional assays (see below).

PAPC mediates cell sorting

(Bouwmeester et al., 1996). As gastrulation proceBA®C To investigate whether PAPC has cell adhesion activity, a
expression extends to the entire mesodermal mantle includimlissociation and reaggregation assay with animal cap cells was
the ventral-most mesoderm and is switched off in the dorsaised (Fig. 3A, see Materials and Methods for experimental
midline as the notochordal anlage starts to form (Fig. 2C). Adetails). After placing in Cd, Mg2*-containing solution,

the mesodermal mantle completes its involution at stage 13,amimal cap cells reaggregated forming large spherical
sharp anterior border BAPCmMRNA separates head and trunk aggregates; cells co-injected with confadlactinmRNA and
mesoderm (Fig. 2D). Histological sections at this stage (Figa GFP lineage tracer were uniformly interspersed, whereas
2G) confirm thatPAPC is expressed exclusively in the cells injected with full-lengtfPAPC(FL-PAPCQ mRNA sorted
mesodermal layer, except for the notochord (Fig. 2G). out into multiple clumps after incubations overnight (compare
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Fig. 3B and C). Formation of these patches of sorted cells waslhesion by M-PAPC could be obtained with 7-fold Iess
first detectable 1-3 hours after aggregation (data not showrAPC mRNA in molar terms than the minimal amount of
When the aggregates were cut in halves, it became evident tmaRNA required fofFL-PAPC(Fig. 3F). This suggests that the
the FL-PAPGinjected cells tended to concentrate in the centeintracellular domain of PAPC is not only not required for, but
of the aggregate (Fig. 3D). may even have an inhibitory effect on cell-cell adhesion. To
As additional controls, we constructed carboxy-terminatest whether PAPC is a homotypic cell adhesion molecule,
deletions, generating embrane-tethered forms BAPC (M-  aggregates were prepared by mixing cells injected With
PAPQ and M-AXPC truncated 17 amino acids after the PAPCand rhodamine, with cells injected with-AXPC and
transmembrane domain (Fig. 1B). Similar deletions of th&FP, and with uninjected cells12 aggregates). The three
intracellular domain of classical cadherins lack adhesiowell types sorted out from each other (Fig. 3F-H). When such
activity in cell culture (Takeichi, 1991) or are even inhibitorsaggregates were bisected, M-PAPC-expressing cells were
of cadherin adhesion (Lee and Gumbiner, 1995). Surprisinglyound in deep layers, whereas M-AXPC cells were found in
we found thatM-AXPC and M-PAPC mRNAs were active in  the periphery (Fig. 31-K). We conclude that PAPC and AXPC,
reaggregation assays (Fig. 3E,F). Importantly, strong cetivo cell adhesion molecules expressed in complementary
domains of the mesoderm, can mediate mutually exclusive cell
adhesion via their extracellular domains.

A e, B e ¢ &
. AMlcrom]ectlon B
‘ T M’*’f"‘
F Y

s

Dissociation

&
Reaggregation Prolactin

E

& T

Fig. 2. PAPCis expressed during mesodermal mantle M-PAPC M-AXPC M-PAPC 4+ M-AXPC
morphogenesis. (APAPCexpression in the dorsal marginal zone at
late blastula (stagelP (B) Expression expands around the marginal
zone at early gastrula (stage)L§C) Repression d?PAPC

expression in the axial mesoderm prefiguring the segregation

anterior border separates head and trunk mesoderm (stage 13). (E)
early neurula (stage 14), stripesR&PCexpression prefigure the
future somites. (F) As the first mature somite is segmented (stage fIN=¥Y1 M-AXPC M-PAPC + M-AXPC

between axial and paraxial mesoderm (stagg () A sharp

17), the anterior stripe disappears and new posterior stripes appear.
PAPCexpression is also found in lateral plate mesoderm and in the Fig. 3. PAPC causes homotypic cell sorting in reaggregation

forming otic vesicle (not shown). (G) Transverse section of stage 13experiments. (A) Experimental design of cell sorting assays, which
embryo stained foPAPCin blue andchordinin brown by double in are described in more detail in Materials and Methods. (B) Complete
situ hybridization; not€®APCexpression exclusively in paraxial mixing between cells injected wighrolactin control mRNA (800 pg
mesoderm. (HPAPCstripes during somite segmentation; the most per blastomere) an@FP mRNA (100 pg) and uninjected cells
anteriorPAPCstripe is in the mature somite (s), the second stripe  (12/12 aggregates). (EL-PAPCmRNA (800 pg)-injected cells

marks the forming somite (fs) and the more intense two posterior  (labeled with GFP) sort out from uninjected cells (20/21).

