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C. elegans PAR-3 and PAR-6 are required for apicobasal
asymmetries associated with cell adhesion and gastrulation
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Summary

PAR proteins distribute asymmetrically across the
anterior-posterior axis of the 1-cell-stage C. elegans
embryo, and function to establish subsequent anterior-
posterior asymmetries. By the end of the 4-cell stage,
anteriorly localized PAR proteins, such as PAR-3 and PAR-
6, redistribute to the outer, apical surfaces of cells, whereas
posteriorly localized PAR proteins, such as PAR-1 and
PAR-2, redistribute to the inner, basolateral surfaces.

hybrid PAR proteins had normal anterior-posterior
polarity, but showed defects in apicobasal asymmetries
associated with gastrulation. Ectopic separations appeared
between lateral surfaces of cells that are normally tightly
adherent, cells that ingress during gastrulation failed to
accumulate nonmuscle myosin at their apical surfaces and
ingression was slowed. Thus, PAR proteins function in both
apicobasal and anterior-posterior asymmetry during the

Because PAR proteins are provided maternally,
distinguishing apicobasal from earlier anterior-posterior
functions requires a method that selectively prevents PAR
activity after the 1-cell stage. In the present study we
generated hybrid PAR proteins that are targeted for
degradation after the 1-cell stage. Embryos containing the

first few cell cycles of embryogenesis.
Movies available online
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Introduction surface (Boyd et al., 1996; Etemad-Moghadam et al., 1995; Guo
Fertilization of theC. eleganegg initiates a cascade of events2nd Kemphues, 1995; Hung and Kemphues, 1999; Tabuse et al.,
that defines the anterior-posterior axis of the embryo (reviewet?98). By contrast, the embryonic cells that produce only
by Pellettieri and Seydoux, 2002). Key components of thigomatic cell types (somatic precursors) undergo a dramatic
cascade are a group of proteins, collectively called PAREOrganization of PAR proteins (Boyd et al.,, 1996; Etemad-
proteins, that associate asymmetrically with the cell corted¥oghadam et al., 1995; Guo and Kemphues, 1995; Hung and
PAR-3, PAR-6 and PKC-3 associate with the anterior cortexémphues, 1999; Nance and Priess, 2002; Tabuse et al., 1998).
whereas PAR-1 and PAR-2 associate with the posterior corté) the early 4-cell stage, the formerly anterior PAR proteins,
(Boyd et al., 1996; Etemad-Moghadam et al., 1995; Guo angAR-3, PAR-6 and PKC-3, localize transiently to the entire cell
Kemphues, 1995; Hung and Kemphues, 1999; Tabuse et #ortex. By the late 4-cell stage, however, PAR-3, PAR-6 and
1998). PAR functions are crucial for the subsequent anterioPKC-3 redistribute to the contact-free, apical, surfaces of cells.
posterior asymmetries of the early cells (reviewed bylhe formerly posterior PAR proteins, PAR-1 and PAR-2,
Kemphues and Strome, 1997). The anterior and posterior celfcalize in a reciprocal manner to sites of cell contact, the
that arise from the first division of the egg differ in size,basolateral surfaces. The PAR proteins gradually disappear from
cleavage rate, spindle orientation, distribution of germlineé@mbryos after the 26-cell stage. PAR-3, PAR-6 and PKC-3 are
granules (P granules) and expression of several proteins, sugkpressed again at thé00-cell stage in the epithelial cells of
as PIE-1, that are encoded by maternally provided mRpeis. developing organs, where they are localized asymmetrically
mutant embryos lack each of these asymmetries. toward the apical surface (Leung et al., 1999; McMahon et al.,

Although the PAR proteins have been studied primarily irR001). The epithelial functions of the PAR proteins have not
newly fertilized, 1-cell embryos, they are expressed continuousieen studied iC. elegansHowever,Drosophilahomologs of
during the early cell cycles and subsequently in epithelial cellBAR-3, PAR-6 and PKC-3 are expressed in epithelial cells where
during organogenesis. After the 1-cell stage, the anteriothey appear to distinguish apical from nonapical membrane
posterior asymmetry of the PAR proteins is reiterated only in thdomains (reviewed by Knust and Bossinger, 2003). Mutations in
lineage of cells that eventually produce the germline (germlinthe Drosophila par homologs result in gross defects in the
precursors; see Fig. 1A). PAR-3, PAR-6 and PKC-3 associatmlarity of epithelial cells and can cause epithelial cell sheets to
with the anterior surface of each germline precursor prior tbecome multilayered (Muller and Wieschaus, 1996; Petronczki
division, and PAR-1 and PAR-2 associate with the posterioand Knoblich, 2001; Wodarz et al., 2000).
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What function might the PAR proteins perform in theestablished before the asymmetric degradation of PIE-1
interval between the 1-cell stage and organogenes@. in (Tenenhaus et al., 1998), we reasoned that a PAR protein
elegans embryos? One possibility is that the anterior-coupled to ZF1 might function in anterior-posterior asymmetry
posterior to apicobasal transition in PAR protein distributiorbefore being degraded. We show here that ZF1 coupled to
has a role in gastrulation. During gastrulation, cells lackPAR-3 and PAR-6 proteins rescue all the anterior-posterior
asymmetries typical of epithelial cells, such as localizedlefects associated with mutations par-3 and par-6,
adherens junctions and basement membranes, but hanespectively. However, the coupled proteins disappear prior to
apicobasal asymmetries (Costa et al., 1998; Nance and Priegastrulation and the resulting embryos have defects in lateral
2002) (J.N., E.M.M. and J.R.P., unpublished). Gastrulatiomdhesion and cell ingression. Thus, PAR-3 and PAR-6 have a
involves the movement, or ingression, of surface cells into thle in apicobasal asymmetry in the early embryo that is
interior of the embryo (Nance and Priess, 2002; Sulston et alndependent of their earlier role in anterior-posterior
1983). Ingressing cells show a flattening and contraction cdsymmetry.
their apical surfaces and nonmuscle myosin becomes
enriched at these surfaces (Lee and Goldstein, 2003; Nance
and Priess, 2002). The ingressing cells move into a centrdaterials and methods
cavity called the blastocoel. Blastocoel formation appears tQematode strains and maintenance

involve specialization of the basal surfaces of cells, wherg, ; - :
X ! ematodes were cultured and manipulated genetically as described
PAR-2 and PAR-1 are located (Nance and Priess, 2002). By, grenner (Brenner, 1974). The following mutant alleles and

