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Cellular junctions are critical for intercellular communication and for the assembly of cells into
tissues. Cell junctions often consist of tight junctions, which form a permeability barrier and
prevent the diffusion of lipids and proteins between cell compartments, and adherens junctions,
which control the adhesion of cells and link cortical actin filaments to attachment sites on the
plasma membrane. Proper tight junction formation and cell polarity require the function of
membrane-associated guanylate kinases (MAGUKSs) that contain the PDZ protein-protein inter-
action domain. In contrast, less is known about how adherens junctions are assembled. Here we
describe how the PDZ-containing protein DLG-1 is required for the proper formation and function
of adherens junctions in Caenorhabditis elegans. DLG-1 is a MAGUK protein that is most similar in
sequence to mammalian SAP97, which is found at both synapses of the CNS, as well as at cell
junctions of epithelia. DLG-1 is localized to adherens junctions, and DLG-1 localization is medi-
ated by an amino-terminal domain shared with SAP97 but not found in other MAGUK family
members. DLG-1 recruits other proteins and signaling molecules to adherens junctions, while
embryos that lack DLG-1 fail to recruit the proteins AJM-1 and CPI-1 to adherens junctions. DLG-1
is required for the proper organization of the actin cytoskeleton and for the morphological
elongation of embryos. In contrast to other proteins that have been observed to affect adherens
junction assembly and function, DLG-1 is not required to maintain cell polarity. Our results

suggest a new function for MAGUK proteins distinct from their role in cell polarity.

INTRODUCTION

Cell adhesion facilitates the assembly of individual cells into
organized tissues, and several different cell adhesion mech-
anisms fulfill this role (Gumbiner, 1996). One of these adhe-
sion mechanisms is the formation of the tight junction or
zonula occludens, which functions to regulate the perme-
ability of the cell layer and to polarize the cell surface into
apical and basolateral compartments (Mitic and Anderson,
1998). Tight junctions (in vertebrates) and septate junctions
(in invertebrates) maintain the separation between the apical
and basolateral surfaces by hindering the diffusion of lipids
and proteins (Powell, 1981; van Meer ef al., 1986; van Meer
and Simons, 1986; Gumbiner, 1987). In contrast to tight
junctions, a second mechanism of cell adhesion is the adhe-
rens junction, which is responsible for maintaining adhesion
between neighboring cells and is important for intercellular
communication (Muller, 2000; Vasioukhin and Fuchs, 2001).

While many proteins have important roles in assembling
these junctions, mutations in these proteins result in large
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defects in cell polarity as well. For example, mutations in the
Drosophila genes bazooka (baz), crumbs (crb), discs lost (dlt),
scribble (scrib), lethal (1) discs large (dlg), and lethal giant larvae
(Igl), and the Caenorhabditis elegans gene let-413 disrupt
epithelial cell polarity and prevent the formation of cell
junctions (Legouis et al., 2000; Muller, 2000). Because of
the large-scale defects in cell polarity caused by mutations
in these genes, it is not clear whether they have a direct role
in junction formation or if the failure to form junctions in
mutants is due to general defects in cell polarity.

BAZ, DLG, SCRIB, LET-413, and DLT each contain one or
more PDZ domains, which are stretches of approximately 90
amino acids that bind to a consensus sequence at the ex-
treme carboxyl termini of other proteins (Doyle et al., 1996;
Songyang et al., 1997). PDZ-containing proteins play a dual
role in establishing polarity and assembling cell surface
signaling molecules into protein complexes in a number of
cell types and species, demonstrating the general impor-
tance of these proteins. For example, the C. elegans PDZ
proteins LIN-2, LIN-7, and LIN-10 are thought to form a
complex that is involved in mediating basolateral membrane
localization of the LET-23 EGF receptor in vulval epithelial
cells (Kaech et al., 1998; Rongo et al., 1998; Whitfield et al.,
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1999). In mammals, members of the membrane-associated
guanylate kinase (MAGUK) family, which contain 3 PDZ
domains, play an integral role in targeting glutamate recep-
tors and effector molecules to excitatory synapses (Kim et al.,
1995; Kornau et al., 1995; Brenman et al., 1996; Kim et al.,
1996; Kornau et al., 1997). A better understanding of the
functional role of PDZ proteins might elucidate universal
mechanisms for cell polarity and the formation of cell junc-
tions.