stripes are located in the segmental plate (sp). (I) Transverse sectio(D) Bisection of thé-L-PAPCaggregates showing thiat-PAPG

of stage 18 embryo showigXPCexpression exclusively in the injected cells tend to migrate to the center of the aggregates (10/12).
notochord. (J) Dorsal view @&XPCexpression in the notochord (E) Bisection oMM-AXPC(100 pg) aggregates showing cohesive
(stage 14), anterior to the left. (K) Lateral viewA{PCexpression patches in the periphery of the aggregates (11/11). (F-K) Aggregates
in the notochord (stage 22). At later tailbud stay§BCwas containingM-PAPC(100 pg, in red)M-AXPC(green) and

transiently expressed in developing heart and pronephros (data not uninjected cells demonstrating homotypic cell sorting (12/12).
shown). (F-H) External views; (I-K) bisected aggregates.
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Prolactin M-PAPC ‘ M + DN-PAPC

Fig. 4. Dominant-negative PAPC affects paraxial mesoderm
morphogenesis. (A) ContrpfolactinmRNA (200 pg) injection into
an animal blastomere at the 32-cell stage showing cell mingling at
stage 12. (BM-PAPC(100 pg) injection generated a cohesive patch
with a sharp clonal boundary (54/54). @\-PAPC(1.6 ng)
interfered with the formation of the cohesive patch induced by 100
pg M-PAPC(38/43). (D) AdditionaFL-PAPCmRNA (400 pg)
rescued formation of cohesive patches (48/51), indicating that the
dominant-negative effects are reversible. NEAXPC (200 pg)
generated cohesive patches with sharp clonal boundaries (36/38).
(F) Coinjection ofDN-PAPCmMRNA (1.6 ng) did not interfere with
AXPCpatches (3/32); coinjection of 1.6 ngRN-AXPCdispersed
M-AXPCpatches (31/38, not shown). (G) Unilateral injection of
controlprolactinmRNA (1.6 ng) andacZ tracer (100 pg) at the 2-
cell stage does not affect paraxial mesoderm markedyop

(n=44). (H)DN-PAPC(1.6 ng) caused defects in anterior somites on
the injected side at stage 20 (105/151). (I) Rescue of paraxial
mesoderm morphology by co-injectionkf-PAPC(600 pg)

together withDN-PAPC(42/47). (J) When injected posteriomyN-
PAPC(1.6 ng) caused defects in midline convergence of paraxial
mesoderm on the injected side. (K) Transverse section showing
effect of DN-PAPCon MyoD convergence, but not on notochord
tissue marked bghordin In G-K, MyoD is marked in bluelacZin

red andchordinin brown.

Dominant-negative PAPC interferes with
gastrulation movements

PAPC and gastrulation cell movements 4685

FL-PAPC : — -
DN-PAPC: = = =
Activin: = = 4

MyoD- @i e e
cactin- & DU

Xbra- i) Epame
chd- e et

col.2- - -

EFio - (N

Fig. 5. DN-PAPCmMRNA inhibits animal cap extension by activin.
(A) Animal caps without any treatmem=32, three independent
experiments). (B) High Activin (10 ng/ml) induced elongation of the
explants (33/35). (PN-PAPCmMRNA (1.5 ng per blastomere at the
4-cell stage) injection interfered with explant elongation (31/35).
(D) Coinjection ofFL-PAPCmMRNA (400 pg per blastomere)
together withDN-PAPCmMRNA (1.5 ng) rescued the elongation of
animal caps (36/38). (E) RT-PCR of RNA extracted from these caps
showed no significant effect BAPCmMRNA injection on the
expression of mesodermal markers sucKlas, a—actin, MyoD,
chordinandcollagen 2 EF1(serves as loading control.