the end of the 4-cell stage small separations appear betweg{ftomosomal rearrangements were utilized: chromosome | (LGI):
cells along their innermost, basal surfaces; these separationg-101(m1) par-6(zu222)(Watts et al., 1996)hin; LGIII: lon-
increase in size over the next few cell cycles to form the(el85), par-3(it71) (Cheng et al., 1995)unc-32(e189), ¢C1,
blastocoel. Similar separations do not develop between thac-119(ed3) LGIV: spe-26(hc138), him-8(e1489) Transgene
lateral surfaces of cells, which indicates that the laterahsertionszuls20(par-3::zfl::gfp), zuls52, zuls54, zuls57, zulsal
surfaces remain tightly adherent. Although the outer, apicd@-6::zf1::gfp, zuls45 (nmy-2:gfp, zuls3 (end-1:gfy and
surfaces of the early cells do not normally contact other cell§Xtrachromosomal arraguEx69 (par-6:.gfp) were created in this
experiments on cultured embryos demonstrate that the dy and are described b_elow. Adqmonal references for mutations
. . . iSted above can be found in (Hodgkin, 1997).
surfacgs also remain adhesive (Nance and Priess, 2002). par-3(ZF1)strains werdon-1 par-3; par-3::zfl::gfp(zuls20); him-
_ Previous studies have shown that the pattern of cell contag§s nar.6(zF1)strains wereunc-101 par-6; par-6::zf1::gfp(zuls54)
in the early embryo determines the basal position of thgther alleles opar-6::zf1::gfp were used where indicated. Because
blastocoel; 4-cell embryos that are combined head-to-heashr-3(zZF1)andpar-6(ZF1)strains were marked witlon-1 andunc-
along their former apical surfaces generate an ectopit0l mutations, respectivelypn-1 andunc-101worms were used as
blastocoel between these surfaces (Nance and Priess, 200@ntrols for these strains. Them-8 mutation present in thpar-
Interestingly, the PAR proteins have been shown to redistribu#ZF1) strain increases the frequency of males and does not alter
in these same experiments, with PAR-3 and PAR-6 moving t82'ly embryogenesis (Hodgkin et al., 1979) (J.N., E.M.M. and
the new contact-free surfaces. Abnormal separations caffi:>- unpublished). A strain of genotyp@c-32 par-3; par-
develop between the lateral surfaces of cellsain3 andpar- -zf1:gfp(zuls20)was used to assess the viability jr-3(ZF1)
. . . embryos.

6 mutantsbut notpar-2 mutants, and cell ingressions are either
absent or abnormal (Nance and Priess, 2002) (J.N., E.M.Nblasmid construction
and J.R.P., unpublished). Thus, PAR-3 and PAR-6 mighttandard techniques were used to manipulate and amplify DNA.
function in apicobasal asymmetry of early embryonic cells. Genomic sequences containinar-3, par-6 and nmy-2 were

Determining whether PAR-3 and PAR-6 function inidentified using the Wormbase web site (http://www.wormbase.org,
apicobasal asymmetry in the early embryo is complicated biglease WS54, 2001). Cosmid DNA containing each gene was
their roles in anterior-posterior asymmetry at the 1-cell stagdligested gar-3: F54E7, 16526 bpfal fragment; par-6: T26E3,
For example,par-3 mutant embryos have highly abnormal 9080 bp Xba-Smd fragment; nmy-2 F20G4, 13965 bpXba
patterns of cell cleavage and altered cell fates that might disrufiggment) and subcloned into the - pBluescript KS+ vector

- S tratagene). Subclones of each gene are predicted to include the
apicobasal asymmetries indirectly (Kemphues et al., 1968 ntire coding region,’dintranslated region and 3-5 kb of sequerice 5

PAR-3 and PAR-6 are encoded by maternally supplied mRN.AEf the gene. A°st site was introduced either just before or in the stop
(Kemphues et al., 1988; Watts et al., 1996), and the transitiqyqon of each gene by site-directed mutagenesis (Quickchange kit,
from anterior-posterior to apICObasal PAR asymmetry OCCUrgtratagene) or recombinant PCR. To constpact6::gfp and nmy-
without embryonic gene transcription (Nance and Priess:gfp, the coding region affp was amplified by PCR from plasmid
2002). Thus, preventing PAR-3 and PAR-6 function after th@PD95.75 (1995 Fire Lab vector kit, www.ciwemb.edu) and cloned
1-cell stage requires a method that selectively removesto the introducedPst site. To construcpar-3::zf1::gfp and par-
maternally supplied gene products. 6::zf1::gfp, sequences encoding the ZF1 domain (Reese et al., 2000)
In normal embryonic development, the maternal proteirfvere first amplified by PCR fromie-1 cDNA p661 (Mello et al.,
PIE-1 is distributed asymmetrically to the germline precursoréLgegf’gsi?gf:g:}[ff’g%ecdogtnogtg?érs]'tvsai ‘;frﬁmi'f?e%'ﬁmp"égpa?}%iroﬁe g
In part_through the degradation f)f PIE-1 in somatic precurso_tilgto the introducedPst site. Prior to transformation of each construct,
(see Fig. 1A) (Mell(_)_et al., 199.6’ Reese et al., 2000). Analys_lﬁ]e unc-119+) coding region was inserted into thNet site in the
of PIET1 has identified a pe.p.tlde sequence, the ZFl domaiector (Maduro and Pilgrim, 1995).
which is necessary and sufficient for the degradation of PIE-1 1o construciend-1::gfp the end-1promoter (2126 bp'So 75 bp
in somatic precursors (Reese et al., 2000). Because tBeof theend-1start codon) was amplified by PCR and fusedf §fp
anterior-posterior asymmetry of the PAR proteins iscoding sequences in plasmid pPD95.75 (Cassata et al., 1998).
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Worm transformations Chimeric embryos

Strains expressingar-3::zf1::gfp, par-6::gfp, par-6::zfl::gfpand  Embryos were combined, cultured and immunostained for PAR-3 as
nmy-2::gfpwere obtained by microparticle bombardmentiog-119  described (Nance and Priess, 2002). Wild-type pad3 mutant
worms with plasmids described above (Praitis et al., 2001). A straiembryos were combined at the 2-cell stage such that the anterior cell
expressing thend-1::gfpreporter was obtained by injectispe-26  of the wild-type embryo contacted gar-3 mutant cell. Chimeric
worms withend-1::gfpand aspe-2¢+) cotransformation marker; the embryos were cultured for 2-3 division cycles before fixation. Wild-
resulting end-1::gfp extrachromosomal array was integrated oy type cells were recognized by their distinctive pattern of cell division
irradiation (Mello and Fire, 1995). and the presence of cortical PAR-3.

Antibodies and immunostaining Electron microscopy

Anti-PAR-3 monoclonal antibody P4Al1 was produced inlon-1 par-3; par-3::zfl::gfp; him-8and controllon-1 embryos were
collaboration with Ken Kemphues. Purified recombinant PAR-3fixed and processed for electron microscopy as described (Priess and
(Etemad-Moghadam et al., 1995) was injected into mice at thelirsh, 1986). For each genotype, sections of 40-50 fixed embryos at
FHCRC Hybridoma Production Facility as described (Waynerthe 12-15 cell stage were analyzed.

and Carter, 1987). Hybridoma supernatants were assayed by ] )

immunostaining early embryos fixed in bulk with paraformaldehyddMaging and analysis of live embryos

and methanol (Costa et al., 1997). Antibody P4Al stained earlgmbryos were mounted and imaged for 3D-timelapse microscopy as
embryos in the same pattern as previously described PAR-@escribed (Nance and Priess, 2002). Fluorescence images of embryos
polyclonal sera (Etemad-Moghadam et al., 1995) and did not staiexpressing GFP were acquired on a Leica TCS scanning confocal
eitherpar-3(it71) or par-3(RNAi)early embryos (data not shown).  microscope.