Bossinger and colleagues have recently shown that gene
finder prediction C25F6.2 is similar in sequence to MAGUK
family members, and they have named the sequence dig-1
(Bossinger et al., 2001). Nematodes knocked down for dlg-1
function by RNAI fail to form proper adherens junctions and
arrest as twofold stage embryos. To better understand the
formation of adherens junction, we have cloned DLG-1 and
show here that this C. elegans protein contains 3 PDZ do-
mains, an SH3 domain, and a yeast guanylate kinase homol-
ogy domain, most similar to the SAP97 MAGUK family
member found at cell junctions and synapses in mammals
(Muller et al., 1995). We find that this protein localizes to
adherens junctions of the epidermis, intestine, and pharynx
of embryos and adult nematodes, and that the first 186
amino acids are sufficient for this localization. Embryos de-
ficient in DLG-1 show abnormal adherens junction forma-
tion at the ultrastructural level, and they fail to localize the
adherens junction proteins AJM-1 and CPI-1 to cell junc-
tions. Furthermore, the actin cytoskeleton in dIg-1(RNAi)
embryos is disorganized, suggesting that like the cadherin-
catenin system, DLG-1, also plays a role in coordinating the
actin network with adherens junctions.

MATERIALS AND METHODS

Strains

The following strains were used: let-413(s128), hmp-1(zu278), hmp-
2(zu364), zuEx24[hmp-1::¢fpl,  hmr-1(zu389), — mcEx[let-413::gfpl,
jeIs1[ajm-1::gfpl.

DLG-1 cDNA

Based on Kohara expressed sequence tags, we sequenced several
dlg-1 cDNA clones (a kind gift from Y. Kohara, National Institute of
Genetics, Mishima, Japan), including yk333g2, yk435h12, yk481e2,
yk348h11, and yk481c12. To identify the 5" end of dlg-1, we isolated
total RNA by homogenizing mixed stage N2 nematodes in 200 mM
LiCl, 20 mM EDTA, 20 mM Tris Cl pH 7.8, and 2% SDS. The RNA
was extracted several times with phenol and precipitated with
ethanol. RT-PCR was conducted by reverse transcribing 5 pg total
RNA with the use of AMV reverse transcriptase and oligo dT;5 as a
primer (Promega, Madison, WI). A single 1.2-kb PCR product was
amplified from the cDNA pool with the use of a primer for the SL1
leader (5'-GGTTTAATTACCCAAGTTTGAG-3') and a primer
unique to dig-1 (5'-GACCCGCCAAAGTTTCCTCCAATTGG-3'),
cloned into pBluescript (Stratagene, LaJolla, CA), and sequenced.
The cDNA sequence has been submitted to GenBank (Accession
number AF406786)

DLG-1 Expression Constructs

The dig-1::gfp transgenes were made by ligating an EcoRI/Xhol
fragment from the cosmid C25F6 to sequences encoding GFP and
the unc-54 3'UTR (pPD95.75, from A. Fire, Carnegie Institute of
Washington, Baltimore, MD). Transgenic strains were isolated by
microinjecting the resulting plasmid (50 ng/ul) with the use of
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rol-6(su1006dm) (C. Mello, University of Massachusetts Medical
Center, Worchester, MA) as a cotransformation marker. Mutant
versions of DLG-1::GFP were engineered using PCR. Three different
lines were analyzed for each construct; all three had similar local-
ization.

Fluorescent Microscopy

Immunohistochemistry of embryos and larvae was performed as
described (Finney and Ruvkun, 1990). Anti-PKC-3 antibodies (Y.
Tabuse, NEC Fundamental Research Laboratories, Ibaraki, Japan)
were used as described (Tabuse et al., 1998). Actin filaments were
visualized in embryos with rhodamine-phalloidin (Molecular
Probes), as described (Costa et al, 1997). LET-413:GFP (M.
Labouesse), AJM-1:GFP and HMP-1:GFP (J. Hardin), and
DLG-1::GFP eggs and larvae were mounted and visualized on 2%
agarose pads. Fluorescent images were observed with the use of a
Zeiss (Oberkochen, Germany) Axioplan II and 63X1.4NA objective
and captured with a SensiCam (Cooke, Auburn Hills, MI) with the
use of ImagePro v4.1 (Media Cybernetics, Silver Spring, MD) and
VayTek v6.2 software (VayTek, Inc., Fairfield, IA). Animals were
optically sectioned (0.25 wm), and out-of-focus light was removed
with a constrained interative deconvolution algorithm (VayTek).

RNA-mediated Interference

A dig-1 cDNA in pBluescript, yk333g2 (Y. Kohara), was used as a
template to generate dig-1 sense and antisense transcripts. For cpi-1
RNAi, a 300 bp exon was PCR amplified from genomic DNA
corresponding to sequence F38E11.3 and was ligated into pBlue-
script so that sense and antisense transcripts could be synthesized.
Annealed transcripts were injected into worms to induce RNAi (Fire
et al., 1998). An Xhol fragment from the dig-1 cDNA and the cpi-1
PCR product were also ligated between two T7 promoters in the
pPD129.36 vector (A. Fire), and the resulting plasmids (CR254 and
CR255, respectively) were introduced into HT115(DE3) Escherichia
coli. E. coli harboring CR254 or CR255 were fed to nematodes to
induce RNAIi as described (Kamath et al., 2000; Timmons and Fire,
1998). RNAI by injection and by feeding gave similar results; how-
ever, stronger phenotypic expressivity and penetrance were ob-
served with the feeding method. RNAi data described in the text
and figures reflects data from the feeding method. The empty
pPD129.36 vector was used as a negative control in feeding exper-
iments, and the resulting worms are shown as wild-type controls in
all figures.