extracellular space. In the case of classical cadherins, stable
secreted forms have been generated and found to have
homotypic adhesive activity (Brieher et al., 1996). Therefore,
a construct encoding a secreted form of PAPC was generated
by truncating the cDNA seven amino acids before the
transmembrane domain and designdd®ttPAPC (Fig. 1B).
The activity of DN-PAPC was tested in an in vivo cell adhesion
assay. Microinjection of controlpfolactini mRNA together
with GFP lineage tracer into a single animal blastomere at the
32-cell stage resulted in extensive cell mingling by midgastrula
(Fig. 4A). When 100 pg oM-PAPC mRNA was injected,
cohesive patches formed, which could be dispersed by
coinjection of 1.6 ng oDN-PAPCmRNA (Fig. 4B,C). This
effect of DN-PAPCcould be reversed by the addition of 400
pg of FL-PAPC which restored formation of cell adhesion
patches (Fig. 4D). The dominant-negative effect was specific,
becausd®N-PAPCwas unable to disperse patches of adhesion
generated by the related molectWeAXPC (Fig. 4E,F). In
similar conditions, 1.6 ng dN-AXPCmRNA prevented cell
adhesion byM-AXPC (data not shown).

To investigate the effects dN-PAPC microinjection in
gastrulating mesoderm, embryos were coinjected into one

Based on the data indicating that the extracellular domains abdastomere at the 2-cell stage with 1.6 n@bFPAPCmMRNA

responsible for homotypic adhesion, overexpression of

andlacZ lineage tracer. On the injected side (marked by red-

secreted form of the PAPC extracellular region would beal staining), the paraxial mesoderm extended less anteriorly,

predicted to dominantly interfere with the activity of

resulting in loss or reduction of anterior somites in 70% of the

endogenous PAPC molecules by binding to them in th&jected embryosnE151) as visualized with thdyoD marker
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(Fig. 4H). A loss of anterior somites caused by defective
convergence movements of paraxial mesoderm has be
previously noted in a zebrafish mutant callsgadetail
(Kimmel et al., 1989). Paraxial mesoderm morphology was nc
affected by microinjection of 1.6 ng gfrolactin (Fig. 4G,
n=44) orDN-AXPCmMRNA (not shownn=42), indicating that
the effects of DN-PAPC were specific. The somite defect
could be rescued by coinjection of 600 pgrafPAPC (Fig.
41, 95%,n=47), as expected from a dose-dependent dominan
negative effect. When the microinjectetl-PAPCmRNA was
delivered into posterior mesoderm (by injecting into the
ventral-marginal region of 4-cell embryodylyoD-positive
cells failed to converge to the dorsal midline, extending intc
more lateral mesodermal regions (Fig. 4J,K). These effects
DN-PAPCare specific for paraxial mesoderm, since the axia :
mesoderm marked by double staining witthardinprobe had ) i Activin: — - -
normal morphology (Fig. 4G,J,K). We conclude that the effect y | MyoD-
of a secreted dominant negative form of PAPC are consiste _ 2 |8
with a reduction of convergence and extension movements s, Xwnt8 -
paraxial mesoderm during gastrulation. col.2 -
' EFic-

actin -

DN-PAPC interferes with explant elongation

In  Xenopus mesodermal convergence and extensior H
movements are a primary driving force of gastrulation (Kelle
et al.,, 1992). To test further the effect BIN-PAPC on
gastrulation movements, we made use of a standandpus
assay in which convergence and extension movements &
induced by treating animal caps with activin (Symes ant il
Smith, 1987). Addition of high doses of activin protein (10 + Low Activin
ng/ml) caused elongation of the explants (Fig. 5A,B), ant
injection of DN-PAPC mRNA reduced significantly this
elongation (Fig. 5C, three independent experimemS5).
Co-injection ofFL-PAPC(n=38) rescued the inhibitory effect
of DN-PAPC (Fig. 5D), as expected for a dominant-negative
effect. Molecular analyses of the same samples showed tF
mesodermal differentiation (determinedMyoD, a-actinand FL-PAPC + Low. ActivinFFL-PAPC + Low Activin