For most immunostaining experiments, embryos were fixed on Reported cell division times are in minutes from the beginning of
slides using the freeze-crack methanol procedure and incubatée 2-cell stage. Times were normalized to those reported by Sulston
with primary antibodies and fluorochrome-conjugated secondargt al. (Sulston et al., 1983). Initiation of ingression of mesodermal
antibodies (Leung et al., 1999); embryos were fixed for PIE-Iells was scored when these cells first began to sink below the surface
immunostaining as described (Mello et al., 1996). The followingof the embryo.
primary antibodies/antisera and dilutions were used: chicken anti- . )

GFP, 1:200 (Chemicon); mouse anti-HMP-1, 1:10 (Costa et al/my-1 RNA-mediated interference

1998); rabbit anti-HMR-1, 1:10 (Costa et al., 1998); rabbit anti-Double-stranded RNA (dsRNA) corresponding to bases 5425-5889
LAD-1, 1:300 (Chen et al., 2001); rabbit anti-PAR-1, 1:30 (Guoof thenmy-1cDNA was synthesized as described (Nance and Priess,
and Kemphues, 1995); rabbit anti-PAR-2, 1:3 (Boyd et al., 1996)2002). Young adult hermaphrodites were injected withy-1
mouse anti-PAR-3, 1:20 (this study); rabbit anti-PAR-6, 1:20dsRNA (3.5ug ul-1) and 24 hours later eggs at the 1-4 cell stage
(Hung and Kemphues, 1999); mouse anti-PIE-1, 1:10 (Mello et alwere collected, mounted and video-recorded for 150 minutes as
1996); rat anti-PKC-3, 1:10 (Tabuse et al., 1998); rabbit anti-PGLdescribed above. Ingression of endodermal cells was analyzed as
1, 1:1000 (Kawasaki et al., 1998). Images of immunostainedescribed in the legend to Table 1. Endodermal cells failed to ingress
embryos were captured on a Deltavision microscope (Appliedvithin the recording period in 1 out of Imy-1(RNAi)embryos;
Precision) and deconvolved. Where not indicated, immunostainingeported ingression times are for the remaining 11 embryos.
observations were based on the analysiss18 embryos at the Although it was not possible to monitor NMY-1 protein levels to
appropriate stage. quantitatively determine the efficacy of RNAI, all injected control

Table 1. Phentoypes of control anghar(ZF1) embryos

Cell cycle length (minute$) Lateral spacés

GFP Equal Endoderm
Embryo genotype* levels division MS(2) to MS(4) E(2) to E(4) Surface Interior internal (minutes)
Wild type (WT) NA 0/13 24.2+0.7 (3) 44.3+3.0 (3) 0/8 0/8 113+6.2 (8)
par-3(ZF1) ++ 0/98 24.7+0.8 (8) 45.5+1.7 (8) 7/10 7/10 141+6.0 (8)
WT+par-3::zf1::gfp ++ ND ND ND 0/3 1/3 110+6.9 (3)
par-3(-) NA 15/15 NA NA ND ND NA
WT NA 0/17 24.8+0.6 (6) 46.2+1.3 (6) 0/6 1/6 112+6.7 (6)
par-6(ZF1)(total) NA 0/129 24.5+0.4 (14) 46.7+0.2 (14) 7/14 8/14 133+7.5 (14)
par-6(ZF1) (zuls57) ++++ 0/34 24.1+0.9 (3) 46.3+1.1 (3) 1/3 2/3 132+12 (3)
par-6(ZF1) (zuls58) ++++ 0/34 24.4+1.0 (4) 47.0£1.6 (4) 3/4 4/4 131+6.4 (4)
par-6(ZF1) (zuls54) +++ 0/31 24.5+0.6 (3) 46.8+1.9 (3) 0/3 2/3 135+5.1 (3)
par-6(ZF1) (zuls52) + 0/30 25.0+0.3 (4) 46.6+1.5 (4) 3/4 2/4 136+4.5 (4)
WT+par-6::zf1::gfp ++++ ND ND ND 0/4 1/4 113+8.9 (4)
par-6(-) NA 13/13 NA NA ND ND NA

NA, not applicable; ND, not determined.

*lon-1worms were used as wild-type controls far-3(ZF1)strains, andinc-101lworms were used as wild-type controls far-6(ZF1)strains. Alleles of
par-6::zf1::gfpin par-6(ZF1)strains are indicated in parentheses; the sum or averageaf-8lZF1)alleles is indicated by ‘(total)’. See Materials and methods
for additional notes on genotype.

TGFP expression levels were examined in live embryos. ++++ embryos, GFP visible beyond the four-cell stage; +++ embryitie GFRovise four-cell
stage; ++ embryos, GFP visible up to the two-cell stage; + embryos, GFP detected by camera but not eye at the two-cell stage.

*The MS(2) to MS(4), and E(2) to E(4) cell cycle lengths refer to the interval between the first and second divisions ofthE Mfisa respectively. Values
are averageszs.d. (sample size).

SLateral spaces were scored either from focal planes at the interior of embryos at the 15-cell stage, or from the sunfpos lbé®vebn the six- and 24-cell
stages. Only perduring separationspyrd present between interphase cells were scored as lateral spaces.

TValues are averageszs.d. (sample size) in minutes after the two-cell stage and indicate when the endodermal cells vieoenipietadnicovered by surface
cells).
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(lon-1) embryos displayed defects in the elongation stage o&nterior-posterior asymmetry in the germline precursor that

embryogenesisnE20).

Results
PAR-3ZF1-GFP and PAR-6 2F1-GFP are degraded in
somatic cells

To examine the role opar-3 and par-6 in the apicobasal
polarity of early embryonic cells, we first constructeat-
6::zf1::gfp and par-3::zfl1::gfp transgenes, and a contimr-

was indistinguishable from normal PAR-3 and PAR-6 proteins
(Fig. 1Bc,d, small arrows). Therefore, PAR proteins that are
linked to the ZF1 domain reproduce the normal anterior-
posterior asymmetries of the PAR-3 and PAR-6 proteins in the
1-cell embryo and in germline precursors at subsequent stages.
In contrast to the germline precursors, the levels of PAR-
32F1-GFPand PAR-6F1-GFPin somatic precursors diminished
to undetectable levels. During the 4-cell stage, when PAR-3,
PAR-6 and PAR-8FPredistributed to the apical cortices of all