Electron Microscopy

Embryos were isolated from egg shells by digestion with chitinase
(Sigma, St. Louis, MO) for 20 min in 120 mM NaCl, 40 mM KCl, 3
mM CaCl,, 3 mM MgCl,, and 5 mM HEPES pH7.2. Embryos were
fixed in 4% paraformaldehyde/2% glutaraldehyde and postfixed in
1% osmium tetroxide and uranyl acetate. Twofold stage embryos
were dehydrated, embedded in epon, and sectioned. Sections of 50
nm were contrasted with uranyl acetate and observed for transmis-
sion electron microscopy.

RESULTS

DLG-1 Is a PDZ Domain Protein that Is Localized
to Adherens Junctions

The C. elegans genome contains ~50 genes predicted to
contain at least 1 PDZ domain (Bargmann, 1998). Predicted
gene C25F6.2 encodes the sole protein similar to MAGUK
proteins of the disks large family and therefore has been
named dIg-1 for discs large like protein (Bossinger et al.,
2001). Genefinder algorithms often make incorrect predic-
tions of 5" and 3’ sequences; thus, to determine the correct
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protein sequence for dIg-1, we sequenced several dig-1
cDNA clones from the Y. Kohara library(Kohara, 1996). We
also isolated and reverse transcribed RNA from mixed stage
nematodes. The dIg-1 5'end was amplified by RT-PCR from
cDNA with the use of primers specific for dig-1 sequences
and the SL1 transsplice leader sequence. Our sequencing
results of the Kohara clones and RT-PCR products suggest
that dig-1 generates a single mRNA product. DLG-1 protein
is predicted to encode 967 amino acids with amino and
carboxy-terminal sequences that differ from the original
genefinder prediction that has been reported (Bossinger et
al., 2001). DLG-1 contains three PDZ domains, an SH3 do-
main, and a yeast guanylate kinase homology domain (Fig-
ure 1A), and is 38%, 38%, 28%, and 34% identical to the
MAGUK family members SAP97, SAP102, PSD-95, and Dro-
sophila DLG, respectively (Woods and Bryant, 1991; Cho et
al., 1992; Kistner et al., 1993; Muller et al., 1995; Muller et al.,
1996). The amino terminal sequences of MAGUK proteins
are thought to contain important sequences for their subcel-
lular localization and regulation, and these sequences often
diverge between family members. For example, the amino-
terminus of PSD-95 contains cysteine residues that allow the
palmitoylation and thus membrane association of this pro-
tein, the amino-terminus of SAP102 binds to zinc, and al-
though the SAP97 amino terminus is important for localiza-
tion, it is not palmitoylated and does not bind to zinc
(Craven et al., 1999; El-Husseini et al., 2000a,b; Firestein et al.,
2000; Wu et al., 1998a). Interestingly, the amino terminal
sequence of DLG-1 is conserved (34% identity, 54% similar-
ity) with the amino terminal 65 amino acids of SAP-97
(Figure 1B), a MAGUK protein found at mammalian syn-
apses and epithelial cell junctions.

The Conserved Amino-Terminus of DLG-1 Directs
DLG-1 Localization to Adherens Junctions

Because many of the MAGUK proteins like SAP97 are found
both in neurons and epithelial cells, we wanted to visualize
where DLG-1 was expressed and localized. Therefore, we
constructed a GFP fusion gene by inserting GFP sequences
at the carboxy terminus of DLG-1 (Figure 1C). Sequences for
the resulting DLG-1::GFP chimeric protein were ligated to 5
kb of dig-1 upstream promoter sequences. We introduced
this construct into the C. elegans germline and found that the
resulting fusion protein is situated at adherens junctions
exclusively in epithelial cells of embryonic and adult epider-
mis, intestine, and pharynx (Figure 1D,E,F, n = 43/43). This
pattern is also seen when embryos are stained with mono-
clonal antibodies that recognizes the mammalian PSD-95
(Figure 2, n = 30/30). DLG-1::GFP is not expressed in neu-
rons, and we did not detect DLG-1 in the nervous system
with the use of anti-PSD-95 antibodies.