Xbra expression) remained unchanged (Fig. 5E). The

mesodermal markeillagen 2andchordin (Su et al., 1991; Fig. 6.FL-PAPCcan promote animal cap elongation and changes in
Piccolo et al., 1996), which are expressed in notochord, wef€ll morphology. Embryos were injected with or withBAPCin each
not inhibited byDN-PAPC(Fig. 5E), indicating that the lack animal blastomere gt.the 8-cell stage and animal cap explf.;mts were
of elongation is not due to an inhibition of notochordreated with low activin at stage 8 (1 ng/ml). (A) Control animal cap

. > . . lants with no activin treatment (26/26). (B) Microinjectiofrbf
differentiation. The presence of a notochord is not required fcﬁé%CmRN A (400 pg) without acti\Ein trez;tn(we)nt (18/14). (C) Low

elongation of paraxial mesoderm in a number of experlment% tivin (1 ng/ml) treatment was not sufficient to induce explant

situations inXenopug(Piccolo et al., 1996; Steinbeisser et al.,gjongation (21/24). (DFL-PAPCMRNA (400 pg) promoted elongation
1993), nor in the zebrafidtoating-headmutation that lacks a  of animal caps treated with low activin (22/27, three independent

notochord (Talbot et al., 1995). Thus, the block of elongatiomxperiments). (E) Microinjection ®1-PAPC(400 pg) did not promote

by DN-PAPCis most likely due to inhibition of convergence explant elongation (18/18), suggesting a requirement for the

and extension of paraxial mesoderm in the explants. As dntracellular domain. (F) RT-I?CR showed no significant effeELef
additional control DN-AXPCmRNA failed to block explant PAPCMRNA on the expression of the mesodermal markéysD, a-
elongation (data not shown). We conclude from these resul@§tin Xwnt8andcollagen 2 (G-J) Confocal microscopy of open-faced
that endogenous PAPC is required for convergence-extensi&ﬂ'mal caps (see Materials and Methods). (G) Low activin treatment as

. - - - C did not induce changes in cell polarity (41/43). RH)PAPC
movements in explants but not for histotypic specification OF:RNA (400 pg) injectiongas inB haF()j no (tayff(ect on)egto)dermal cell

mesoderm. morphology (10/10). (IFL-PAPCmRNA (400 pg) with low activin

PAPC t —extensi ¢ treatment, as in D, caused cells to elongate into fusiform or J)
promotes convergence-extension movements monopolar cells (34/51) at stage 12 (the inset shows a particularly

and cell shape changes asymmetric cell with membrane vesicles within the thin end).

During the course of experiments in whibiN-PAPCeffects

were rescued witkRL-PAPC(as in Fig. 5D) we noted that some

explants elongated more than the controls treated with activeconvergence and extension movements in a gain-of-function

alone (data not shown). To test more systematically whetheituation, we resorted t¥enopusexplants treated with low

the PAPC transmembrane protein was sufficient to promotdoses of activin protein (1 ng/ml). In these conditions, animal
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treated with 1 ng/ml activin for 90 minutes and then mounted
under a coverslip as open-faced explants (Keller, 1991). To
demarcate cell outlines, one blastomere was injected at the 32-
cell stage with mRNA encoding GFP fused to the 20 amino
acid palmitoylation signal of the neuronal protein
neuromodulin/GAP43 which targets the fusion protein to the
trans-Golgi and plasma membrane compartments (Liu et al.,
1994). This GFP-GAP43 fusion has proven to be a useful
membrane marker in axon guidance studies (Moriyoshi et al.,
1996) and provides a previously unavailable marker for the
polarity of gastrulating mesodermal cells Xenopus(see
below).

Fluorescence microscopy of the explants did not reveal any
morphological alterations until midgastrula. At this time,
within a period of about 1 hour, dramatic changes in cell
morphology were observed. Explants that received either
PAPC mRNA or activin alone remained as polyhedral cells
containing a prominent organelle, presumablyttaes-Golgi
(Fig. 6G,H). Explants injected witRAPC mRNA and treated
with low activin contained groups of parallel elongated cells in
which the organelle became dispersed into multiple vesicles.
The cells adopted an elongated shape that was sometimes

wT fusiform or bipolar (Fig. 61) but more commonly had a thick
Fig. 7. Multiple regulatory steps contr®APCexpression. (A) Wild- end and a thin end (.F'g' 6). In this populatlo'n Qf mono.polar
type PAPCexpression at stage 10.5 in dorsal mesoderm. cells, membrane vesicles were usually seen within the thin end

(B) Ventralizing UV treatment eliminates early dorsal expression.  (Fig. 6J, see inset).

