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ABSTRACT It has been proposed that Arp2/3, which promotes nucleation of branched actin,
is needed for epithelial junction initiation but is less important as junctions mature. We focus
here on how Arp2/3 contributes to the Caenorhabditis elegans intestinal epithelium and find
important roles for Arp2/3 in the maturation and maintenance of junctions in embryos and
adults. Electron microscope studies show that embryos depleted of Arp2/3 form apical actin-
rich microvilli and electron-dense apical junctions. However, whereas apical/basal polarity
initiates, apical maturation is defective, including decreased apical F-actin enrichment, aber-
rant lumen morphology, and reduced accumulation of some apical junctional proteins, includ-
ing DLG-1. Depletion of Arp2/3 in adult animals leads to similar intestinal defects. The DLG-1/
AJM-1 apical junction proteins, and the ezrin-radixin-moesin homologue ERM-1, a protein
that connects F-actin to membranes, are required along with Arp2/3 for apical F-actin enrich-
ment in embryos, whereas cadherin junction proteins are not. Arp2/3 affects the subcellular
distribution of DLG-1 and ERM-1. Loss of Arp2/3 shifts both ERM-1 and DLG-1 from pellet
fractions to supernatant fractions, suggesting a role for Arp2/3 in the distribution of
membrane-associated proteins. Thus, Arp2/3 is required as junctions mature to maintain
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apical proteins associated with the correct membranes.

INTRODUCTION

The actin cytoskeleton contributes to epithelial cell polarity and or-
ganization in multiple ways. One essential role for filamentous, or
F-actin, is to establish the apical domain of epithelia through its in-
teractions with the adherens junctions. Our understanding of the
interaction of actin and the apical junction is currently being revised.
Recent studies demonstrate the need for formins and myosin Il in
the development of the apical actin belt (Smutny and Yap, 2010;
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Yonemura et al., 2010). The Arp2/3 complex promotes branched
actin formation by nucleating new polymers of actin on the sides of
existing actin filaments (reviewed in Chhabra and Higgs, 2007). Tis-
sue culture studies show that Arp2/3 is required for cellular protru-
sions that bring cells together during the establishment of junctions
(Yamada and Nelson, 2007). However, these studies propose that
Arp2/3 is no longer needed at junctions once they are established.
The key molecule believed to link F-actin to the adherens junction is
o-catenin. In vitro and tissue culture studies show that dimers of
o-catenin are potent inhibitors of actin nucleation by Arp2/3, sug-
gesting an antagonistic relationship between Arp2/3 and a-catenin
(Drees et al., 2005; Benjamin et al., 2010). A positive role for Arp2/3
at junctions has been proposed during development of the Droso-
phila notum epithelium, where Arp2/3 and its activator Wiskott—
Aldrich syndrome protein (WASP) promote E-cadherin endocytosis
at adherens junctions (Leibfried et al., 2008; Georgiou et al., 2008;
Fricke et al., 2009). In addition, a study of mammalian metastasis
suppressors implicated another Arp2/3 activator, the WAVE/SCAR
complex, in adherens junction maintenance, as loss of the WAVE
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component CYFIP led to disruption of E-cadherin distribution at
junctions in multiple cancer cell types and in immortalized cells (Silva
et al., 2009).

The Caenorhabditis elegans apical junction contains two molec-
ularly and functionally distinct junctional complexes—the more api-
cal cadherin/catenin complex (CCC) and, just basal to the CCC, the
DLG-1/AJM-1 complex (DAC; reviewed in Labouesse, 2006). The
C. elegans CCC, including the a-catenin homologue HMP-1, is re-
quired for the attachment of actin filaments to adherens junctions
(AJs) during the late morphogenetic process of epidermal constric-
tion that leads the embryo to assume its elongated worm shape.
However, unlike in Drosophila and in vertebrates, loss of the CCC
alone does not alter cell polarity, cell adhesion, or the formation of
the electron-dense component of the apical junction (Costa et al.,
1998; Raich et al., 1999). The DAC components DLG-1 and AJM-1
are also required for epidermal morphogenesis. In contrast to CCC
components, loss of DLG-1 disrupts formation of the electron-dense
component of the apical junction and results in mild adhesion and
polarity defects (Bossinger et al., 2001; Firestein and Rongo, 2001;
McMahon et al., 2001). DLG-1 is required for correct AJIM-1 localiza-
tion at AJs (Koppen et al., 2001; McMahon et al., 2001; Segbert
et al., 2004). How this second complex connects to the plasma
membrane is not well understood, although SAX-7/LICAM, which
colocalizes with AJM-1 in the intestine, has been proposed to be
the transmembrane component of this junctional complex (Chen
etal., 2001). SAX-7 functions redundantly with HMR-1/cadherin dur-
ing C. elegans gastrulation (Grana et al., 2010).