6::.gfp transgene. These transgenes were integrated intbree somatic precursors (Fig. 1Bc, large arrow, and data not
chromosomes using techniques that allow stable expressionshown), PAR-3F1-GFPwas absent in the two oldest somatic

the germ line (see Materials and methods). The PARGP

precursors (the ABa and ABp cells; Fig. 1Bd, large arrow). In

and PAR-B8F1-GFP proteins encoded by the transgenes wer€€EMS, the youngest somatic precursor, PARIFFPhegan to
localized to the anterior cortex of 1-cell embryos in a pattermedistribute from the cell periphery to the apical cortex (Fig.
indistinguishable from that of the normal PAR-3 and PAR-61Bd, arrowhead), but disappeared during the following cell
proteins, and control PARSEP protein (Fig. 1Ba,b). At each cycle. PAR-8FL-GFP disappeared similarly in the somatic
cell cycle after the 1-cell stage, the embryo consists of one precursors, but usually required an additional cell cycle to do
more somatic precursor cells (Fig. 1A, cells outlined in boldso (Fig. 1Bf). After the 4-cell or 8-cell stages, PAR3GFP

and one germline precursor (Fig. 1A, dark red cells). At eacand PAR-8F1-GFPcould not be detected in the older somatic
stage, the PAR41-CFPand PAR-3F1-GFPproteins showed an precursors by either GFP fluorescence or immunostaining for

26-cell

GFP. For example, at the 26-cell stage, when the endodermal
precursors normally begin the first cell ingressions, PAR-
3ZF1-GFP and PAR-BF1-GFP were not detected in the
endodermal precursors or the neighboring cells that flank the
anterior and lateral sides of the endodermal precursors (Fig.
1Bh and data not shown).

Fig. 1.Localization and degradation of PAR proteins. (A) Schematic
diagram of early stages of embryogenesis; sister cells are linked by
short bars. Somatic precursors are indicated by bold outlines,
germline precursors are indicated by a yellow asterisk. Germline
precursors divide asymmetrically into a somatic precursor and a new
germline precursor; the germline daughter has a high level of
germline proteins, such as PIE-1, (dark red cells) and the somatic
daughter contains a low level of PIE-1 (pink cells) that is degraded
within one or two additional cell cycles (white cells). (B) PAR
expression in early embryos. Embryos are oriented as in panel A;
yellow asterisks mark germline precursors. (a,b) 1-cell embryos
expressing either PARSP (a) or PAR-8F1-GFP(b): arrows point to

the anterior cortex. (c,d) 4-cell embryos stained for endogenous
PAR-3 (c) or PAR-3F1-GFP(d); large arrow in ¢ points to the apical
cortex of ABp. (d) Large arrow in d indicates the apical cortex of
ABp, arrowhead indicates the apical cortex of EMS, and small arrow
points to the cortex of the germline precursor. (e,f) 8-cell embryos
expressing either PARGSP (€) or PAR-8F1-GFP(f): note that PAR-
62F1-GFPhas disappeared from the oldest somatic cells (arrow) but is
still detectable in the younger somatic cells (arrowheads). (g,h) 24-
cell embryos showing PAR-3 (g) and PAREBGFP(h). (i,j) PAR-3
expression in epithelia of an organogenesis-stage wild-type embryo
(i) and apar-3(ZF1)embryo (j); arrowheads point to the apical
surfaces of cells forming the digestive tract. (k) Chimeric embryo
formed by combining a wild-type embryo withpar-3 mutant

embryo; arrowheads indicate former apical surfaces of the wild-type
cells that now contact thgar-3 mutant cells|f). (I) PAR-3

expression in the chimeric embryo in k; note localization of PAR-3 to
the contact-free surface of the wild-type cell (arrows). In all panels,
exposures were adjusted to visualize the background fluorescence of
cells; the level of fluorescence in the ABa and ABp cells in d was
similar to that inpar-3 mutant embryos lacking the transgene.
Transgene expression was identical in wild-type @ard3 mutant
backgrounds; embryos shown are wild-type in a-c,e-g,pand in

d,h,j. Embryos in this and subsequent figures argubh length.

Scale bar: 1gm.
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Although normal embryos express PAR-3 and PAR-6 untiblleles ofpar-3 andpar-6, and is likely to reflect suboptimal
the 26-cell stage (Fig. 1Bg and data not shown), the levels tévels of PAR-8F1-GFFin germline cells (Kemphues et al.,
these proteins gradually decline during subsequent cell cycles988; Watts et al., 1996).

A second phase of expression coincides with the beginning of PAR-6F1-GFP was expressed asymmetrically at the 1-cell
organogenesis [#00-cell stage), when PAR-3 and PAR-6 stage and in the germline precursorpar-6(ZF1) embryos
appear in nascent epithelial cells (Fig. 1Bi and data not showrgnd wild-type embryos, and similar results were observed for
We found that PARG1-GFPand PAR-8F1-GFPwere expressed PAR-FF1-GFPin par-3(ZF1)embryos (Fig. 1Ba,b and data not
in nascent epithelia in a pattern similar to that of endogenowshown). Thus, the ZF1-tagged proteins provide suffiqient
PAR-3 and PAR-6 (Fig. 1Bj and data not shown). This resulé(+) or par-3(+) function to promote their own asymmetric
indicates that the machinery that degrades proteins with tHecalization. We asked whether the anterior-posterior
ZF1 domain does not operate at the 400-cell and later stagesymmetries that characterize the first division of a wild-type
In summary, we conclude that the ZF1 domain effectivelyembryo occurred in thpar(ZF1) embryos. The first division
removes the PARZ31-GFP and PAR-GF1-GFP proteins from  is unequal in wild-type embryos (Fig. 2A), resulting in a small
somatic precursors between the 4- and 8-cell stages until tpesterior daughter (the germline precursor), buypan3 and

beginning of organogenesis. par-6 mutant embryos the first division is equal (Fig. 2E, Table

. ) 1). In allpar(ZF1)embryos examined the first cell division was
par:zf1::gfp transgenes restore anterior-posterior unequal, as in wild-type embryos (Fig. 2I, Table 1). Similarly,
asymmetry to par mutant embryos the subsequent three divisions of the germline precursors were

To test whether the PARZBI-GFPand PAR-8F1-GFPproteins  unequal in thepar(ZF1) embryos, as in wild-type embryos
could provide PAR functions essential for anterior-posteriofwild type, n=14; par-3(ZF1) n=15; par-6(ZF1) n=14). In
asymmetry, we crossed the corresponding transgengsanto wild-type embryos, the first division results in the asymmetric
3 or par-6 mutant strains, which lack detectable maternal PAR}ocalization of PIE-1 and cytoplasmic granules, called P
3 or PAR-6, respectively (Etemad-Moghadam et al., 1995granules, to the posterior daughter (Fig. 2B,C). These
Hung and Kemphues, 1999). For simplicity, we refer to aasymmetries are absent jiar-3 and par-6 mutant embryos
par-3 mutant with an integrategar-3::zf1::gfp transgene as (Fig. 2F,G), but were present in plr-3(ZF1)andpar-6(ZF1)
par-3(ZF1) and to par-3(ZF1) and par-6(ZF1) embryos embryos (Fig. 2J,K) (P granules: wild type54; par-3(ZF1),
collectively aspar(ZF1) embryos. Although thear-3(ZF1) n=26; par-6(ZF1), r=62. PIE-1: wild typen=58; par-3(ZF1),
andpar-6(ZF1)embryos had abnormalities in the appearanc@&=35; par-6(ZF1), r=44).