(C) Dorsalizing LiCl treatment expan@&PCexpression around the Changes in cell shape were found in 688&5(, three
marginal zone. Thus, initi@APCexpression is activated by factors independent experiments) of the explants that received both
from Spemann’s organizer. (D) Wild-tyAPCexpression during FL-PAPCand low activin. The open-faced explants themselves
midgastrula (stage 11.5). (E) Dorsal injectiorXombimRNA (50 did not elongate, presumably due to the restraining force of the
pg) at 32-cell stage induces ectopPCexpression in the dorsal  coverslip, but elongation of sibling animal caps explants in
midline (arrowhead) at stage 11.5. (F) Lateral injectioXrajt-2 culture took place concomitantly with the cell shape changes

MRNA (100 pg) induces ectopic repressiofPAPC(arrowhead) ; ;
suggesting thanot-2may be a upstream repressoPaPCin the observed. Since notochord patches occurred only rarely in

dorsal midline. (G) Wild-typ@APCexpression (blue) anthordin elopgated e>_(pllants treated as in F'g.' 6D (detgrmmed by MZ15
(brown) at stage 13. (H) Microinjection ¥termRNA (50 pg) antibody staining, datf’:l not shown), it seems likely that the ce_II
coinjected withacZ as lineage tracer (arrowheads) into a vegetal siteShape changes seen in Fig. 61 and J mimic those of gastrulating
at the 4-cell stage displaces posteriorly the anterior bordekRE paraxial mesoderm rather than those of notochordal precursors.
expression. (I) Model summarizing spatial regulation patterns In conclusion, these gain-of-function studies show that
suggested by the mRNA injection studies. injection of FL-PAPC mRNA can promote elongation of

explants and cell shape changes reminiscent of gastrulating

mesoderm. The results suggest that PAPC, in addition to its
cap explants were induced to form mesoderm but did natell adhesion properties, can promote cell movements.
elongate (Fig. 6A-C). However, when injected with-PAPC
mRNA and treated with low activin, the explants elongatedRegulation of PAPC expression
(Fig. 6D). The amount dfFL-PAPC mRNA required for this In Xenopusthere is a wealth of information concerning
effect was 400 pg per animal blastomere at the 8-cell stagegulatory factors in Spemann’s organizer. At some point,
this amount was lower than that required for the formation ofiowever, these regulatory mechanisms must start building an
strong adhesive patches WyL-PAPC (800 pg) in whole embryo composed of three germ layers. Since PAPC appears
embryos. The effects dfL-PAPC are dose-sensitive and all to be involved in the execution of mesodermal morphogenesis,
MRNA preparations were titrated in injection assays beforee carried out tests of the relationship between its expression
use. FL-PAPC mRNA promoted explant elongation without pattern and upstream regulatory mechanisfRAPC is
changing the expression of mesodermal markers such egpressed in dorsal mesoderm during early gastrulation. At this
MyoD, a-actin, Xwnt-8andcollagen 2(Fig. 6F). This activity = stage, two well-known treatments, UV and LiCl, can decrease
of FL-PAPC requires the intracellular domain, as indicated byr increase the amount of Spemann organizer tissue (Kao and
the fact thatM-PAPC mRNA was unable to elicit explant Elinson, 1988). As seen in Fig. 7A-BAPCearly expression
elongation in the same conditions (Fig. 6E). behaves as that of a typical Spemann organizer gene.