To identify the domain of DLG-1 that is responsible for its
localization to adherens junctions, we generated mutant ver-
sions of the DLG-1::GFP transgene that contained different
domains of the DLG-1 protein (Figure 1C). The resulting
transgenes were introduced into the C. elegans germline and
the resulting chimeric proteins analyzed for their subcellular
localization. DLG-1(1-7)::GFP, which contains the first seven
amino acids of DLG-1 fused to GFP, fails to be localized to
adherens junctions and is entirely cytosolic (n = 54/54). In
contrast, the first 186 amino acids of DLG-1 are sufficient to
direct localization of GFP to adherens junctions (Figure 1C,
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n = 18/18). This region of DLG-1 is conserved with SAP97,
and recent results suggest that the same domain of SAP97 is
important for cell junction localization when observed in
colon carcinoma cells immortalized in culture (Wu et al.,
1998a). Our results show that the 3 PDZ domains, the SH3
domain, and the guanylate kinase domain are not required
for DLG-1 localization. Instead, we find that the amino-
terminal domain functions as an adherens junction localiza-
tion signal in vivo in epithelial cells of intact tissue.

DLG-1 Is Required for Adherens Junction Assembly
but Is Not Essential for Polarized Protein Targeting

The pattern of DLG-1 expression highly resembles that of
the adherens junction protein AJM-1, which encodes the
MH27 antigen and was previously known as JAM-1 (Kop-
pen et al., 2001; Mohler et al., 1998; Podbilewicz and White,
1994; Priess and Hirsh, 1986; Raich et al., 1999; Wood, 1988).
Indeed, DLG-1 colocalizes with AJM-1::GFP as evidenced by
immunostaining (Figure 2A-F, n = 18/18). Bossinger and
colleagues tested the role of DLG-1 in adherens junction
formation by injecting nematodes with double-stranded
dlg-1 RNA to induce RNAi(Bossinger et al., 2001; Fire et al.,
1998). They observed that dig-1(RNAi) embryos form an
irregular junction of AJM-1 around the apex of the cells and
that, as morphogenesis proceeds, the junction begins to frag-
ment. Their results suggest that DLG-1 might be needed to
maintain the integrity of adherens junctions rather than for
the initial formation of the junctions. Because dIg-1(RNAi)
embryos still possess trace amounts of DLG-1 protein, par-
ticularly in their intestine and pharynx, an alternative expla-
nation is that the phenotype of these embryos represents
only a partial loss of dIg-1 function (Bossinger et al., 2001).

Although injection of double-stranded RNA can induce
RNAI, recent studies have shown that RNAi induced by
feeding nematodes bacteria that express double-stranded
RNA for the gene of interest can induce stronger and more
penetrant phenotypes by removing more gene product (Ka-
math et al., 2000). Thus, we examined the role of DLG-1 in
adherens junction formation by removing DLG-1 with the
use of the feeding method of double-stranded RNAi. RNAi
with dig-1 RNA abolishes DLG-1::GFP expression (n = 23/
25, our unpublished results) and fluorescence from anti-
PSD-95 antibody staining (Figure 2H) in all tissues examined
(n = 42/44). Any DLG-1 protein that might remain in dIg-
1(RNAi) embryos is below our limit of detection. We per-
formed DLG-1 RNAi on nematodes that express AJM-1::GFP
and found that dlg-1(RNAi) embryos do not form junctions
of AJM-1 around the apex of cells even at the earliest devel-
opmental stages at which AJM-1::GFP can be detected (Fig-
ure 2G, n = 32/36, and our unpublished results). In most
dlg-1(RNAi) animals, AJM-1::GFP is found in small punctate
structures between cells (Figure 2G, n = 32/36) rather than
showing a continuous ring of localization at cell boundaries
as in wild-type embryos (Figure 2A,D, n = 22/22). Our
results show that DLG-1 is needed for the initial localization
of AJM-1 to adherens junctions, not just to maintain AJM-1
in continuous and unfragmented bands around the cells as
originally suggested (Bossinger et al., 2001).

One simple explanation for AJM-1 mislocalization is that
dlg-1(RNAi) embryos are incapable of localizing all cell sur-
face proteins. For example, the dig-1(RNAi) phenotype is
similar to that found in let-413 mutants, which globally
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wild-type embryos (Figure 2K, n =

Figure 1. DLG-1 is a MAGUK pro-
tein most similar to SAP97. (A) De-
duced amino acid sequence of DLG-1
with PDZ domains in blue, SH3 do-
main in red, and guanylate kinase
domain in gray. (B) Alignment of the
amino-terminal 99 amino acids of
DLG-1 with SAP97. Identical resi-
dues are indicated in black, whereas
conserved residues are indicated in
gray. (C) Schematic diagrams of the
DLG-1:: GFP chimeric proteins. Em-
bryos expressing DLG-1: GFP
(green) in intestine (D) and hypoder-
mis (E) are shown with DAPI-stained
nuclei (blue). Adult worms express
DLG-1:: GFP in the Pnp epithelial
cells (F) and lateral seam cells (G).
Scale bar represents 10 uwm.

