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Summary

Caenorhabditis eleganss a powerful model system for potential roles in muscle function and embryogenesis.
investigating the establishment, regulation and function of Recent work has increased our understanding of these
adhesive structures in vivoC. elegandas several adhesion structures and has given new insights into the functions of
complexes related to those in vertebrates. These include: their vertebrate counterparts.

(1) epithelial apical junctions, which have features of both

adherens and tight junctions; (2) dense bodies, which are

muscle-attachment structures similar to focal adhesions; Movies available online

(3) fibrous organelles, which resemble hemidesmosomes

and mediate mechanical coupling between tissues; and (4) Key words: Cell adhesion, Adherens junctions, Integrins,

a putative dystrophin-glycoprotein complex that has Hemidesmosomes, Dystrophin-glycoprotein complex

Introduction system of C. elegans particularly in synapse formation

Adhesion complexes play key roles in many events, includinffeviewed by Broadie and Richmond, 2002; Jin, 2002) and
cell migration, differentiation, proliferation, apoptosis anddrowth cone guidance (reviewed by Branda and Stern, 1999;
growth cone guidance. The underlying strategies used fgooper, 2002); however, these topics are beyond the scope of
accomplish cell adhesion are remarkably similar inthis review.
Caenorhabditis elegan®rosophilaand humans (Hynes and
Zhao, 2000). Therefore, studies in relatively simple organism
such a<C. elegandave the potential to reveal much about the
basic, conserved molecular mechanisms that mediate a
regulate cell adhesion.

Several aspects @f. elegansnake it highly amenable to in
vivo studies of cell adhesion. Its small size, simple body pla

qptical transparency, in.varian.t. cell Ii_n_eage, fast gene.ratiopharynx intestine and vulva), a single, electron-dense region
time a_md genetic manipulability faqhtate the analy5|s .ofis typically restricted to the apical contact zone between cells
adhesion complexes. Forward genetic screening has |dent|f|(aglig 1B) (Priess and Hirsh, 1986: Leung et al., 1999). This

numerous proteins that are important for cell adhesia@. in ; : : / -
elegans including integrins (Williams and Waterston, 1994),3:58?2,[3 r;a:ﬂlltt:izlr(;tlér?r(]:t:%nmé(lée)z(ég)(lzr;gsLigveral domains  with

a classical cadherin (Costa et al., 1998) and many others.-l-he apical region of CeAJs contains a cadherin-catenin

Furthermore, analysis of tl& elegangenome has identified o piex that mediates adhesion and anchorage to the actin

numerous putative adhesion receptors, many of which hayg;,skeleton. Because of its similarity to adherens junctions of
vertebrate homologs [see Cell Science at a Glance article §jer organisms, we refer to this as the adherens junctional

this issue, pp. 1867-1870 (Cox et al., 2004)] (Hutter et algomain. More basal is a domain containing the Discs large
2000). Several adhesion complexesCinelegansare similar  (pjg) homolog, DLG-1, and its binding partner, AJM-1. The

to those in vertebrates, including: epithelial apical junctionsp| G-AJM-containing domain regulates adhesion and might
which have traits of adherens and tight junctions; integring|so regulate paracellular permeability.

mediated dense bodies, which orchestrate sarcomere assemblyq cells of the intestine and pharynx, a region apical to the

and are similar to focal adhesions; hemidesmosome-likgdherens junctional domain has a composition that is similar
fibrous organelles, which anchor intermediate filaments ang that of the vertebrate tight junction and the subapical region
mechanically couple tissues; and a putative dystrophingSAR) in Drosophila This SAR-like region contains a PAR-
glycoprotein complex, which may link the extracellular matrix3—-PAR-6—-PKC-3 complex and at least one homolog of
(ECM) and actin cytoskeleton in epithelial cells, neurons andCrumbs, a transmembrane protein that regulates cell polarity
potentially, muscle. These complexes have been studiéd Drosophila and vertebrates (reviewed by Miller and
predominantly during epithelial and muscle morphogenesiBossinger, 2003). Although the PAR-atypical PKC (aPKC)
Cell adhesion also plays an important role in the nervousomplex regulates cell polarization in the one-€llelegans

e elegans apical junctions
ithelial junctions inC. elegansand higher eukaryotes are
strikingly similar in composition and function, but have some
overall differences in organization (Fig. 1A) (reviewed by
nust and Bossinger, 2002; Muller and Bossinger, 2003). In
rﬁ‘ue epithelia ofC. elegans(which include the epidermis,
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Fig. 1. TheC. eleganspical junction. A

(A) Schematic diagram showing

epithelial junctional organization in i
vertebratesDrosophilaandC. Vertebrates Drosophila C. elegans
elegansin vertebrates and
Drosophilg different junctions are

. . i AR-lik
distinguishable by electron juﬂ%{;gn adherens ° e
microscopy (EM), whereas . %dhetr.ens adhetrgns junctional B8 D G-AJM
eleganghere is one electron-dense junction junction domain domain

region called th€. eleganspical
junction (CeAJ). CeAlJs consist of a
least three distinct domains, althoug
how these domains correlate to the
electron-dense region is currently
unclear. Note that the SAR of
Drosophilais concentrated at the
marginal zone but extends to the
apical surface (reviewed by Tepass et al., 2001). Components of the SAR-like reQi@iegfangobserved in pharynx and intestine) also
localize to both the marginal zone and apical surface (Bossinger et al., 2001). Despite some differences in organiziticonmbhesgional
similarity between the regions shown in green (vertebrate tight junEtioepphilaSAR, andC. eleganSSAR-like domain), blue (vertebrate,
Drosophilg andC. elegansadherens junctions) and rddrésophilaseptate junction and tl& elegan®LG-AIM domain) (reviewed by
Knust and Bossinger, 2002). (B) TEM image of a CeAJ (arrow indicates the electron-dense region). Bar, 100 nm.