We previously described an essential role for the Arp2/3 complex
and its activator, the WAVE/SCAR complex, during the earliest cell
movements of embryonic morphogenesis in C. elegans. Mutations
or depletions by RNA interference (RNAI) of the GTPase CED-10/
Rac1, any WAVE/SCAR component, or any Arp2/3 component result
in complete loss of epidermal cell shape changes and cell move-
ments. The resulting loss of epidermal cell migration leads to the gut
on the exterior (Gex) phenotype first described for WAVE/SCAR
complex components GEX-2/Sra1/CYFIP and GEX-3/HEM1/Kette/
NAP1 (Patel et al., 2008; Soto et al., 2002). In contrast, strains carry-
ing deletions of WASP, a second Arp2/3 activator, are viable, with a
low percentage of embryos defective in morphogenesis (Withee
et al., 2004), suggesting that WAVE/SCAR is the major nucleation-
promoting factor for Arp2/3 during C. elegans development, as has
been shown during Drosophila development (Zallen et al., 2002).

The C. elegans intestine is a beautifully simple organ, consisting
of only 20 cells that arise during embryonic development. The 20
individual intestinal cells line up bilaterally and develop into a tube
with only two cells per segment for most of its length. The inside
surface of the tube has an apical lumen containing actin-rich mi-
crovilli, supported by the actin- and intermediate filament-rich ter-
minal web. The cells are connected at apical adherens junctions
(Leung et al., 1999). In Gex embryos the intestinal cells are able to
form a tube that is initially found in the interior of the cell mass, as in
wild type. Only after epidermal enclosure fails late in embryonic de-
velopment does the intestine become mislocalized to the exterior
to produce the Gex terminal phenotype (Patel et al., 2008).

Two protein families have been proposed to recruit actin to
membranes in C. elegans embryos, ERM (ezrin, radixin, moesin) and
WAVE/SCAR. ERM proteins are able to connect F-actin to mem-
branes through their association with membrane lipids, including
PIP2 (reviewed in Fehon et al., 2010). C. elegans has a single ERM
homologue, ERM-1, that is essential for the development of the in-
testinal lumen. In erm-1 mutants, the lumen of the intestine forms
but is blocked by intestinal cysts (Gébel et al., 2004; van Furden
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et al., 2004). This is believed to occur due to the requirement for
ERM-1 to localize junctional proteins to an apicolateral position after
initial apical/basal polarity is established (van Furden et al., 2004).
Recruitment of the WAVE/SCAR complex and Arp2/3 to membranes
is believed to require membrane-bending F-BAR proteins (Fricke
et al., 2009; Giuliani et al., 2009). In C. elegans, the ABI-1 subunit of
the WAVE/SCAR complex has been shown to bind to the F-BAR
protein TOCA-2, and mutations in TOCA-2 lead to Gex-like embry-
onic lethality and morphogenesis defects. In addition, toca-2 mu-
tants alter the levels of the junctional protein AJIM-1 in the epider-
mis (Giuliani et al., 2009). In C. elegans and Drosophila cells the
WAVE/SCAR component ABI-1 is recruited to membranes (Fricke
et al., 2009; Giuliani et al., 2009), whereas in C. elegans and mam-
malian cells the WAVE complex was shown to affect the accumula-
tion of junctional proteins, including E-cadherin (Giuliani et al., 2009;
Silva et al., 2009). This suggested that the role of Arp2/3 at junctions
goes beyond forming protrusions to bring two cells together, but
rather that it may support junction formation and maintenance.
Here we examined the effects of depleting Arp2/3 on the forma-
tion and maintenance of the C. elegans intestinal cell junctions in
the context of a developing embryo. Intestines developing with re-
duced Arp2/3 or its WAVE/SCAR activators accumulated less apical
F-actin, showed altered lumen morphogenesis, and had decreased
accumulation of some apical junction proteins, including DLG-1. To
better understand the changes in the intestinal lumen, we investi-
gated whether WAVE/SCAR and Arp2/3 affect ERM-1, the C. ele-
gans ERM homologue required for intestinal lumen development
(Gobel et al., 2004; van Furden et al., 2004), and found that WAVE/
SCAR and ERM-1 regulate each other’s protein levels and localiza-
tion. Subcellular fractionation experiments revealed a requirement
for Arp2/3 in order for DLG-1 and ERM-1 to stay associated with
specific pellet fractions, suggesting that Arp2/3 regulates the mem-
brane association of proteins that establish and maintain the apical
junction. Our experiments depleting Arp2/3 from adults yielded
similar results, suggesting that Arp2/3 promotes apical F-actin en-
richment and lumen morphogenesis by ensuring that junctional
complexes are able to associate with membranes during embryonic
development and throughout the life of the organism.