of early embryonic cells and in cell movements during Each of the early cells has a distinctive cell-cycle period
gastrulation (see below), most of the embryos developed io wild-type embryos, whereas all the early divisions are
hatching and grew to fertile adults [eggs hatched in wild typegpproximately synchronous ipar mutant embryos. We
1271/1281 (99%)par-3(ZF1) 1061/1085 (98%)par-6(ZF1)  determined the cell-cycle periods for each cell through the 50-
2443/2548 (96%)]. Thpar-6(ZF1)strain with the lowest level cell stage inpar-3(ZF1) and par-6(ZF1) embryos and found

of PAR-&F1-GFP expression quls52 see Table 1) produced these to be indistinguishable from wild type (Table 1 and data
some embryos that grew to agametic adults (30/396). Thisot shown). In normal embryogenesis, the descendants of the
phenotype has been described in strains with hypomorphle cell, and no other cells, express an endoderm-determining

P granules PIE-1

END-1

par(ZF1)

Fig. 2. Anterior-posterior asymmetry. (A-D) Wild-type, 2-cell embryo in the light microscope (A) after staining for P granules (B.ageten
PIE-1 (C, red). DNA is shown in blue. (D) A 24-cell, wild-type embryo witlead-1::gfptransgene; the GFP fluorescence image (green) was
superimposed on the light microscope image. The middle and bottom rowpahmwtant embryos (middle) anmar(ZF1)embryos (bottom)
prepared as above. Embryo genotypes are as folaws3(it71) (E,F,H); par-6(zu222)G); par-3(ZF1)(l,J,L); par-6(ZF1)(K).
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Fig. 3. Localization of PAR-2
and HMR-1/E-cadherin.
(A-D) Each row shows a singl
8-cell embryo, either wild-type
or par-3(ZF1) immunostained
for both PAR-3 (A,C) and PAF
2 (B,D). (B,D") higher
magnifications of the boxed
regions in B,D, respectively.
The arrow in C points to PAR-  par-3(ZF1)
that remains in a young soma

cell. Note presence of apical

PAR-2 in thepar-3(ZF1)

embryo (arrow in D). (E) Two

cells in an 8-celpar-3(ZF1)embryo immunostained for PAR-3 (red) and HMR-1 (green). PAR-3 is present at the apical cortex (arrow) of one
cell only. Note that HMR-1 is present at basolateral surfaces but is not detected at apical surfaces (arrowhead). DNAlisestaiak

panels. Yellow asterisks mark germline precursors. Scale pan: 5

Cc

factor called END-1; this asymmetry results from thesomatic precursors gfar(ZF1) embryos, PAR-1 and PAR-2
combination of asymmetrically localized transcriptionallocalized to both the apical and basolateral surfaces (Fig.'3D,D
regulators and asymmetric cell-cell interactions (reviewed bynd data not shown). Thus PAR-3 and PAR-6 functions appear
Maduro and Rothman, 2002). Wild-type amér-3(ZF1) to be required to restrict PAR-1 and PAR-2 to the basolateral
embryos both showed correct expression ofead-1::gfp  surfaces.

transgene only in the E daughters (Fig. 2D,L), whepeas3 We next asked if the apical localizations of PAR-3, PAR-6
embryos either lackeeénd-1::gfp expression or had faint and PKC-3 were interdependent. The youngest somatic cells
expression in multiple cell$®30) (Fig. 2H). Taken together, of par-3(ZF1) embryos contained apical PARE3-GFP (Fig.
these observations indicate that the expression of 4C, arrow) and PKC-3 colocalized with PAREZGFP (Fig.
par::zf1::gfp transgene in @ar mutant embryo fully rescues 4D, arrow). The older somatic cells lacked PARI3SFPand

defects in anterior-posterior asymmetry. contained cytoplasmic rather than apical PKC-3 (Fig. 4D).
S Similarly, PKC-3 also failed to localize to the apical cortex in
PAR localization in  par(ZF1) embryos the somatic cells lacking PARY8-GFPin par-6(ZF1)embryos

PARZF1-GFP proteins were degraded rapidly in the somatic(Fig. 4E,F). By contrast, endogenous PAR-3 showed a robust
precursor cells of thpar(ZF1) strains in a pattern similar to association with the apical cortex of cells lacking PARLEFP
the degradation of PARRI-GFP proteins in otherwise wild- in par-6(ZF1)embryos (Fig. 4G,H). The apical localization of
type strains (Fig. 1Bc-h, Fig. 3C). Because degradation of tHreAR-3 in thepar-6(ZF1)strain does not result simply from the
PARZF1-GFPproteins occurred progressively with the age ofperdurance of cortical PAR-3 after the degradation of PAR-
the somatic precursor, we observed several examples whed€1-GFR in both wild-type embryos and ipar-6(ZF1)
a cell with apical PARF1-GFP was adjacent to a cell that embryos, PAR-3 disappeared transiently from the cortex during
lacked PARFI-GFF This pattern indicates that apical cell division and reappeared during the next cell cycle. In
restriction of PAR-3 does not require PAR-3-mediatedsummary, PAR-3, but not PKC-3, associates specifically with
interactions with neighboring cells. To test this hypothesishe apical cortex in cells that lack PAR-6. However, neither
further, we combined wild-type embryos wiptlar-3 mutant  PAR-6 nor PKC-3 can associate with the apical cortex of cells
embryos at the 2-cell stage and allowed the chimeric embrydiat lack PAR-3.
to divide in culture. In each of seven chimeric wild-tyyzef . . ) o
3 mutant embryos, PAR-3 was excluded from all surface§ell-cell adhesion and ingression are defective in
where a wild-type cell contactedpar-3 mutant cell. Instead, par(ZF1) embryos
PAR-3 was concentrated on the contact-free surfaces of the early wild-type embryos the lateral, but not basal, surfaces
wild-type cells (Fig. 1Bk,I and Discussion). These results aref interphase cells are tightly adherent. We reported previously
similar to those of a previous study where wild-type embryoshat par-3 mutant embryos have abnormally large spaces
were combined with wild-type embryos (Nance and Priesdyetween the lateral surfaces of cells (Nance and Priess, 2002).
2002) (data not shown). We therefore examined cell-cell contacts in video recordings
Genetic studies have shown that the localization of PARf par-3(ZF1)and par-6(ZF1) embryos. Embryos from both
proteins in the 1-cell embryo is interdependent; removal of anstrains developed separations between the basal surfaces of
one protein can alter the pattern of, or prevent, the corticalells to form a central blastocoel. However, additional, large
localization of the other PAR proteins (Boyd et al., 1996;separations were present between the lateral surfaces of cells
Etemad-Moghadam et al., 1995; Hung and Kemphues, 1998y the par(ZF1) embryos (Fig. 5C, Table 1) but not wild-type
Tabuse et al., 1998; Watts et al., 1996). We therefore asketnbryos (Fig. 5A, Table 1). Focal planes throughptn€ZF1)
whether the apicobasal localization of the PAR proteins aftegmbryos often showed abnormal spacesutmavide between
the 1-cell stage involved a similar interdependence. PAR-1 artle otherwise contiguous lateral surfaces of cells (Fig. 5D,
PAR-2 are normally associated with the basolateral surfaces dable 1). Electron microscopy confirmed that the images
somatic precursors (Fig. 3B,Bnd data not shown). After the visible in the light microscope were intercellular spaces
degradation of either PARZBLI-GFP or PAR-&F1-GFPin the  rather than intracellular structures (Fig. 5E). We consider it
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(Fig. 3E and data not shown). LAD-1, the. elegans
homolog of L1CAM, is believed to have a role in cell
adhesion and has been reported to localize to the basolateral
surfaces of some embryonic cells (Chen et al., 2001).
However, LAD-1 was not restricted to the basolateral surfaces
of early embryonic cells in wild-type embryos, and this
distribution did not change ipar-3(ZF1)embryos (data not
shown).