septate
junction

embryo (reviewed by Ohno, 2001; Etienne-Manneville andut is similarly initiated by cell protrusions (reviewed by
Hall, 2003), its functional role €. elegansepithelia is not  Vasioukhin and Fuchs, 2001). Circumferential actin filament
known. C. eleganshas oneCrumbshomolog €rb-1) and a  bundles (CFBs) anchor to CeAJs and their contraction aids the
second Crumbs-like generl-1 or eat-2Q. Loss-of-function four-fold elongation of the embryo into a worm-like shape
studies indicate that neither is essential for epithelia(Fig. 2B).
development (Bossinger et al.,, 2001), although EAT-20 is hmr-I-null mutants exhibit a ‘hammerhead’ (Hmr)
necessary for proper muscle pumping in the pharynx (Shibagghenotype (Movie 2, http://jcs.biologists.org/supplemental/),
et al., 2000). Thus, the function of the SAR-like region remaing which epidermal cells fail to enclose the anterior, and cells
unclear. Accordingly, we focus here on describing recenspill out of this region (Costa et al., 1998mp-tnull and
progress in understanding the adherens junctional and DL®&mp-2null embryos exhibit a more mild ‘humpback’ (Hmp)
AJM domains. phenotype (Movie 3, http://jcs.biologists.org/supplemental/),
in which embryos enclose but form abnormal bulges when they
) ) ) attempt to elongate (Costa et al., 1998). Howeéwveip-Enull
Adherens junctional domain or hmp-2null embryos that also lack matertahp-1or hmp-
Classic cadherins are calcium-dependent homophilic cell-cell exhibit the more severe Hmr phenotype. JAC-1, like the
adhesion receptors linked to the actin cytoskeleton thrugh Drosophilap120ctn homolog (Myster et al., 2003), positively
catenin, which binds ta-catenin. Cadherins also bind to p120 modulates cadherin-catenin function@n elegangout is not
catenin (p120ctn), which has a complex role in regulatingssential for development (Pettitt et al., 2003).
cadherin function (reviewed by Anastasiadis and Reynolds, The putative four-pass transmembrane protein VAB-9 also
2000).C. eleganshas a cadherin-catenin complex consistinglocalizes to the adherens junctional domain (Simske et al.,
of the classical cadherin, HMR-1A, HMP{2-¢atenin), HMP-  2003). VAB-9 has Drosophila and vertebrate homologs
1 (a-catenin) and JAC-1 (p120ctn) (Fig. 2A) (Costa et al.(BCMP1) and is distantly related to claudins, which are
1998; Pettitt et al., 2003). These proteins have low overatetraspan cell adhesion receptors that localize to vertebrate
sequence similarity to their vertebrate homologs, but haviéght junctions (Tsukita et al., 2001; Colegio et al., 2002p-
conserved functional domains and protein-protein interactiong-null mutants are viable but have a ‘variably abnormal’ (Vab)
(reviewed by Simske and Hardin, 2001; Pettitt et al., 2003). phenotype, characterized by elongation and body-shape
TheC. elegansiMR-HMP complex was identified through defects. VAB-9 requires HMR-1 for its localization and
its essential role in morphogenesis of the hypodermis (Costagulates CFB attachment to CeAJs (Simske et al., 2003),
et al.,, 1998) (reviewed by Simske and Hardin, 2001), although the mechanisms involved are unclear.
specialized epidermis that forms the outer layer of the worm. Several proteins have emerged as potential regulators of the
Epidermal cells are born on the dorsal side of the embryo aftadherens junctional domain including APR-1, Rho family
gastrulation and adhere to form a cell sheet. The free edg€dPases and semaphorins. APR-1, a homolog of the APC
migrate to the ventral midline, where they seal through th&umor suppressor, localizes to epidermal cell borders, and
formation of adhesive junctions in a process called ventrahutants exhibit Hmr-like phenotypes in addition to defects in
enclosure (Fig. 2B) (Williams-Masson et al., 1997). Thecell fate specification, among others (Hoier et al., 2000). The
formation of junctions is rapid (taking fewer than 15 minutes)potential role of APR-1 in regulating the HMR-HMP complex
and is mediated by contact between actin-rich protrusions (séas not been explored. Rho-family GTPases are key regulators
Movie 1, http://jcs.biologists.org/supplemental/) (Raich et al.pf adherens junctions in other systems (reviewed by Van Aelst
1999). Junction formation in cultured cells occurs more slowlyand Symons, 2002L. elegansromologs of Cdc42 (CeCDC-
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HMR-1A
| | (cadherin)

HMP-2
(p-catenin)

(c-catenin)

[ Cadherin Repeat [l Fn |ll domain
[ EGF domain ¥r Type | PDZ-binding motif
[ Laminin G domain [ p-catenin-binding motif
@ Amadillo repeat B Actin-binding domain

Fig. 2. The cadherin-catenin complex@ elegans(A) Diagram of the cadherin-catenin complexCinelegansThis complex consists of
HMR-1A (cadherin), HMP-2[-catenin), HMP-1d-catenin) and JAC-1 (p120ctn). (B) A time course showing localization of the cadherin-
catenin complex during epidermal morphogenes@.ialegansConfocal images of a living embryo expressing a JAC-1-GFP fusion protein.
During ventral enclosure (a-b), edges of the epidermal cell sheet extend around the embryo, meet at the ventral midlinlercagh she
formation of cell junctions. Note that JAC-1-GFP is not present at the leading edge of migrating epidermal cells, bytrscrat to the
contact region between cells at the ventral midline. Other adherens junctional components show a similar localizatioololsuieg &fter
ventral enclosure, contraction of the epidermis helps to drive the four-fold elongation of the embryo (c,d). Nomarski simai@dyohged
embryos are shown for comparison (e-h). A Nomarski movie (Movie 4, http://jcs.biologists.org/supplemental/) showing dewalapmikeiat
type embryo is available online. In all images, anterior is left. Bguni0