Convergence and extension movementsXgnopusare By midgastrula, PAPC expression is found in the

characterized by changes in cell morphology (Keller et almesodermal mantle but is repressed in the future notochordal
1992). To investigate the effect of PAPC on cell shape, fourgion (Fig. 7D). The PAPC pattern of expression closely
animal blastomeres were injected at the 8-cell stageRlith parallels that of a T-box transcription factor independently
PAPC mRNA. At midblastula animal caps were excised,isolated by four research groups and variously designated as
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Xombj VegT, Antipodeanor Brat (Lustig et al., 1996; Zhang DN-PAPC mRNA interfered with mesoderm gastrulation,
and King, 1996; Stennard et al., 1996; Horb and Thomsetgading to loss of anterior somites and defective convergence
1997). Microinjection ofXombi/VegTmRNA caused ectopic towards the midline in posterior paraxial mesoderm in
PAPC expression in the dorsal midline (Fig. 7E). TheXenopusembryos (Fig. 4). In animal cap explants, the
repression in the notochord parallels the expressiofnof a  convergence and extension movements of gastrulation can be
gene that promotes notochord formation (Gont et al., 1996jmimicked by treatment with high doses of activin that cause
and injection oiXnotmRNA represse®APCexpression (Fig. elongation (Symes and Smith, 1987). In a loss-of-function
7F). Cerberusencodes a secreted factor expressed in anteriaituation, injection oDN-PAPCmMRNA was able to block this
endomesoderm that promotes head formation (Bouwmeesteradongation without affecting histotype differentiation, in
al., 1996); injection otterberusmRNA (together withlacZ  particular notochordal markers (Fig. 5). Presumably multiple
lineage tracer) led to the reductionRAPCexpression in the components are required for a complex cellular behavior such
trunk region (compare Fig. 7G,H). Taken together, these gaims explant elongation, for cells must interact with the
of-function experiments suggest that multiple regulatoryextracellular matrix as well as with the surfaces of neighboring
pathways control the spatial pattern of expression oP&#RC  cells. The best indication that PAPC is an actual part of the
structural gene in the mesodermal mantle of the trunk (Fig. 7Ikell biological machinery that drives gastrulation movements
comes from gain-of-function experiments. At low activin
concentrations, animal caps do not elongate but, remarkably,

DISCUSSION injected full-length PAPC mRNA was able to promote
o _ convergence and extension of these explants starting at the
PAPC and AXPC subdivide gastrulating mesoderm midgastrula stage. This activity BAPCmRNA did not affect

Despite large efforts expended, the molecular mechanisms tHastotypic differentiation and required the presence of the
drive morphogenetic movements during gastrulation remaimtracellular domain (Fig. 6A-F).

largely unknownPAPC encodes a transmembrane protein of In addition, striking changes in cell shape were observed
the protocadherin family that is expressed at the right time armbncomitantly with the start of explant elongation at
place to participate in gastrulation movements of thenidgastrula. Cells treated with low activin amd-PAPC
mesodermal layer of the trunRAPCis initially expressed in  mRNA changed from polyhedral to elongated cells (Fig. 6G-
the entire mesodermal mantle and subsequently switched dff. In some cases, the cells adopt a fusiform morphology
in the prospective notochordal region. A second protocadherieminiscent of the parallel arrays of bipolar cells undergoing
gene AXPC is expressed in a complementary pattern in axiamediolateral intercalation behavior (Shih and Keller, 1992). In
mesoderm. Thus, gastrulating mesoderm starts as a unifommost cases, however, cells were asymmetric and monopolar.
cell layer and is then subdivided into two regions, axial andPolarity could be assessed by the use of a GFP-GAP43 lineage
paraxial, by the expression of two protocadherins. In celracer carrying a palmitoylation signal that marks tilzens
dissociation and reaggregation assays, PAPC was shown @wlgi compartment (Liu et al., 1994). Membrane vesicles were
have potent cell adhesion activity, as in the Townes andsually observed in the thin end of monopolar cells. Although
Holtfreter (1955) experiment. This adhesion is homotypic, fothese elongated cells appear to display only part of the
cells expressing extracellular domains of AXPC on theiphenotypes observed in the bipolar intercalating cells seen in
surface selectively sort out from PAPC-expressing cells (Figembryos (Shih and Keller, 1992), the observation of polar
3F-K). The homotypic cell adhesion properties and thevesicles may provide a useful tool to study how directional cell
complementary expression patterns BAPC and AXPC  movement takes place during norm¥é&tnopusgastrulation.
suggest they could play an important role in maintaining théndeed, although bipolar cells appear symmetric during
mesoderm as a cohesive layer during morphogenetimonvergence and extension, their movements are directional as
movements and in subdividing trunk mesoderm into axial andells converge in the direction of the dorsal midline, leading to

paraxial domains. cell intercalation (Keller et al., 1992; Shih and Keller, 1992).
) The GFP-GAPA43 lineage tracer may now allow the analysis of
PAPC and gastrulation movements cell polarity in living gastrulatingKenopuscells.