The first cells to ingress during gastrulation are the two
endodermal precursors. The endodermal precursors move from
the ventral surface into the interior, beginning0 minutes
after the first cleavage of the embryo (Sulston et al., 1983).
During ingression, neighboring cells spread across the apical
surfaces of the endodermal precursors (Lee and Goldstein,
2003; Nance and Priess, 2002). We found that the ingression
of the endodermal precursors par(ZF1) embryos was
markedly slower than wild-type endodermal precursors. For
example, at a time when wild-type endodermal precursors had
moved 2+1.2um (n=5) away from the ventral surface, the
endodermal precursors par-3(ZF1)embryos had either not
moved or moved only 0.4+0.%:im (n=6, P<0.05). The
endodermal precursors in wild-type embryos completed
ingression in 23 minutes, which corresponds to a single
cell cycle (Table 1, Fig. 6Aa-c, Movie 1A at
http://dev.biologists.org/supplemental/). By contrast, the
endodermal precursors par-3(ZF1) and par-6(ZF1) strains
required 51 and 43 minutes to complete ingression,
respectively, and invariably divided before ingression
was complete (Table 1, Fig. 6Ad-f, Movie 1B at
http://dev.biologists.org/supplemental/). Expression of PAR-
32F1-GFPor PAR-&F1-GFPin otherwise wild-type embryos did
not slow ingression, indicating that the ingression defect was
not caused by overexpression of the PAR proteins from the
transgenes (Table 1).

Because NMY-2/nonmuscle myosin has been implicated in
ingression (see Introduction), we used amy-2:.gfp
Fig. 4.Localization of apical PAR proteins. Each row depicts a transgene to examine cells in living embryos. In both wild-
single embryo immunostained for the protein at the bottom right of type andpar-3(ZF1)embryos, NMY-£FPwas present at low,
each panel. Embryo genotypes are shown above each row. Where yniform levels at the cortices of interphase cells, and
visible, the germline precursor is indicated with a yellow asterisk an¢ yncentrated at either the cleavage furrow or midbodies of
the youngest somatic precursors are indicated by arrows. Embryos dividing cells (Fig. 6Bb, arrowhead). In wild-type embryos,

are shown at representative stages; similar results were obtained fo he inaressing endodermal precursors showed a proaressive
other stages. (A-B) An 8-cell embryo. (C-D) A 12-cell embryo. 9 g P prog

(E-F) A 14-cell embryo. (G-H) A 26-cell embryo. At this stage, enrichment of apical NMY-2™ as their apical
PAR-FFL-GFPis present only in the three youngest somatic cells ~ surfaces  flattened  (Fig. 6Ba-c, Movie 2A at
(arrows), whereas apical PAR-3 is present in several older somatic http://dev.biologists.org/supplemental/) (4/4 embryos). By
cells (arrowheads in H). contrast, the endodermal precursors in mpat-3(ZF1)
embryos had no enrichment of apical NM¥E2 during the
period ingression normally occurs and little, if any, flattening
unlikely that lateral adhesion was disrupted by transgenef their apical surfaces (Fig. 6Bd-f, Movie 2B at
overexpression of the PAR proteins because the saniétp://dev.biologists.org/supplemental/) (6/7 embryos not
transgenes did not disrupt adhesion when crossed ing@nriched, 1/7 enriched slightly). Thus, the slow ingression of
otherwise wild-type embryos (Table 1). the endodermal precursors ipar-3(ZF1) embryos was
Cell-adhesion defects ipar(ZF1) embryos could result associated with a failure to contract their apical surfaces and
from the mislocalization of adhesive proteins that normallycorrelated with reduced levels of apical NMY-2.
localize to the basolateral surfaces where cells contact otherTwo genes inC. elegans nmy-2 and nmy-1, encode
cells. HMR-1, the soleC. eleganshomolog of E-cadherin, nonmuscle myosin heavy chains. Althoughy-2is required
is found in wild-type early embryos exclusively at for anterior-posterior polarity and cell division, roles fony-
basolateral surfaces, where it colocalizes with HM&@-1/ 1 in the early embryo have not been described (Guo and
catenin and HMP-Btcatenin (Costa et al., 1998). However Kemphues, 1996). Because endodermal cellpanr3(ZF1)
both HMR-1 and HMP-1 were localized normally to theembryos eventually ingress, we wondered if NMY-1 might
basolateral surfaces of aflar-3(ZF1) embryos examined compensate for the reduced levels of apical NMY-2. However,

par-6(ZF1)
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Fig. 5. Lateral cell adhesion.
(A,B) Surface (A) and internal
(B) images of a wild-type
embryo viewed by light
microscopy. (C,D) Surface (C)
and internal (D) views of par-
6(ZF1)embryo.

(E) Transmission electron
micrograph of gar-3(ZF1)
embryo. The arrow indicates
abnormal intercellular
separations. Opposing
arrowheads in E indicate
contacts between lateral
membranes. n, nucleus. Scale
bars: 5um in D; 1um in E.

the pattern of endodermal cell ingression was not alterehgression of these MS descendants beginksour after the E
by depleting NMY-1 by RNA-mediated interference anddaughters begin their ingression (Nance and Priess, 2002;
endodermal cells were internalized at 136+6.7 minutes afte3ulston et al., 1983). We compared the ingression of a pair of
the 2-cell stagenEll, compare tpar-3(ZF1)and wild type  MS descendants (MSaaaa and MSaaap) in wild-type embryos
in Table 1). and par-3(ZF1) embryos. In wild-type embryos, both cells
In normal development, ingression of the endodermaingressedil1 minutes after their birth (11+2 minutes5). In
precursors is followed by ingression of a group of mesodermaach of sixpar-3(ZF1)embryos examined, the same cells had
cells that are descendants of an early embryonic cell called M&ariable defects in ingression. In one embryo, neither cell
ingressed during an observation period of two
cell cycles. In embryos where the cells
eventually ingressed, the first ingression
movements were evident 7 minutes later than
in wild-type embryos (18+3 minutes after their
birth, n=5, P<0.05). Thus ingressions in both
endodermal and mesodermal lineages occur
more slowly inpar-3(ZF1) embryos than in
wild-type embryos.