42) and Rac-1 (CED-10) localize to epidermal cell bordergnclosure, including components of a conserved Arp2/3

(Chen etal., 1996), and Rho-family GTPases appear to regulatemplex (Sawa et al., 2003), an N-Wasp homolog (Sawa et al.,

actomyosin contractility during elongation (Wissmann et al.2003), GEX-2 and GEX-3 (Soto et al., 2002), and EVL-

1997; Wissmann et al., 1999). Beyond this, the role of Rha20/Arl2 (Antoshechkin and Han, 2002); however, a role for

family GTPases in CeAJs is not understood. Interestinglyhese proteins in cell junction formation has not been

depleting the semaphorin MAB-20/Sema2A causes formatiodemonstrated.

of ectopic epidermal cell contacts during morphogenesis (Roy

et al., 2000). Abnormal contacts might be an indirect o ) o

consequence of increased protrusive activity, although a mokeadherin-independent mechanisms for mediating cell-

direct role for MAB-20 in regulating cell contacts cannot becell adhesion

ruled out. Homologs of SemalA (SMP-1) and SemalB (SMPSince inactivation of cadherins and catenins in mice (Larue et

2) also appear to modulate epidermal cell contacts, but tha., 1994; Riethmacher et al., 1998gnopugHeasman et al.,

mechanisms involved are unknown (Ginzburg et al., 2002). 1994) andDrosophila (Tepass et al., 1996; Uemura et al.,
C. eleganglso has homologs of many proteins that localizel996) disrupts early embryonic cell adhesion, it is surprising

to adherens junctions in other organisms, including ATN-Ihat this is not the case @ elegansOther putative cadherins

(a-actinin), DEB-1 (vinculin), PES-7 (IQGAP) and ZO-1 in C. elegangCox et al., 2004; Hill et al., 2001) could act

(Y105E8A.26), but their roles at CeAJs are unclear (McMahomnedundantly with HMR-1. However, the only other cadherin

et al., 2001) (T. Tuskey, M. Képpen and J.H., unpublishedxharacterized to date is the Fat-like cadherin, CDH-3, which

Several other proteins regulate epidermal cell migration duringegulates morphogenesis of the epidermal cell (hyp10) at the
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Protein domain Homolog Null
structure (Drosophilalvertebrates) Phenotype
AJM-1 3-fold
coiled-coil ?1? arrest
NC——— 1C
Fig. 3. The structure, homologs 1480aa
and mutant phenotypes of DLG-1
AJM-1, DLG-1 and LET-413. 2-fold
The strongesbrosophilaand L27  PDZ PDZ GUK DIg/SAP-97 arrest
vertebrate homologs are listed. | N Hil—llli-c
For the null phenotype, the pbz SHs %67aa
stage of arrest is indicated and | LET-413
the drawing represents . . }
abnormalities in the electron- (B fepeate PDZ Scribble/Erbin |1 .?u Ztlj(r)éd
dense region, as observed by [N c P
TEM (see text for details). LAPSD 679aa

tip of the tail (Pettitt et al., 1996). Another possibility is thevitro (Bossinger et al., 2001; Firestein and Rongo, 2001,
L1-CAM homolog, LAD-1 (Chen et al., 2001). LAD-1 Koéppen et al., 2001; McMahon et al., 2001).
localizes to cell-cell contacts in the early embryo and epithelia. Loss of DLG-1 or AJM-1 causes embryonic arrest at the
Expression of dominant-negative LAD-1 causes body-shapevo- to three-fold stage of elongation, which appears to be
defects, which could reflect perturbed epithelial adhesioraccompanied by necrotic cell death (C. Lockwood and J.H.,
Another candidate is an analog of the ponsin-nectin-afadinnpublished) (Bossinger et al., 2001; Firestein and Rongo,
complex, which provides adhesive function redundantly witt2001; Koppen et al.,, 2001; McMahon et al.,, 2001).
the cadherin-catenin system in vertebrates (reviewed by Takadditionally, loss of DLG-1 results in leakage of cytoplasm
and Nakanishi, 2003L. elegansacks a clear nectin homolog, from the tail and ventral midline during elongation (McMahon
but has homologs of afadin (WO3F11.6 and C43E11.6) anekt al., 2001) and abnormalities in actin bundles of the pharynx
ponsin (Y45F10D.13) (McMahon et al., 2001). RNA and epidermis (Firestein and Rongo, 2001).
interference (RNAI) directed against these genes does notThe precise function of the DLG-AJM domain is not
produce lethality (McMahon et al., 2001). However, RNAiknown, but transmission electron microscopy (TEM) analysis
directed against WO3F11.6 enhances the lethality of embrydss provided some insights. &m-1 null mutants, junctions
that have a weak hypomorphic mutatiommp-1(M. Kdppen, occasionally separate, leaving paracellular gaps of 50-200 nm
J.H. and J. Pettitt, unpublished), indicating that it might eithe(Kdppen et al., 2001). This is speculated to cause loss of solute
act in the same pathway or one parallel to that involving thgating, leading to osmotic shock (Kdppen et al., 2001). By
HMR-HMP complex. contrast, embryos subject to RNAI directed agaitigt1
exhibit loss of electron-dense material from CeAJs (Firestein
) and Rongo, 2001; McMahon et al.,, 2001), indicating that
DLG-AJM domain DLG-1 might act as a scaffold for the formation of this
The DLG-AJM domain lies basal to the adherens junctionamaterial. Intriguingly, epithelial cell membranes nonetheless
domain (Fig. 1) and plays a role in adhesion and, potentiallyemain closely apposed. They may be held together by the
in paracellular permeability. DLG-1 is a membrane-associatetHMR-HMP complex, which remains intact ilg-1(RNAI)
guanylate kinase (MAGUK; Fig. 3) that has homologs inembryos (Bossinger et al., 2001; McMahon et al., 2001). In
Drosophila (DIg) and vertebrates (hDlg/SAP9Drosophila  light of this, it is interesting that the severity of the adhesion
Dlg regulates formation of adherens and septate junctionghenotypes induced by loss of DLG-1 or AJM-1 is enhanced
(reviewed by Miller and Bossinger, 2003), and is alsdy RNAI directed against the adherens junctional component
important for synapse formation (Budnik, 1996) andvab-9 (Simske et al., 2003). This suggests that the adherens
preventing follicular cell overgrowth during oogenesis (Gooddunctional and DLG-AJM domains act together to promote
and Perrimon, 1997). LikBrosophilaDlg, vertebrate SAP97 epithelial integrity.
localizes to epithelial cell contacts, acts as a tumor suppressor,Recent work shows that the claudin-like protein CLC-1
and aids assembly of synaptic junctions (reviewed by Fujitaolocalizes with AJM-1 in pharyngeal cell junctions, where it
and Kurachi, 2000). Mice with a partial deletion of SAP97might regulate paracellular permeability (Asano et al., 2003).
exhibit cleft palates (Caruana and Bernstein, 2001)Determining whether CLC-1 or other claudin-like proteins
highlighting its importance in morphogenesis. (CLC-2, CLC-3 and CLC-4) function within the DLG-AJM
AJM-1 is a novel coiled-coil protein (Fig. 3) (Kdppen et al.,domain will be an important topic for future study. Although
2001). The coiled-coil region is similar to that of the keratinthey have not been extensively characterigzdglegansalso
binding protein trichohyalin (E.A.C. and J.H., unpublished),has several homologs of tight and septate junctional proteins
and its topology is predicted to be similar to that of thgMcMahon et al., 2001; Knust and Bossinger, 2002), including
vertebrate tight junction proteins cingulin and JEAP (S. CitiLethal giant larvae (M01A10.2), Band 4.1/Coracle (ZK270.2,
personal communication). DLG-1 is necessary for the propeC48D5.2A, T04C9.6, H05G16.2), Symplekin (F25G6.2) and
localization of AJM-1 and physically interacts with AJM-1 in Neurexin IV (F20B10.1). Identifying more components of the
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DLG-AJM domain, and determining whether it interacts with1997). Force transduction in muscle is accomplished through
the cytoskeleton, will help clarify its function. anchorage of actin and myosin filaments to the muscle cell
membrane. IrC. elegansmutations that perturb this process