24/28). Similarly,

examined protein localization in the dIg-1(RNAi) embryos.
Remarkably, PKC-3, an atypical PKC required for embry-
onic development (Wu et al., 1998b), is localized apically in
the mutant embryos (Figure 2N, n = 22/24), as it is in
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LET-413::GFP is correctly localized to the basolateral surface
in dIg-1(RNAi) mutants (n = 30/31), as it is in wild-type
embryos (n = 18/18, our unpublished results). These results
demonstrate that at least two apical and basolateral proteins
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Figure 2. DLG-1 is localized to ad-
herens junctions and required for
AJM-1:: GFP localization. Immuno-
staining of embryos that express
AJM-1:: GFP (green, A, D, G, ], M)
with anti-PSD-95 antibodies (red, B,
E, H) or with anti-PKC-3 antibodies
(red, K, N). Nuclei are stained with
DAPI (blue). Merged images (C, F, I,
L, O) contain a 10 um scale bar.
AJM-1:: GFP and DLG-1 colocalize to
adherens junction on the epidermis
(A-C, lima bean stage) and in the in-
testine (D-F, tadpole stage) of wild-
type embryos. (G-I, twofold stage)
AJM-1:: GFP is found in small punc-
tate structures between cells in dlg-
1(RNAi) embryos No DLG-1 protein
is detected in these embryos. (J-L,
gastrulating embryo) AJM-1:: GFP is
found at intestinal adherens junc-
tions (green) whereas PKC-3 is local-
ized to the apical surface of these
cells (red) in wild-type embryos.
(M-O, gastrulating embryo) AJM-1::
GFP is found in punctate structures,
but PKC-3 is found at the apical sur-
face of cells from dlg-1(RNAi) em-
bryos.

AJM-1::GFP

are properly localized in dig-1(RNAi) embryos and suggest
that DLG-1 plays a relatively specific role in adherens junc-
tion formation without disrupting gross aspects of cell po-
larity.

T(zl determine whether there are ultrastructural changes to
adherens junctions in dIg-1(RNAi) embryos, we examined
the adherens junctions of hypodermal and intestinal cells by
transmission electron microscopy. In wild-type embryos,
adherens junctions form electron-dense structures between
membranes of adjacent cells near their apical surfaces (Fig-
ure 3A, n = 20/20). In dIg-1(RNAi) embryos, the electron
dense junctions are often missing (Figure 3B, n = 22/26) or
broken into discontinuous structures (Figure 3C, n = 4/26).
Gaps often form between adjacent cells (n = 13/26), sug-
gesting that the adhesive properties of the junctions are
diminished.
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DLG-1 Is Required for Proper Elongation

To determine if DLG-1 is involved in the function of adhe-
rens junctions during embryogenesis, we analyzed dIg-
1(RNAi) embryos with the use of Nomarski interference
microscopy. C. elegans embryos undergo two major morpho-
genetic movements during embryogenesis that require ad-
herens junctions: ventral enclosure and elongation (Sulston
et al., 1983; Priess and Hirsh, 1986; Williams-Masson et al.,
1997; Costa et al., 1998). During ventral enclosure, the free
edges of epidermis migrate to the ventral surface of the
embryo, where they form new adherens junctions and
thereby seal up the epithelial sheet (Williams-Masson et al.,
1997). Mutations that prevent ventral closure fail to seal the
ventral epithelia and result in embryos that rupture at elon-
gation (Raich et al.,, 1999). After ventral enclosure, actin
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Figure 3. Abnormal ultrastructure of adherens junctions in dig-
1(RNAi) embryos. (A) Electron microscopy of an adherens junction
(arrow) in a wild-type embryo. (B) Electron-dense adherens junction
material is often missing in dlg-1(RNAi) embryos. Arrowheads point
to gaps that have formed between adjacent membranes. (C) When
adherens junctions are visible in dig-1(RNAi) embryos, they are
often discontinuous (arrowheads). Scale bar is 200 nm.

filament bundles at adherens junctions contract to change
the shape of epithelial cells from circumferentially elongated
to longitudinally elongated (Costa et al., 1997; Costa et al.,
1998). These coordinated shape changes result in the elon-
gation of the nematode body along the anteroposterior axis.
Mutations that prevent elongation result in short embryos
with a bulged appearance (Williams and Waterston, 1994;
Costa et al., 1998). We found that dig-1(RNAi) embryos un-
dergo ventral enclosure (Figure 4B, n = 38/38), as do wild-
type embryos (Figure 4A, n = 25/25), suggesting that DLG-1
is not required for that aspect of adherens junction function.
However, unlike wild-type embryos (Figure 4C, n = 29/29),
dlg-1(RNAi) embryos fail to elongate (Figure 4D, n = 33/33).
Taken together, these results suggest that DLG-1 is not re-
quired for adherens junction-dependent filopodial priming
and cell movement during ventral enclosure but is necessary
instead for cell shape changes required for elongation.