Fig. 6.Ingression of the endodermal precursors.
(A) Images from video recordings of the

ingression of the E daughters, the endodermal
precursors. The focal plane is through the center of
the embryo. (a) 24-cell stage. The E daughters
(nuclei indicated by single asterisks) are present on
the surface of the embryo. (b) 28-cell stage. The E
daughters have moved toward the interior of the
embryo (top). (c) 46-cell stage. The E daughters
have entered the body cavity and divided into the E
granddaughters (double asterisks indicate the two
visible granddaughters). Neighboring cells
(triangle) cover the site of ingression.

(d-f) Comparable stages pér-3(ZF1)embryos,
labeled as above. Note that the E granddaughters
remain on the surface of the embryo in f.

(B) Confocal images of NMY-2FPin living

embryos during the early stages of ingression,
labels as above. The arrowheads in b,e indicate
levels of NMY-2FPin the midbodies of dividing
cells; arrows in ¢ and f show the apical surfaces of
the E daughters. Time points in minutes are
indicated in the lower right-hand corner of each
panel;t=0 was the 26-cell stage just after the

MS(2) to MS(4) division. Scale barspsn.
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Discussion 3 dissociates from and reassociates with the apical cortex
ZF1-mediated removal of maternal PAR proteins before and after each cell division, respectively. In principle,
In C. elegans many maternally expressed gene product non-PAR proteins could define a location on the apical surface
perdure over several cell cycles and some can persi?qat is malnta!neq dqrmg cell division. prever, bggause there
throughout embryogenesis into larval stages (Swanson a% natural variability in ceII.cor_\tacts dun_ng cell division, and
Riddle, 1981). Delineating when such products function Oﬁerﬂ)%pause our .Ce.” recqmbmanon experiments show that the
' : %.pICObaSBJ axis is not fixed (Nance and Priess, 2002), we favor

requires the availability of temperature-sensitive mutant allel : : : .
of the protein. We have taken an alternative approach e@z Egﬁl?/tzgﬁlfxlit/?;tow: apical surface is redefined after each of

selectively removing PAR proteins by exploiting a protein
degradation system that normally removes the PIE-1 proteigar proteins and cell adhesion
from somatic cells. We have shown that fusing the ZF1 domai : ;
) . ) : he observation that PAR-3 is excluded from contact surfaces
of PIE-1 to the PAR proteins doe_s not impair PAR functhns dicates that proteins that are involved in cell adhesion either
'the 1-cell.stellge of embryogenesls when they play a crucial ro rectly or indirectly influence PAR-3 localization. In a
In eggi‘b"Sh'F‘g anterior-posterior asymmetry. However, th?eciprocal manner, the apical PAR-3 complex appears to either
PART" proteins disappear in the somatic precursor cells aftey oy or indirectly modulate cell adhesion. We have shown
the 4-cell stage and remain absent until late development wh t par(ZF1) embryos can develop prominént gaps between
the par genes are transcribed by the embryo. This techniq -
should prove useful for examining additional maternal proteirL]lgldehlateral surfaces of cells, whereas these surfaces are tightly

Sre X . erent in normal embryos. Similarly, embryo culture
that are implicated in early asymmetry, and for analyzin . : ’ :
somatic functions of proteins that are expressed in both soma Xperiments have shown that apical surfaces have the potential