) o . cause arrest at the two-fold stage of elongation owing to muscle
Regulation of CeAJ organization and polarity paralysis (Hresko et al., 1994; Williams and Waterston, 1994;
Currently, little is known about how CeAJ polarity is establishedGettner et al., 1995). Characterization of ‘paralyzed at two-
and maintained. Components of the adherens junctional domdinld’ (Pat) mutants has shown that integrin attachment
(the HMR-HMP complex and VAB-9) are not necessary forstructures are essential for sarcomere assemifly @legans
localization of the DLG-AJM complex and vice versa (Costa eBimilarly, integrins are also required for the formation of
al.,, 1998; Bossinger et al., 2001; Firestein and Rongo, 200fynctional muscles irosophilaand mammals (reviewed by
Kdppen et al., 2001; McMahon et al., 2001; Simske et al., 2003Rokel and Brown, 2002).
Recent insights into junctional polarity@ elegansre derived C. eleganss a powerful model system for exploring integrin
from studies of the LAP (‘leucine-rich repeat and PDZ’) proteinfunction, in part because it has just taxntegrins (PAT-2 and
LET-413 (Fig. 3). LET-413 localizes through its leucine-richINA-1) and one-integrin (PAT-3). InC. elegansroles for
repeat region to the basolateral membrane of epithelial cells anttegrins in cell migration (Baum and Garriga, 1997; Lee et al.,
partially overlaps the DLG-AJM domain (Legouis et al., 2000;2001), neuron fasciculation (Baum and Garriga, 1997),
Legouis et al., 2003). Like its homologdimsophila(Scribble)  gonadal morphogenesis (Lee et al., 2001) and muscle tissue
(Bilder et al., 2000; Bilder and Perrimon, 2000) and vertebratastegrity (see below) have been documented. However, the
(Erbin) (Borg et al., 2000), LET-413 has an important role inadhesive structures organized by integrins have been most
regulating junctional organization. extensively examined in muscle.

In C. eleganembryos lacking LET-413, the electron-dense During sarcomere assembly @ elegansparallel bundles
material at CeAJs is discontinuous, extended basally, or absesftactin (thin flaments) and myosin (thick filaments) link to
entirely (Legouis et al., 2000; McMahon et al., 2001). Whathe cell membrane through dense bodies (Z-disc analogs) and
accounts for this phenotype is not entirely clear, but severd-lines, respectively (Fig. 4A,B). Dense bodies are similar to
recent studies offer clues. First, LET-413 prevents basalertebrate focal adhesions, which are integrin-based complexes
diffusion of some apical CeAJ proteins, including PAR-3 andhat mediate linkage between the ECM and the actin
PAR-6 (Bossinger et al., 2001). Second, although LET-413 isytoskeleton (Hynes, 1992). In addition to their structural role,
not necessary for apical targeting of adherens junctiondbcal adhesions also mediate cell signaling (reviewed by Zamir
components (Legouis et al., 2000; McMahon et al., 200land Geiger, 2001; Hynes, 2002). M-lines are also integrin
Simske et al., 2003), it does act with DLG-1 to exclude thenbased and are compositionally similar to dense bodies;
from the basolateral membrane (Simske et al., 2003). Thirdhowever, they are inherently different from focal adhesions
LET-413 is important for promoting proper distribution of since they anchor to myosin rather than actin.