RESULTS

Arp2/3 is required during intestinal morphogenesis

in C. elegans embryos

The WAVE/SCAR and Arp2/3 actin nucleation complexes of C. ele-
gans are required during embryonic development for epidermal cell
movements (Soto et al., 2002; Patel et al., 2008). Embryos depleted
of WAVE/SCAR or Arp2/3 components exhibit a dramatic loss of
morphogenetic movements in the epidermis and changes in other
tissues, including the developing intestine. The aberrant location
and appearance of the embryonic intestine is one of the defining
features of the Gex (gut on the exterior) phenotype, which is caused
by mutations and loss of components of the WAVE/SCAR complex
(Soto et al., 2002). We therefore wished to analyze which events in
intestinal development depend on Arp2/3.

F-actin and WAVE proteins are enriched apically in intestinal
cells at the developmental time when the apical lumen of the in-
testine is forming (Patel et al., 2008). We used a dlg-1::gfp trans-
gene (Totong et al., 2007) to monitor the establishment and
maintenance of the apical junction in Gex mutants. We found
that the initial localization of the apical junction is correct in the
absence of GEX components. However, by 380 min after first
cleavage (the first cell division), the lumen of gex mutants be-
came wider than in comparably staged wild-type embryos, and
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Arp2/3 is required during intestinal morphogenesis in C. elegans embryos. (A) Wild-type intestinal cells have
apical junctions that recruit abundant F-actin; they pack together tightly and form a narrow intestinal lumen. Loss of
Arp2/3 or WAVE/SCAR complex genes leads to the Gex, or gut on the exterior, morphogenesis phenotype. Gex
intestinal cells recruit less actin at the apical junction; the cells are rounded and form an expanded intestinal lumen.

(B) Live imaging to compare the intestinal lumen expansion in wild-type embryos and in embryos depleted of GEX
pathway. Embryos are oriented with anterior to the left. The dlg-1::gfp transgene (Firestein and Rongo, 2001; Totong
et al., 2007) is expressed at the apical junction of epithelial tissues during embryonic development, including the intestine
(internal yellow brackets) and the epidermis (expression at the embryo surface). Yellow dots outline parts of the embryo
not enclosed by epidermis. Yellow brackets indicate intestinal width. Right, a close-up of the intestine. Image contrast
was enhanced equally to highlight intestinal width. Error bars show SEM. Asterisks indicate statistical significance,

p <0.05. (C) Left, phalloidin (green) was used to compare apical F-actin levels in wild-type and gex-3(RNAI) intestines.
The yellow box around part of the intestine is amplified immediately to the right. Yellow brackets indicate intestinal
lumen width. Middle, TEM of the intestine in wild-type and gex-3(RNAi) embryos. White arrows, apical adherens
junctions; black arrows, microvilli; L, intestinal lumen. The white substance inside the lumen is the glycocalix. Right, the
vha-6p::ph::gfp strain (labeled PH::GFP) was used to visualize cell membranes in wild-type and gex-3(RNAi) embryonic
intestines. The split arrows illustrate the intestinal lumen width; the white single arrow points to lateral regions.

this expanded width relative to wild type increased over time
(Figure 1B). Because this occurred at a time in development when
the tissue layers, including the intestine, have the same arrange-
ment in Gex embryos as in wild-type embryos, this change in the
intestinal lumen is not likely to be caused by the changes in the
external epidermis. Genetic null mutants in wve-1 never enclose
and always show the lumen expansion defect. Partial depletion of
wve-1 by RNAI leads to 50% of embryos that partially or fully
enclose before dying. These intermediate-phenotype wve-1 em-
bryos, even those that enclose, also show the lumen expansion,
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further supporting that the defect is due to loss of GEX function
in the intestine, and not an indirect effect of the epidermal de-
fects (Patel et al., 2008).