dlg-1(RNAi) Embryos Show Abnormal Actin
Bundles

Because dlg-1(RNAi) embryos show a defect in elongation,
and because circumferential actin bundles within epidermal
cells are thought to provide the contractile force for elonga-
tion of the embryo (Costa ef al., 1997; Costa et al., 1998; Priess
and Hirsh, 1986), we examined the actin pattern in wild-type
and mutant embryos with the use of rhodamine-phalloidin
to stain filamentous actin. The pharynges of dlg-1(RNAi)
terminal-stage embryos, which appear arrested at the two-
fold stage (Figure 4H, n = 32/36), lack most of the radially-
oriented actin filaments seen in their twofold stage (Figure
4E, n = 12/12) and threefold stage (Figure 4F, n = 35/35)
wild-type counterparts. We also found that dIg-1(RNAi)
worms have fewer than normal circumferential actin bun-
dles, and the bundles are thicker and often not circumferen-
tially oriented, with variable spacing between the bundles
(Figure 4I, n = 24/36). These results suggest that DLG-1
plays an important role in coordinating actin filaments with
the attachment sites at adherens junctions between cells.
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HMR-1, HMP-1, and HMP-2 Are Not Required for
DLG-1 Localization

What is the function of DLG-1 in the assembly of adherens
junctions and the organization of actin filaments? One pos-
sibility is that DLG-1 interacts with the catenin-cadherin
system, which mediates elongation in the C. elegans embryo
and includes the proteins HMR-1 (cadherin), HMP-1 (a-
catenin), and HMP-2 (B-catenin)(Costa et al., 1998). Mutants
that lack HMR-1, HMP-1, or HMP-2 recruit AJM-1 to adhe-
rens junctions; however, mutant embryos are unable to elon-
gate and possess disorganized actin filaments. To determine
whether DLG-1 requires the catenin-cadherin system for
localization, we introduced DLG-1::GFP into mutants that
lack these proteins. In elongating and elongated wild-type
embryos, DLG-1::GFP is localized to adherens junctions be-
tween cells (Figure 5A,B). Elongating and terminal-stage
embryos that lack HMR-1, HMP-1, and HMP-2 form disor-
ganized adherens junctions but that still recruit AJM-1 to
these junctions(Costa et al., 1998). Similarly, we find that
DLG-1::GFP is localized to adherens junctions in hmr-1 (n =
14/14), hmp-1 (n = 15/15), and hmp-2 (n = 28/28) embryos
(Figure 5E-H,). In contrast, DLG-1::GFP fails to properly
localize to adherens junctions in embryos that lack LET-413,
which is required for proper apical-basolateral polarity (Fig-
ure 5C, n = 26/26).

HMR-1 cadherin is thought to recruit HMP-2 B-catenin to
adherens junctions, and HMP-2 B-catenin is thought to re-
cruit HMP-1 a-catenin to adherens junctions. Thus, mutants
that lack HMR-1 or HMP-2 protein fail to localize a
HMP-1::GFP fusion to adherens junctions(Costa et al., 1998).
We examined the localization of HMP-1::GFP in dIg-1(RNAi)
mutants to determine if DLG-1 is required for HMP-1 re-
cruitment to adherens junctions. HMP-1::GFP is localized to
adherens junctions both in hypodermis (our unpublished
results) and intestinal epithelia (Figure 5L]) in wild-type
(n = 37/37) and dlg-1(RNAi) mutant (n = 25/25) embryos,
demonstrating that DLG-1 is not required for HMP-1 local-
ization. These results suggest that DLG-1 plays an important
role in organizing underlying actin that might be indepen-
dent of cadherin-catenin signaling.