DLG-1 and AJM-1 and preventing them from spreading Dense bodies and M-lines are organizedBAT-2—{3PAT-
basally (Kdppen et al., 2001; McMahon et al., 2001). The integrin heterodimers, which recruit numerous cytoplasmic
molecular mechanisms through which LET-413 accomplisheproteins also present in focal adhesions (Fig. 5A). Like focal
these functions are unknown. LET-413 could interact with @adhesions, dense bodies contain DEB-1/vinculin (Barstead and
motor complex (McMahon et al.,, 2001) or the Rho-familyWaterston, 1991), ATN-titactinin (Francis and Waterston,
GTPases (Legouis et al., 2000), although direct evidence fdi985; Barstead et al., 1991), CeTalin (Moulder et al., 1996),
either possibility is lacking. Further studies on LET-413 andJNC-97/PINCH (Hobert et al., 1999), UNC-112/Mig-2
the identification of other regulators of CeAJ polarity are likely(Rogalski et al., 2000), PAT-4/ILK (Mackinnon et al., 2002)
to clarify how epithelial cell polarity is established in vivo. and PAT-6/actopaxin (Lin et al., 2003). M-lines lack actin-

In summary, despite organizational differences betweehinding proteins (DEB-1 and ATN-1), and instead contain a
epithelial junctions irC. elegansDrosophilaand vertebrates, novel immunoglobulin-fold protein, UNC-89 (Benian et al.,
there are several conserved proteins that share some analogb896), that binds to myosin.
functions (see also Miuller and Bossinger, 2003). These include
the HMR-HMP (cadherin-catenin) complex, DLG-1 . ]

(DIg/SAP-97) and LET-413 (Scribble/Erbir}.. elegansalso  Assembly of dense bodies and M-lines
has a PAR-aPKC complex, and it will be important toThe first step in dense body and M-line assembly is recruitment
determine its functional role in epithelial cell adhesion andf integrins to the plasma membrane, where they cluster into
polarity. The conservation of these proteins indicates theipands, one along the longitudinal axis of each body-wall
importance as core elements of epithelial cell junctions andhuscle quadrant. Subsequently, these initial attachment sites
indicates thatC. elegansis an excellent model system for segregate into a highly ordered pattern of dense bodies and M-
studying their functions. lines (Fig. 4B).
UNC-52/perlecan, a secreted heparan sulfate proteoglycan,

_ ) is the only protein known to be necessary for integrin
Dense bodies and M-lines localization to the basal muscle cell membrane (Rogalski et al.,
C. elegansas four longitudinal muscle quadrants that underliel993; Hresko et al., 1994; Williams and Waterston, 1994;
the epidermis (reviewed by Francis and Waterston, 1985Mullen et al., 1999). Whether UNC-52 is a ligand ¢d?AT-
Muscle quadrants are first detectable just after ventrd—-f3PAT-3, or has an indirect role in integrin recruitment, is
enclosure is complete and sarcomeres are evident at the twarently unknown. Recent studies indicate that the lamiBin
fold stage of elongation (reviewed by Moerman and Firesubunit (one of two laminina subunits), like UNC-52,
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Fig. 4. Dense bodies, M-lines and fibrous organelles. (A) Schematic showing the localization and arrangement of dense bodies imnd M-lines
C. elegandody wall muscle and fibrous organelles in the epidermis. (Adapted from Mackinnon et al., 2002.) (B) Dense bodies (arrows) and
M-lines (arrowheads), visualized with PAT-4-YFP. (Adapted from Mackinnon et al., 2002.)|Bar,(&) Fibrous organelles, visualized by

MUA-3 staining. Fibrous organelles are shown in regions of epidermal cell contact with body wall muscle (1) and the ALButonc{2n

Gaps in fibrous organelles are seen where nerves pass between the epidermis and muscle (3). The image in (b) is an Bfdxrgement o
(Adapted from Bercher et al., 2001.) Bars pho.

localizes to the extracellular face of dense bodies and M-lindRecently, Mig-2, a human homolog of UNC-112, has been
(Huang et al., 2003). However, rather than mediating assemblghown to localize to integrin-mediated adhesions in tissue
laminin aB is necessary for restricting dense body formatiorculture, where it recruits the filamin-binding protein migfilin
to the basal membrane (Huang et al., 2003). (Tu et al.,, 2003). Loss of Mig-2 or migfilin impairs cell
There are at least two distinct protein complexes that argpreading and shape modulation, although cell-substratum
recruited separately to nascent adhesion sites. One complesntacts still form (Tu et al., 2003). Currently, it is unknown
contains DEB-1/vinculin, which mediates actin filamentwhether Mig-2, like UNC-112, forms a complex with ILK and
attachment to dense bodies (Barstead and Waterston, 19@ttopaxin. Conversely, whether or not UNC-112, like Mig-2,
Hresko et al., 1994). Another complex, containing UNC-112provides a link to filamin is not known.
PAT-4 and PAT-6, acts as a scaffold for the development of PAT-4 is the only integrin-linked kinase (ILK) homolog
nascent attachment sites into dense bodies and M-lings C. elegans(Mackinnon et al., 2002) and participates in
(Rogalski et al., 2000; Mackinnon et al., 2002; Lin et al., 2003)tecruiting proteins to nascent integrin attachment sites.
In embryos with null mutations in these genes, UNC-52urprisingly, transgenically expressed kinase-dead PAT-4 can
localizes normally in the basement membrane, and integrirescue pat-4null mutants (Mackinnon et al., 2002) and a
foci form and become associated with DEB-1, but dense bodiagmilar result has been obtained with tBeosophila ILK
and M-lines do not develop. homolog (Zervas et al., 2001). This suggests that ILK primarily
UNC-112 has a conserved sequence present in FERMunctions as an adaptor protein rather than a kinase (Zervas and
domain proteins (Rogalski et al., 2000) that might mediat®rown, 2002). Consistent with its role as an adaptor protein in
attachment to the plasma membrane (Chishti et al., 1998}. eleganss the observation that PAT-4/ILK binds to UNC-
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112/Mig-2, UNC-97/PINCH and PAT-6/actopaxin in yeast-through the Nck-interacting kinase (NIK) homolog MIG-15
two-hybrid assays (Mackinnon et al., 2002; Lin et al., 2003).(Poinat et al., 2002).