Apical F-actin levels decreased by ~30% in gex-3 embryonic in-
testinal cells (Figure 1C, left; Figure 3; Patel et al., 2008). To deter-
mine whether the drop in apical F-actin levels is due to the loss of
microvilli, we performed transmission electron microscopy (TEM) on
wild-type and gex mutant intestines. Embryos depleted of gex-3 via
RNAI displayed aberrant intestines, but the lumen was covered by
microvilli (Figure 1C, middle). The presence of apical microvilli and
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Arp2/3 maintains apical organization during postembryonic growth. (A) Adult intestines are shown by
differential interference contrast (DIC) (top) and fluorescence optics (bottom). Split arrows indicate intestinal lumen width.
Graph shows the lumen width of young adults in wild-type animals and in animals depleted of the WAVE-complex
component GEX-3, ARP-2, or apical junction components. A strain that specifically marks the intestinal cells with GFP
(vha-6p::GFP) facilitated measurement of the lumen width. (B) Postembryonic apical F-actin levels were detected with
phalloidin (green) in dissected and fixed intestines. DAPI (red) indicates intestinal nuclei. Graphs: n > 15 adults for each
genotype. Error bars show SEM. Asterisks mark statistical significance, p < 0.05. Values on the y-axis indicate

fluorescence intensity in arbitrary units here and throughout the figures.

apical electron-dense adherens junctions (Figure 1C) showed that
these cells initiate overall apical/basal polarity. To examine the api-
cal and basolateral morphology of the intestinal cells, we used the
PH::GFP transgene expressed under an intestinal promoter
(vha-6p::ph::gfp; Bae et al., 2009). In wild-type embryos PH::GFP
showed tight packing of the intestinal cells at the lateral regions. In
embryos depleted of gex-3 and other WAVE/SCAR components via
RNAI, PH::GFP was still enriched at membranes, but the apical lu-
men was wider and lateral cells packed together more loosely, re-
maining rounded (Figure 1C, right). These results showed that al-
though apical/basal polarity could initiate in the absence of Arp2/3,
the maturation of these intestinal epithelial cells at their apical and
lateral regions required Arp2/3.

Arp2/3 regulates intestinal lumen width and apical F-actin
accumulation during larval and adult growth

The role of Arp2/3 and its activator, the WAVE/SCAR complex, in
embryonic development suggested a role for these actin regulators
in the maintenance of tissue polarity. We therefore examined the
intestines of adult worms depleted of WAVE/SCAR or Arp2/3 com-
ponents during larval development. L1 larvae were fed dsRNA to
deplete wve-1, gex-3, arp-2, or wsp-1, and levels of apically accu-
mulated junctional proteins were monitored after 2 d on RNAi food.
Larvae depleted of arp-2 had additional growth problems; therefore
all arp-2 animals were measured after both 2 and 3 d on RNAi food,
and the day 3 results are shown. We detected changes in intestinal
lumen width, apical accumulation of junctional proteins, and apical
F-actin levels (Figures 2 and 3).
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First, we noted that the intestinal lumen became wider when we
reduced WAVE/SCAR or Arp2/3 components in adults, just as we
saw in embryos. In addition, this lumen expansion also occurred
when we reduced the junctional proteins DLG-1 or HMR-1/0-catenin
postembryonically (Figure 2A). Second, phalloidin staining of the
adult intestine showed a decrease in apical F-actin levels when wve-
1, gex-3, or arp-2 was removed via mutation or RNA|, similar to the
effect observed in embryos (Figure 2B). We conclude that the re-
quirement for Arp2/3 function in the apical intestine begins during
embryonic development and continues throughout the life of
the worm. In adults the proteins in both junctional complexes—the
cadherin/catenin complex, including hmp-1 and hmr1, and the
DLG-1/AJM-1 complex—were required for enriched apical F-actin
levels (Figure 2B). These results suggested that Arp2/3 and the two
C. elegans apical junction complexes work together to regulate the
size of the apical lumen and the enrichment of apical F-actin.