DLG-1 Is Involved in Targeting Cypin to Adherens
Junctions

Recently, Firestein and colleagues (Firestein et al., 1999) re-
ported the cloning of cypin, a cytosolic PSD-95 interactor,
which is involved in MAGUK protein targeting at neuronal
synapses. Mammalian cypin is also localized to the basolat-
eral membrane of intestinal epithelial cells (Firestein ef al.,
1999), where it can act as an enzyme involved in guanine
metabolism and, hence, uric acid production and excretion
(Yuan and Atchison, 1999). Since cypin acts to regulate the
targeting of MAGUK proteins in mammalian cells, we asked
whether CPI-1, a cypin-like molecule in C. elegans (predicted
sequence F38E11.3), plays a homologous role in the target-
ing of DLG-1 to adherens junctions. We found that CPI-1
localizes to the adherens junctions of pharynx (Figure 6B)
and epidermis (Figure 6E), as evidenced by colocalization
with DLG-1 in wild-type animals (n = 25/27). No CPI-1
staining was detected in cpi-1(RNAi) embryos, indicating
that anticypin antibodies specifically detect CPI-1 (n = 17/
17, our unpublished results). In contrast to wild-type em-
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Figure 4. DLG-1 is required for elongation and proper
organization of actin filaments. (A-D) Nomarski interfer-
ence microscopy of embryos. Wild-type (A) and dig-
1(RNAi) (B) embryos undergo proper ventral enclosure
during gastrulation. However, unlike wild-type threefold
embryos (C), dlg-1(RNAi) embryos fail to elongate and
often contain large vacuoles (arrowhead). (E-I) Rhodamine-
phalloidin staining of filamentous actin. Wild-type twofold
embryos (E) develop an unelongated pharynx with radial-
ly-oriented actin filaments, which elongates into a complete
pharynx (F) in threefold embryos. (G) The hypodermis of
wild-type embryos contains circumferential filaments (cf)
that wrap around the nematode, and adherens junction
filaments (ajf) that have contracted circumferentially. The
label “mf” indicates actin filaments of the longitudinal
muscles. (H) In contrast, the pharynx of a dlg-1(RNAi)
embryo fails to elongate and contains disorganized actin
filaments. The labels “mc” and “tb” indicate metacorpus
and terminal bulb, respectively. (I) The hypodermis of
dlg-1(RNAi) embryos contains regions that lack circumfer-
ential actin bundles (black arrowhead). Adherens junction
filaments are found at the adherens junctions of lateral
hypodermis but have failed to contract circumferentially.
Scale bar is 10 wm.

bryos, CPI-1 was mislocalized in dIg-1(RNAi) embryos,
where it was found in small clusters (Figure 6H, n = 36/38).
This result is surprising, as cypin acts as a regulator of
MAGUK targeting in mammalian cells. Instead, the
MAGUK DLG-1 actually regulates CPI-1 targeting in vivo in
C. elegans. As such, DLG-1 acts to assemble complexes at the
adherens junction as well as to regulate proper adherens
junction assembly itself.
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To assess the role of CPI-1 in adherens junction assembly,
we removed CPI-1 expression with the use of RNAi. Sur-
prisingly, these embryos showed normal adherens junction
assembly (n = 19/19, our unpublished results) and DLG-1
localization. Thus, CPI-1 may act as a signaling molecule or
enzyme at adherens junctions (Yuan and Atchison, 1999),
but it is not required for proper adherens junction assembly
under laboratory conditions.
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DISCUSSION
Bossinger and colleagues have shown that the PDZ-domain

protein DLG-1 is required for the formation of complete and
continuous adherens junctions between epithelial cells
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Figure 5. DLG-1:: GFP localization to adherens junc-
tions does not require the cadherin-catenin system. Em-
bryos expressing DLG-1:: GFP (A-H) and HMP-1:: GFP
(I-]). Wild-type tadpole (A) and threefold stage (B) em-
bryos localize DLG-1:: GFP to adherens junctions. (C) In
contrast, let-413 mutant embryos localize DLG-1:: GFP
to punctate structures between cells. (D) Tadpole stage
hmr-1 embryos are disorganized but localize DLG-1::
GFP to adherens junctions. Tadpole (E) and terminal
(threefold equivalent) stage (F) hmp-1 embryos localize
DLG-1:: GFP to their disorganized adherens junctions.
Tadpole (G) and terminal (threefold equivalent) stage
(H) hmp-2 embryos localize DLG-1:: GFP to their disor-
ganized adherens junctions. HMP-1:: GFP is found at
adherens junctions of tadpole stage embryos from both
wild-type (I) and dIg-1(RNAi) (J) embryos. Scale bar
represents 10 pum.

(Bossinger et al., 2001). Embryos with reduced levels of
DLG-1 form adherens junctions with discontinuous accumu-
lations of the cell junction protein AJM-1. We have found
that nematodes that are fed bacteria that express double-
stranded dlg-1 RNA have undetectable levels of DLG-1 pro-
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Figure 6. DLG-1 is required to lo-
calize CPI-1. Embryos immuno-
stained with anti-PSD-95 antibodies
to detect DLG-1 (green, A, D, G) and
anticypin antibodies to detect CPI-1
(red, B, E, H). DLG-1 (green) and
CPI-1 (red) colocalize to the adherens
junctions of wild-type intestine (A-C)
and epidermis (D-F). However, in
dlg-1(RNAi) embryos, CPI-1 is found
in small clusters (arrowheads) along
the adherens junctions of intestine
(not shown) and epidermis (G-I).
Merged images (C, F, I, L, O) contain
a 10 wm scale bar.