PAT-6 is an actopaxin homolog that has an important role in There is evidence that phosphorylation BPAT-3 is
promoting the linkage of actin and myosin filaments to densenportant for its function in motile cells. Integrfhtails have
bodies and M-lines, respectively (Lin et al., 2003). PAT-6 mightne or two NPXY motifs that can be tyrosine phosphorylated,
directly recruit actin to dense bodies through its two tandenwhich thereby modulates integrin function (reviewed by
unconventional calponin-homology domains and appears tGalderwood, 2004). Interestingly, the muscle defectpatf
recruit myosin to M-lines indirectly through binding UNC-89 3-null mutants can be rescued byait-3 transgene that has
(Lin et al., 2003). tyrosine-to-phenylalanine mutations in its two NPXY motifs

(Lee et al., 2001). However, these embryos have defects in

o ) ] ) distal tip cell migration. Further studies on the structure,
Maintaining integrity of dense bodies and M-lines regulation and signaling of integrin-mediated adhesions
Although not necessary for the formation of dense bodies artlring developmental events 8. elegansare likely to
M-lines, UNC-97 is essential for their integrity (Hobert et al.,increase our understanding of dynamic requirements for
1999). UNC-97 belongs to the PINCH family of adaptorintegrins in vivo.
proteins, which have important roles in integrin-dependent
processes ibrosophilaand mammalian cells (reviewed by
Wu et al., 1999). Notably, mammalian PINCH1 binds ILK, andFibrous organelles
this interaction is important for cell spreading and motility inMuscle cells inC. elegansare mechanically linked to the
tissue culture (Zhang et al., 2002). Similarly, UNC-97 bindscuticle through trans-epidermal attachment structures called
PAT-4 in yeast two-hybrid assays and is recruited to dendi@rous organelles (FOs). FOs comprise an epidermal
bodies and M-lines by PAT-4 (Hobert et al., 1999). UNC-97intermediate filament (IF) array that is anchored basally to the
also interacts with UNC-98, a C2H2 Zn-finger protein thatunderlying basement membrane and associated muscle and
localizes to M-lines (and possibly dense bodies) and to thapically to the cuticle (Fig. 4A). FOs are restricted to epidermal
nucleus (Mercer et al., 2003). UNC-98 might be involved irregions that overlie body wall muscles, and their formation
maintaining muscle structure, although the underlyingoccurs concurrently with development of muscle sarcomeres
mechanisms are not understood. (Francis and Waterston, 1991; Hresko et al., 1994; Hresko et

al., 1999). In adults, FOs form circumferential bands (of 0.4
. ] um periodicity) composed of individual attachment spots
Other regulators of dense bodies and M-lines (Bercher et al., 2001) that are in register with the spacing of
Several other less well-characterized proteins regulate deneaticular ridges called annuli (Fig. 4C). By contrast, there is
bodies and M-lines. The sing[&G spectrin inC. elegans not a strict correlation between the location of FOs and dense
UNC-70, localizes to several sites on the sarcolemmdlodies or M-lines (Francis and Waterston, 1991). FOs also
membrane, including dense bodies and M-lines (Moorthy €brm in other areas where force is transduced to or through
al., 2000). Loss of UNC-70 results in progressive musculathe epidermis, including regions of epidermal contact with
dystrophy, which is associated with discontinuous dense bodiéstestinal, anal and vulval muscles, and mechanosensory
and disruption of the myofilament lattice (Moorthy et al., 2000neurons (White, 1988; Francis and Waterston, 1991).
Hammarlund et al., 2000). Spectrin similarly localizes to Z- FOs are structurally similar to vertebrate type |
and M-lines in vertebrate skeletal muscle (Porter et al., 199Zemidesmosomes (Fig. 5B) (reviewed by Hahn and Labouesse,
Zhou et al., 1998). DIM-1 (‘disorganized muscle 1’) is a noveR001), in which transmembrane receptors form a link between
immunoglobulin-domain protein that localizes between andytoplasmic IFs and the basement membrane (reviewed
around dense bodies and stabilizes actin filament attachmdmt Nievers et al., 1999). Disruption of hemidesmosomal
(Rogalski et al., 2003). components causes separation of the epidermis from the basal
lamina, resulting in various skin-blistering diseases (Jones et
) ) . ) ) al., 1998; Nievers et al., 1999). Similarly, FOs confer structural
Other integrin-mediated adhesions in C. elegans integrity to the epidermis through anchoring IFs. In vertebrate
Integrin-based adhesions can differ in morphologyhemidesmosomes,aefs integrin and BPAG2 provide
composition and function (reviewed by Zamir and Geigeranchorage to the basement membrane, and plectin and BPAG1
2001) (Wehrle-Haller and Imhof, 2002). Some, such as focdlind IFs (reviewed by Jones et al., 1998; Nievers et al., 1999).
adhesions and dense bodies, are relatively large structures tiie only conserved protein present in FOs is the plectin
mediate stable attachment to the ECM. By contrast, the smalleomolog VAB-10A (Bosher et al., 2003). FOs do not contain
focal complexes at the leading edge of migrating cells anthtegrins or a BPAG2 homolog, but have other transmembrane
growth cones are rapidly turned over, permitting dynamigroteins (myotactin, MUA-3 and MUP-4) that might function
changes in adhesion. In addition to their role in mus€le, analogously.
elegansntegrins also play a role in the formation of dynamic
contacts in motile cells. For instance, migration of the distal -
tip cells, which directs morphogenesis of the gonad arms, fgomposition and assembly of FOs
integrin dependent (Lee et al., 2001) and has recently bedme apical and basal attachment plaques of FOs have some
shown to involve CeTalin (Cram et al., 2003). Additionally, similarities and differences in composition (Fig. 5B). VAB-
aINA-1/BPAT-3 regulates neuronal cell migration and10A/plectin and VAB-19/Kank appear to be present in both
fasciculation (Baum and Garriga, 1997) and acts at least in papical and basal attachment plaques. Apical attachments
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contain the transmembrane receptors MUA-3 and MUP-4ollagen-rich cuticle and basal receptors specific for the
whereas basal attachments contain myotactin. This probabbasement membrane and/or muscle cell surface.
reflects the need to have apical receptors specific for the In regions of muscle contact with the epidermis, underlying
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Fig. 5. Comparison of adhesion complexes in vertebratesCand identified on the basis of a muscle-position-defective (Mup)
elegans(A) A vertebrate focal adhesion a@deleganglense body. ~ phenotype (Gatewood and Bucher, 1997)mima-3 mutants,
Only conserved proteins are shown. Focal adhesions contain FOs form normally but the epidermis detaches from the cuticle