Arp2/3 regulates some apical junction components

in embryos and adults

We tested whether loss of Arp2/3 and its WAVE regulators affected
enrichment of junctional proteins at the apical intestine. Live imag-
ing of DLG-1::GFP accumulation in adult intestines showed that
removal of WAVE/SCAR or Arp2/3 components via RNAI resulted
in minor overall changes in DLG-1::GFP apical levels and a shift of
DLG-1::GFP from the apical region to the cytoplasm, resulting in a
lower ratio of apical-to-cytoplasmic fluorescence (Figure 3B). In
embryos the apical accumulation of DLG-1 also depended on
Arp2/3. In live wild-type embryos the intestine showed increased
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Arp2/3 regulates some apical junction components in embryos and adults. (A) Live imaging of DLG-1::GFP
during intestinal morphogenesis. The same embryo is shown via DIC optics (left) and fluorescence (right). The levels of
DLG-1::GFP were recorded in equally staged wild-type and mutant embryos every 40 min beginning at
midembryogenesis. The dotted yellow line indicates the outline of the intestine. White arrows point to the developing
apical intestine. The additional signal around the periphery of the embryos is from the DLG-1::GFP expression in the
epidermis. The apical intestinal signal was calculated by placing a line (shown in red) across the intestine, and the
maximum reading generated using the Line Function of ImageJ was recorded as the apical signal. The cytoplasmic
signal was calculated as the average of the signal at the center of the two intestinal cells 2.5 pm on either side of the

apical intestine. The graph on the left summarizes the average apical DLG-1::GFP levels in wild-type and Gex embryos;
x-axis numbers indicate minutes after first cleavage. The graph on the right shows the average apical and cytoplasmic
DLG-1::GFP levels in wild-type and Gex embryos at 420 min after first cleavage. (C) Live imaging of HMR-1::GFP during
embryonic intestinal morphogenesis. Labeling, measurements, and graphs were done as in A, except the graph on the
right shows the apical and cytoplasmic levels at 360 min after first cleavage. (B, D) DLG-1::GFP and HMR-1::GFP
accumulation in adults. Top, the ratio of apical to cytoplasmic. Bottom, apical and cytoplasmic levels of DLG-1::GFP (B)
and HMR-1::GFP (D) in the intestines of young adult worms were measured as described for the embryonic intestines.

Micrographs show similarly staged worms expressing DLG-1::RFP and HMR-1::GFP. For each genotype n > 10 adult
worms. Error bars show SEM. Asterisks indicate statistical significance, p < 0.05.

apical accumulation of DLG-1::GFP by 340 min after first cleavage,
which continued to rise as the intestine formed (Figure 3A). When
we reduced WAVE/SCAR and Arp2/3 components from these em-
bryos using RNAI or genetic mutations we noted significantly de-
creased apical accumulation of DLG-1::GFP by 380 min (Figure
3A). The E-cadherin homologue HMR-1::GFP did not exhibit de-
creased accumulation at the apical junction in WAVE/SCAR mu-
tants in adults and embryos (Figure 3, C and D). These results show
that Arp2/3 is required for the apical enrichment of DLG-1::GFP
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but not HMR-1/E-cadherin during embryonic and postembryonic
growth.

Apical enrichment of F-actin in the embryonic intestine
requires the WAVE/SCAR complex, ERM-1, and the
DLG-1/AJM-1 junctional complex but not the cadherin/
catenin complex

If apical F-actin accumulation in the developing C. elegans intestine
required the cadherin/catenin complex, then depletion of complex
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@)\ @ WAVE and DLG-1 complexes, ERM-1 is

®+ e* required for the early recruitment of apical
9 9

F-actin in the developing intestine.