The existence of a transmembrane molecule providin ) ) .
homotypic cell-cell adhesion between cells in gastrulating?"fo'[OCfvldherlns and classical cadherins
mesoderm, although previously unreported, is not in itsefhe mechanism by which PAPC, a cell adhesion molecule,
surprising (Takeichi, 1995; Townes and Holtfreter, 1955)might promote cell movement is intriguing. One possible
What makes PAPC unique is its unexpected ability to promotexplanation may lie in the mechanistic differences noted
cell movements in addition to providing cell adhesion. between the function of the intracellular domains of PAPC and
The expression dPAPC sharply demarcates the region of cadherins. In classical cadherins, the intracellular domain
trunk mesoderm that undergoes convergence and extensiprovides an anchorage to the cytoskeletorBviatenin, which
movements (Fig. 2D) from the region of head mesoderm thas required for cell adhesion (Kemler, 1993; Takeichi, 1995),
undergoes crawling-migration movements in the anteriowhereas, in PAPC, deletion of most of the intracellular domain
direction (Keller et al., 1992). This spatial distribution led usresults in even stronger cell adhesion, which can be obtained
to explore whethePAPC might participate in convergence with 7-fold less mRNA than the amount requiredfbrPAPC
and extension movements. A dominant negative construct &f classical cadherins, a current model proposes that the role
PAPC consisting of a secreted form of the extracellularof the cytoskeletal anchorage is to permit clustering of
domain was generated and shown to interfere specifically witbadherins at the cell surface, thus facilitating the formation of
PAPC-, but not AXPC-, mediated cell adhesion. Microinjectedzipper-like junctions between adjoining cells (Takeichi, 1995;
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Yap et al., 1997). In the case of PAPC, lateral clustering anekpression oPAPCin XenopusIn zebrafish, loss-of-function
cell adhesion would occur without anchorage to themutations in theXnothomologuefloating-head(Talbot et al.,
cytoskeleton. 1995) cause ectopic expressionspfdetailand of PAPCin

In the course of mesodermal convergence and extensidhe notochordal midline (Yamamoto et al., 1998). Thus, both
movements, the ability to break cell attachments could be gain- and loss-of-function experiments suggest BfeRC is
particularly important part of the morphogenetic processdownstream, directly or indirectly, of important transcription
Indeed, the embryo elongates because cells intercalate, movifagtor genes involved in the regulation of gastrulation.
past each other in directional movements toward the midline In conclusion, PAPC encodes a cell adhesion molecule
(Keller et al., 1992). To achieve this, they associate witlexpressed at the right time and place to participate in the
neighbors via cellular protrusions, but these relationships aronvergence and extension movements of paraxial mesoderm.
transient and must be resolved before new associations arae PAPC cell adhesion protein has two novel properties. First,
formed during intercalation. Perhaps PAPC participates iit can promote cell movements in overexpression experiments.
processes requiring transient associations between the surfagggond, the intracellular domain of PAPC is not required for
of migrating cells. It is attractive to suggest that the 25 amingell adhesion and indeed seems to decrease cell adhesion
acid region conserved between tKenopusand zebrafish mediated by PAPC, suggesting a mechanism for the release of
PAPC homologues (Fig. 1A; Yamamoto et al., 1998) mayell-cell contacts during gastrulation convergence movements.
provide a binding site for a protein that would inhibit lateralDespite the plethora of transcription and secreted regulatory
clustering and cell adhesion; the cloning of such a proteifactors uncovered in recent years in vertebrate gastrulation, the
would help unravel the molecular mechanisms that drivéink with the actual structural machinery that converts this
convergence and extension. regulatory information into physical cell-cell interactions and

An important aspect of convergence and extension is th@iovements in the embryo has remained elusive; genes such as
asymmetric movement of cells towards the midline. OrganizepAPCmay provide such a link.
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