numerous adaptor and signaling proteins not shown here (refer to post-embryonically (Bercher et al., 200jup-4null animals
Zamir and Geiger, 2001). A few downstream_ effectors are indicated oy hipit a similar phenotype, but detachment occurs earlier,
2&2%3%?252 g:r%"xzug) ’(Al‘:gf%egzafnhﬁe";?ﬁgfssc:?nia“d typically at the three-fold stage of elongation (Hong et al.,
con%position seegNievers.et al., 1999; Roper et al., 2002.) Like 2001). MUA-3 and MUP-4 share structural similarities but do
hemidesmosomes, fibrous organelles anchor IFs through a plectin- "0t have any clear non-nematode homologs (reviewed by Cox
family member (VAB-10A). The transmembrane proteins MUA-3 €t al., 2004; Hahn and Labouesse, 2001). Their extracellular
and MUP-4 are located apically and myotactin is located basally. domains contain a von Willebrand factor type A domain, which
VAB-19 may be located both basally and apically. The protein- mediates collagen binding in other proteins (Colombatti and
protein interactions shown for fibrous organelles are speculative, Bonaldo, 1991), whereas their cytoplasmic domains have some
since it is currently unclear whether myotactin, MUA-3 or MUP-4  sequence similarity to filaggrins, which are IF-binding proteins
interacts directly with VAB-10A or IFs. (C) The dystrophin- (reviewed by Hahn and Labouesse, 2001).

glycoprotein complex (DGC) in Ver.tﬁb[}ates amOb"TQa”SOther _ Myotactin (LET-805) is a novel transmembrane protein
proteins are known to associate with the mammalian DGC (rev'ewe‘f‘equired for adhesion between the epidermis and muscle

by Ehmsen et al., 2002), but have not been shown for simp(ity. . . i
elegangdoes not have any clear sarcospan or nNOS homologs (Hresko et al., 1999). The longest splice form encodes a single

(Segalat, 2002). Currently, it is unclear whether the putétive span transmembrape protein with at least 32_ fibronectin type
elegansDGC is present in epidermal, muscle, and/or neuronal tissuddl (FNIII) repeats in the extracellular domain and a novel
(see text for details). cytoplasmic domain. VAB-19, an ankrin repeat protein with