and germline precursors §§ adhere on contact with other cells (Nance and Priess, 2002).
: Thus, the apical PAR-3 complex might concentrate or modify
adhesive factors at the apical and adjacent lateral surfaces.
De novo establishment of apicobasal asymmetry Alternatively, the apical PAR complex might direct the
within early embryonic cells vectorial transport to the basal surface of proteins that inhibit
During the 4-cell stage of embryogenesis, the PAR proteingell adhesion; such proteins would mislocalize to lateral
undergo a dramatic redistribution along the apicobasal axisurfaces inpar(ZF1) embryos. By analogy, an apical PAR
Our results indicate that recruitment of PAR-3 to the apicatomplex inDrosophilaneuroblasts directs the localization of
cortex is a key step in this redistribution, analogous to previou§e Miranda protein to the opposite end of the cell (reviewed
observations on the role of PAR-3 at the 1-cell stage (Watfgy Doe and Bowerman, 2001).
et al., 1996; Tabuse et al., 1998). We showed that PAR-3 Because cell separations occur between many different types
localization to the apical cortex occurs independently of PARof cells inpar(ZF1) embryos, they appear to be caused by a
6 (this study) and PAR-2 (Nance and Priess, 2002). Moreovegeneral defect in cell-cell adhesion. This defect is unlikely to
PAR-3 localization is crucial for recruiting PAR-6 and PKC-3result from a failure to transcribe the genes required for cell
to the apical cortex, and restricting PAR-2 to basolateratdhesion because similar separations are not observed when
surfaces. Localization of PAR-3 to the apical cortex is notranscription is inhibited during the early cleavage stages
sufficient for the colocalization of PAR-6 and PKC-3: PAR-6 (Nance and Priess, 2002). Thus, we favor the hypothesis that
does not colocalize with apical PAR-3gkc-3(RNAiembryos  PAR proteins regulate either the localization or activity of
(J.N., E.M.M. and J.R.P., unpublished), and PKC-3 does ndnaternally provided proteins that have roles in cell adhesion.
colocalize with apical PAR-3 ipar-6(ZF1) embryos. Thus Maternally expressed HMR-1/E-cadherin associates with
both PAR-6 and PKC-3 must be present for either protein tttMP-1/a-catenin and HMP-Btcatenin at the basolateral
associate with apical PAR-3. Biochemical studies of PAR-3surfaces of embryonic cells (Costa et al., 1998). However, we
PAR-6 and PKC-3 homologs in mammalian cells have showabserved that both HMR-1 and HMP-1 localize properly in
that these proteins can bind to one another directly (Joberty par-3(ZF1)embryos. Depletion of HMR-1 or HMP-1 does not
al., 2000; Lin et al., 2000), indicating that interactions betweetead to noticeable defects in the adhesiveness of the early
all three proteins might be necessary to stabilize a complesmbryonic cells (Costa et al., 1998), indicating that additional
with apical PAR-3. adhesive proteins remain to be identified.
How is PAR-3 recruited to the apical cortex? Our previous o )
experiments with recombined embryonic cells demonstrategole of the PAR proteins in gastrulation
that PAR-3 is excluded from surfaces that are in contact witPefects in cell adhesion could contribute to the abnormally
neighboring cells (Nance and Priess, 2002). Thus, in a normalow cell ingressions observedpar(ZF1)embryos. When an
embryo PAR-3 would be restricted to the contact-free, apicangressing cell separates from its neighbors at the surface of a
surface. We have shown here that the exclusion of PAR-3 fromprmal embryo, a transient gap is created that is closed by
contact surfaces is not dependent on the presence of PAR-3the rapid spreading of neighboring cells. This spreading
the neighboring cells. Firshar-3(ZF1) embryos can contain presumably is mediated by lateral adhesion between the newly
young somatic cells with apically restricted PAR-BGFPthat  exposed surfaces of the neighboring cells. Thus, adhesion
are adjacent to older somatic cells that lack PAR-GFF between the neighboring cells might exert a squeezing force on
Second, wild-type cells that are recombined \pii-3 mutant  the ingressing cell that contributes to the normal speed of
cells correctly localize PAR-3 to their contact-free surfacesingression.
In normal development, PAR-3 must distinguish the apical Defects in apical contraction are a second likely cause of
surface from contact surfaces at each cell cycle because PARe slowed cell ingressions pfar(ZF1) embryos. In normal
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embryos, NMY-2/nonmuscle myosin concentrates at the apicaimbryos inC. elegansvithout causing embryonic lethality is
cortex of ingressing cells, reaching a level comparable to thaurprising given the essentially invariant positions of
found in the cleavage furrows of dividing cells (Nance andembryonic cells during normal tissue morphogenesis (Sulston
Priess, 2002 and this study). The apical contraction of aet al., 1983). However, examples of natural variability in cell
ingressing cell could concentrate a fixed, but initiallypositions have been documented in wild-type embryos, where
dispersed, population of cortical NMY-2, and lead to arthe mispositioned cells can migrate to their normal location
apparent increase in the level of NMY-2. However, membrangSchnabel et al., 1997). In addition, mutations that block cell
associated proteins such as LAD-1 do not show a similateath result in embryos with mispositioned cells. These
behavior during cell ingression, raising the possibility thaembryos develop into viable animals that appear superficially
additional NMY-2 is recruited to the apical surfaces ofnormal, although they have numerous defects in cellular
ingressing cells (Chen et al., 2001) (J.N., E.M.M. and J.R.Pgnatomy (White et al., 1991). We do not yet know whether
unpublished). Irrespective of the mechanism by which NMYthe mispositioned cells inpar(ZF1) embryos undergo
2 is concentrated in normal ingression, this concentration isompensatory migrations or whether the resulting animals
either markedly reduced or does not occur par(ZF1) have anatomical defects that are not apparent by light
embryos. Because myosin activity is essential for apicahicroscopy.
contraction and ingression (Lee and Goldstein, 2003), failure
to either concentrate or activate NMY-2 is likely to lead toCues and roles for PAR asymmetry
defects in ingression. C. elegangmbryos have at least three distinct periods in which
Why doesn't cell ingression fail completely in thar(ZF1) the PAR-3 complex must distinguish different cell surfaces. At
embryos? It is possible that a small but significant amount dhe 1-cell stage PAR-3 associates with the anterior surface, and
PARZFI-GFP persists in ingressing cells. Although we cannotat the 4-cell stage PAR-3 associates with the apical surface. In
eliminate this possibility, the residual level would have to bdate embryogenesis PAR-3 is localized asymmetrically in
below the level of detection of immunocytochemistry usingepithelial cells, and the apicobasal axis of the internal epithelia
antibodies against either GFP or the various PAR proteings inverted with respect to that of earlier embryonic cells
Moreover, all of the lines of transgenic animals we generateLeung et al., 1999; McMahon et al., 2001) (J.N., E.M.M. and
had identical defects in ingression despite considerabl&R.P., unpublished). These localization patterns appear to be
variation in their initial level of PARF1-GFPat the 1-cell stage. specified de novo during each period. Disruption of PAR
A second possibility is that the low level of NMY-2 remaining asymmetry at the 1-cell stage by mutationpan-2 does not
at the apical surface is sufficient for a weak contraction angdrevent apical localization of PAR-3 after the 4-cell stage
slow ingression. It is unlikely that NMY-1 functions (Nance and Priess, 2002). Similarly, we showed that the
redundantly with NMY-2 in this process because depletingbsence of the PAR-3 complex between the 4-400-cell stages
NMY-1 in par-3(ZF1) embryos does not further impair in par-3(ZF1)embryos does not prevent the subsequent apical
endodermal cell ingression. Last, it is possible that the PARecalization of PAR-3 during organogenesis.
dependent concentration of NMY-2 at the apical surface The molecular cues used to localize the PAR-3 complex
functions primarily to increase the efficiency of an otherwisaemain to be identified and, at some level, these are likely to
PAR-independent pathway for ingression. Cells that lackary. For example, sperm position and cell contacts specify
PARZF1-GFPproteins retain at least one apicobasal asymmetryolarity at the 1- and 4-cell stages, respectively. Although the
the basolateral localization of HMR-1/E-cadherin, and basahechanism of PAR localization has not been studied
localization of structures such as lamellipodia or filopodiaextensively in the epithelial cells 6f elegansgenetic studies
could contribute to ingression. Studies in other systems hawe Drosophilahave identified homologs of proteins in tGe
shown that the ARP2/3 complex of proteins functions in thelegansPAR-3 complex that regulate apicobasal polarity in
nucleation and branching of microfilaments and that it localizespithelial cells. E-cadherin-mediated cell adhesion is required
to the leading edges of crawling cells (reviewed by Higgdor apical PAR-3 complex localization Drosophilaepithelial
and Pollard, 2001). Interestingly, depletion of theelegans cells (Bilder et al., 2003), whereas HMR-1/E-cadherin is not
ARP2/3 complex prevents ingression of the endodermatssential for PAR-3 complex asymmetry at either the 1-cell or
precursors (Severson et al.,, 2002). Large filopodial-likel-cell stage irC. elegangCosta et al., 1997; Nance and Priess,
projections are apparent on the. elegansendodermal 2002). Apical localization of the PAR-3 complexdrnosophila
precursors after ingression (J.N., E.M.M. and J.R.Pepithelia is antagonized by a basolateral complex of proteins
unpublished), however it is not known whether smalletthat includes Discs large and Scribble (Bilder et al., 2003;
filopodia and lamellipodia are present during ingression. Th&anentzapf and Tepass, 2003). Theeleganfiomologs of the
possibility that multiple mechanisms contribute to celllatter proteins, DLG-1/Discs large and LET-413/Scribble, are
ingression in C. elegansis reminiscent of studies on expressed in epithelial cells, and depletion of these proteins
invagination inDrosophila During Drosophila gastrulation, causes epithelial defects (reviewed by Knust and Bossinger,
invaginating sheets of cells flatten and contract their apic&003). However, these proteins do not appear to function in
surfaces, and apical contraction is associated with an apicapicobasal polarity of early embryonic cells because they are
accumulation of nonmuscle myosin (reviewed by Leptingither not expressed in the early embryo (DLG-1) or are not
1999). These shape changes are regulated in part by the Foldeduired for apical localization of PAR-3et-413 (J.N.,
gastrulation (Fog) signaling pathway. However, mutations thaE.M.M. and J.R.P., unpublished). Thus, identifying the
disrupt the Fog pathway slow, but do not prevent, invaginatiomolecular basis of cell-contact-dependent PAR localization
(Costa et al., 1994; Parks and Wieschaus, 1991). remains an important goal for future studies on apicobasal PAR
The fact that cell ingressions can be slowegdn(ZF1) asymmetry.
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