DLG-1

tein (Figure 2H), even when DLG-1 is overexpressed by a
transgene (our unpublished results). Using this technique,
we have extended the dIg-1(RNAi) studies by determining
that DLG-1 is required for the initial localization of AJM-1 to
adherens junctions. We do not believe that the defects in
adherens junction assembly in dlg-1(RNAi) embryos are due
to gross defects in cell polarity and protein trafficking be-
cause we find that representative apical and basolateral
proteins are properly localized. Rather, we think that DLG-1
plays a relatively specific role in assembling adherens junc-
tion proteins. This is a novel observation for a MAGUK
protein because other members of this family (like DLG and
Z0O-1) have a more general role in cell polarity and the
formation of tight junctions.

Adherens junctions form belt-like structures around epi-
thelial cells, thereby allowing cells to adhere to each other to
form sheets. Some of the most well studied components of
adherens junctions include cadherin, a-catenin, and p-cate-
nin, encoded by the genes hmr-1, hmp-1, and hmp-2 in C.
elegans. Mutations in these genes result in embryos that fail
to elongate and fail to organize their actin cytoskeleton, a
phenotype similar to that of dig-1(RNAi) mutants(Costa et
al., 1998). We have shown that circumferential actin bundles,
which are required for nematode elongation, are not prop-
erly organized with respect to the adherens junctions in
dlg-1(RNAi) embryos. Thus, embryos that lack DLG-1 cannot
generate sufficient contractile force and therefore fail to elon-
gate. Our results suggest that DLG-1 might function in a
previously unknown mechanism (in addition to that of cad-
herins and catenins) by which actin filaments are attached to
and regulated by adherens junctions during the morpholog-
ical movements of cells. Indeed, other MAGUK proteins
have been shown to bind to actin/spectrin-binding protein
4.1 family members or complex with cortactin through
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GKAP and Shank (Cohen et al., 1998; Jons ef al., 1999; Marfa-
tia et al., 1994; Marfatia et al., 1996; Naisbitt et al., 1999). Our
results show that a MAGUK protein, DLG-1, is required for
the proper organization of the actin cytoskeleton, and raise
the possibility that the binding observed between MAGUK
proteins and actin-binding proteins is important for cy-
toskeletal organization in other systems.

One simple explanation for the dig-1(RNAi) phenotype
could be that DLG-1 is required to recruit HMR-1, HMP-1,
and HMP-2 to adherens junctions. Our results show that
localization of a-catenin HMP-1, which requires HMR-1 and
HMP-2, does not seem to require DLG-1 (Figure 4). Con-
versely, DLG-1 localization to adherens junctions does not
require HMR-1, HMP-1, or HMP-2 (Figure 4). Could DLG-1
function redundantly with the cadherin-catenin system?
Double mutant embryos of dIg-1(RNAi) with hmr-1, hmp-1,
or hmp-2 arrest in development at the twofold stage and are
indistinguishable from dlg-1(RNAi) single mutants; thus,
DLG-1 and the cadherin-catenin system do not appear to be
working synergistically, at least based on the current mor-
phological and molecular markers available (our unpub-
lished results). Rather, both DLG-1 and the cadherin-catenin
system appear to be essential but independent components
of epithelial adherens junctions.

We have sequenced the complete DLG-1 cDNA and have
found that DLG-1 is most similar to SAP97, a MAGUK
found at synaptic connections in the brain and cellular junc-
tions of epithelia. In particular, we have found that the
amino termini of DLG-1 and SAP97 are conserved and ap-
pear to play a pivotal role in directing DLG-1 localization to
adherens junctions. This is in contrast to Drosophila DLG,
which is localized to septate junctions through its second
PDZ domain and a unique HOOK region found between the
SH3 and GK domains (Thomas et al., 2000). The amino-
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terminus of other MAGUKSs have also been found to act as
subcellular localization signals; for example, the amino-ter-
minus of PSD-95 is palmitoylated to allow its membrane
association(Topinka and Bredt, 1998). Presumably by dedi-
cating a unique localization domain independent of the
other protein-protein interactions domains, MAGUKSs can
facilitate their own localization while maintaining the max-
imum number of valences for other binding partners.

It is currently unclear how the amino-terminus of DLG-1
and SAP97 direct their localization within cells. One possi-
bility would be an interaction with elements of the actin
cytoskeleton. However, mutants for hmr-1, hmp-1, and hmp-2
have severely disorganized actin networks but are able to
localize DLG-1 to adherens junctions, making any role for
actin in DLG-1 localization unclear at best. Presumably,
further in vivo analysis of DLG-1 localization will shed light
on this issue.
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