sequence similarity to the human tumor suppressor Kank, is
also required for attachment between muscle and the epidermis
muscle initiates FO formation (Hresko et al., 1999); howeverDing et al., 2003). Recruitment of VAB-19 to FOs requires
the nature of this cue is not well understood. CandidategAB-10A; however, myotactin and VAB-19 require each other
include collagen IV (comprising EMB-@L and LET-242  for their proper final localization. In myotactin and VAB-19
subunits) and laminiaB. All are produced by myoblasts, and mutants, IFs maintain their annular arrangement but are not
embryos lacking these proteins exhibit phenotypes consisterdgstricted to the area mirroring muscle/epidermal cell contact
with perturbed FOs, including muscle separation from th€Hresko et al., 1999; Ding et al., 2003). Apparently as a result,
epidermis (Gupta et al., 1997; Graham et al., 1997; Huang shortly after muscle contraction begins, muscle detaches from
al., 2003). Note that, in regions of contact with non-musclehe epidermis.
tissues, the novel ECM protein hemicentin (HIM-4) is required Interestingly, the mutant phenotype of animals lacking VAB-
for FO assembly (Mogel and Hedgecock, 2001), although th&9, but not that of other FO components, can be suppressed by
mechanisms involved are not understood. mutations in the actin-binding proteisma-13-H spectrin
(Ding et al., 2003). This suggests, along with previous studies
o ) on VAB-10 (see above) (Bosher et al., 2003), that cross-talk
Maintaining integrity of FOs between FOs and actin is essential for proper cytoskeletal
Several proteins are important for FO maintenance, includingatterning in the epidermis. Continued studies on FOs are
VAB-10A, VAB-10B, VAB-19 and the transmembrane likely to yield important insights into how IFs and their
proteins MUA-3, MUP-4 and myotactimab-10produces two attachment structures regulate cytoskeletal architecture and
isoforms with distinct functions (Bosher et al., 2003). Asprovide mechanical stability to tissues.
mentioned above, VAB-10A is similar to plectins, whereas
VAB-10B is similar to plakins, which are actin-microtubule _ ) )
crosslinking proteins. VAB-10A localizes to FOs and VAB- Putative dystrophin-glycoprotein complex
10B localizes to bands between FOs (Bosher et al., 2003). Loss vertebrates, the dystrophin-glycoprotein complex (DGC)
of either VAB-10 isoform results in epidermal detachmentconfers stability to the muscle cell membrane during cycles of
from the cuticle and muscle and perturbation of IFs and CFBsnuscle contraction (Campbell, 1995). It is centered around
VAB-10A mutants exhibit a Pat phenotype, whereas VAB-10Bdystroglycan (Fig. 5C) (reviewed by Ehmsen et al., 2002),
mutants typically die in the first larval stage and havea transmembrane receptor that binds various ligands,
elongation and body-shape defects. In VAB-10A mutants, thimcluding the ECM components laminin, perlecan and
number of FOs is greatly reduced, indicating a potential rolagrin. Dystroglycan associates with a membrane-embedded
in FO assembly. By analogy to vertebrate plectins, VAB-10Asarcoglycan complex, and forms a link to the actin cytoskeleton
might mediate the link between transmembrane receptoterough binding dystrophin. In addition to actin, dystrophin
and IFs. VAB-10B appears to regulate the thickness of thbinds dystrobrevin and syntrophins, which interact with nitric
epidermis and could provide resistance against tensiooxide synthase (nNOS). Mutations in DGC components and in
although the mechanisms involved remain unclear (Bosher ptoteins that affect the ligand-binding activity of dystoglycan
al., 2003). are found in various forms of muscular dystrophy (reviewed by
MUA-3 and MUP-4 are single-span transmembrane protein€ohn and Campbell, 2000) (Michele and Campbell, 2003).
that maintain adhesion between the epidermis and cuticle C. elegan$ias many conserved DGC components (Fig. 5C),
(Plenefisch et al., 2000; Bercher et al., 2001; Hong et al., 2004ihcluding homologs of dystroglycardgn-1 and F56C3.6),
mua-3was identified in a screen for fragile muscle-attachmendystrophin  @ys-1), dystrobrevin dyb-1), a-sacroglycan
(Mua) mutants (Plenefisch et al.,, 2000), amdip-4 was (H22K11.4), B-sarcoglycan (K01A2.1), d/y-sarcoglycan
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(FO7H5.2) and syntrophin (F27D9.8, F30A10.8) (Bessou et alC. eleganembryo, which involves the coordinated activity of
1998; Grisoni et al., 2002). The dystroglycan-binding regioradherens junctions, FOs and dense bodies, might be a useful
of DYS-1 is well conserved (Bessou et al., 1998), and DYS-tontext for studying how biochemical and physical cross-talk
and DYB-1 physically interact through their C-terminal coiled-between adhesion receptors contributes to complex cellular
coil domains (Gieseler et al., 1999). In addition, both DYS-levents.
and DYB-1 bind the syntrophin homolog F30A10.8 in vitro Additionally, C. elegansmight be useful in the study of
(Gieseler et al.,, 1999). The conservation of these proteirtiseases involving aberrant cell adhesion, including tumor
protein interactions suggests that the structure and functianetastasis, chronic inflammatory disorders, tissue fragility
of the DGC is highly conserved betweé&h elegansand disorders, muscular dystrophy, and many others. In this regard,
vertebrates. C. eleganss beginning to be used as a model for dystrophin-
The expression and subcellular localization of DGCmediated myopathy (reviewed by Chamberlain and Benian,
components irC. eleganshave not been extensively studied. 2000; Culetto and Sattelle, 2000). Thus, future studies on ‘sticky
Some DGC components are expresse@.ireleganamuscle, worms’ have the potential to advance our understanding of the
including DYS-1 and DYB-1 (Segalat, 2002). However, DGN-basic mechanisms underlying cell adhesion and might also give
1 and a second dystroglycan-like protein (F56C3.6) do ndhsights as to how their dysregulation contributes to disease.
appear to be expressed in muscle, but are expressed in
epithelial and neuronal tissues (R. Johnson and J. KramerWe thank R. Johnson and J. Kramer for sharing data prior to
personal communication). Consistent with this localization igublication; B. Williams and J. Plenefisch for giving us permission to

the observation that embryos lacking either gene exhibfﬁ%r;‘jfn%er:]rgf‘e%ie;soffotrhﬂ;"i"r?rtﬁe%-gz:‘eosma?a\{'nrgiﬁezf‘gn% TSianstoery
\éanous eplthellall and ”e‘.”at'. defeSC.tS 'I(RI. ‘LOh?sorll and_ hd R. King for critical reading of the manuscript. We élso extend our
ramer, personal communication). Similarly, dystroglycan 'Shanks to the reviewers for their thoughtful and helpful comments.

present in many non-muscle tissues in mammals (reviewed ky,is work was funded by an NIH postdoctoral fellowship (E.A.C.)
Durbeej et al., 1998; Hemler, 1999). Whether orQiatlegans  and NIH grant GM58038 (J.H.).

assembles a DGC analogously to vertebrates and, if so, where
it is present, remain unclear.
In C. elegansloss of DYS-1/dystrophin does not causep tarences

?_I-%Ellfllgiz]rtr]g}gsglesn(::ﬁer:aerg;tﬁg g'OZ\:II_e(;/er(’)flT)(t)%n-_sv?ﬁzﬁscleAnastasiadis, P. Z. and Reynolds, A. B2000). The p120 catenin family:

’ p - ge ( 0) A y R complex roles in adhesion, signaling and carkceell Sci113 1319-1334.

cells show an abnormal striation pattern, which may indicat@ntoshechkin, I. and Han, M. (2002). TheC. elegans evl-2@ene is a

the beginning of degeneration (Bessou et al., 1998). Loss ofhomolog of the small GTPase ARL2 and regulates cytoskeleton dynamics

DYS-1 also results in movement defects consistent with during cyiokinesis and morphogene@e. Celz, 579591 42003)

: i, H., Furuse, M. ukita, .

m_creased mu.SCIe eXCItablllty (Bessou etal, 1998)’ and RN Claudins inCaenorhabditis elegansheir distribution and barrier function

directed againstdgn-1  o/y-sarcoglycan (FO7H5.2) and  in the epitheliumCurr. Biol. 13, 1042-1046.

syntrophin (F30A10.8) in adult worms causes a similaBarstead, R. J. and Waterston, R. H(1991). Vinculin is essential for muscle

phenotype (Grisoni et al., 2002). Discerning the composition function in the nematods. Cell Biol. 114, 715-724. _

of dystroglycan-mediated adhesion complexes in the muscR&'stéad, R. J., Kleiman, L. and Waterston, R. H.(1991). Cloning,
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