Apical enrichment of F-actin in the embryonic intestine requires the WAVE/SCAR

complex, ERM-1, and the DLG-1/AJM-1 complex but not the cadherin/catenin complex.
Embryos were stained with phalloidin to visualize F-actin (green) accumulation in the apical
intestine in wild type and in embryos depleted of candidate regulators of apical morphogenesis.
DAPI (red) labels nuclei. The apical region of the intestine (yellow rectangle) is amplified below
each micrograph. Embryos at 550 min after first cleavage were compared. Actin regulators,
including WAVE/SCAR components wsp-1, and arp-2, are shown. Double mutants were made by
feeding RNAI for one gene to a strain carrying a genetic mutation in a second gene. RNAi
effectiveness was verified by phenotypic assays. n > 10 embryos for each genotype. Error bars

show SEM. Asterisks indicate statistical significance, p < 0.05.

members should result in a drop of apical F-actin. Surprisingly, phal-
loidin staining showed that F-actin levels were not significantly low-
ered by the loss of hmp-1/0i-catenin or the loss of other components
of the cadherin/catenin complex: hmp-2/B-catenin and hmr-1/cad-
herin (Figure 4). We conclude that the cadherin/catenin complex is
not required for F-actin assembly in the developing C. elegans in-
testinal apical junction.

If the proteins of the second apical junction complex, the DLG-1/
AJM-1 complex, are recruiting actin to the apical junction, we would
expect loss of DLG-1 or AJIM-1 to affect apical F-actin levels. Phal-
loidin signal at the apical intestine dropped by ~35% in dlg-1 RNAI
embryos and by ~30% in ajm-1 RNAi embryos (Figure 4). This is
comparable to the drop we observed when we reduced WAVE/
SCAR components (Figure 4; Patel et al., 2008). We further tested
the proposed transmembrane component, SAX-7, using genetic
putative null mutations. We failed to detect a significant drop in
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Genetic evidence that WAVE/SCAR
components work with the DLG-1/
AJM-1 components and ERM-1 for
apical actin enrichment

We used genetic double-mutant analysis to
test whether WAVE/SCAR components and
ERM-1 act with either the DLG-1/AJM-1
junction, with the cadherin/catenin junction,
or with both. Double mutants in the same
pathway should show similar effects on api-
cal F-actin, whereas mutants in two parallel pathways may show ad-
ditive results. ERM-1 had previously been proposed to act in parallel
to the cadherin/catenin complex based on the junctional protein
accumulation (van Furden et al., 2004). We measured the effects of
these mutations on apical F-actin accumulation at the 550-min
stage. The cadherin/catenin complex did not affect actin accumula-
tion at this stage, whereas the DLG-1/AJM-1 complex did, as did
loss of WAVE complex or of ERM-1. Double mutants showed that
loss of erm-1 did not cause additional loss of apical F-actin in double
mutants with WAVE complex component wve-1 or gex-3 (Figure 4).
Likewise the loss of both gex-3 and dlg-1 led to a similar decrease
in apical F-actin as either single mutant. The loss of both hmp-1/
o-catenin and dlg-1 led to a similar drop in apical F-actin levels as
the loss of dlg-1 (Figure 4). These results suggest that ERM-1, the
WAVE complex, and the DLG-1 complex work together to recruit
apical actin, since the double mutants lead to the same decrease in
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apical F-actin levels as any of the single mutants. The cadherin com-
plex did not play a role in this embryonic recruitment of apical F-
actin, even when the other components were missing, suggesting
that redundancy is not hiding the role of the cadherin complex. We
note that none of the double deletions and knockdowns led to com-
plete loss of apical F-actin. The remaining apical F-actin may be
present in microvilli, as shown by EM of single mutants (Figure 1B;
Gobel et al., 2004). This remaining F-actin may be nucleated by
formins. C. elegans has seven formin-like proteins. Removal of indi-
vidual formins led to variable decreases in apical phalloidin levels.
Double mutants formed by reducing the formins inft-1 or cyk-1 via
RNAI in gex-3 embryos led to lower levels of phalloidin than in any
of the single mutants (Figure 4). This suggests that all of the actin
nucleators—those that promote linear actin and those that promote
branched actin—contribute to the apical actin accumulation in the
developing intestine.

The WAVE/SCAR complex regulates intestinal
morphogenesis through ERM-1

The single C. elegans ERM homologue ERM-1 is essential for the
development of the intestinal lumen. Loss of ERM-1 reduced apical
F-actin levels in the early embryonic intestine as severely as did loss
of WAVE/SCAR components or Arp2/3 (Figure 4).

We therefore investigated whether WAVE/SCAR proteins and
ERM-1 proteins work together at the apical junction by testing
where they localize relative to each other, how similar or different
their effects are at the apical junction, and whether they affect each
other’s localization and levels.

The WAVE/SCAR complex localizes between the apical
ERM-1 domain and the apical junction. We performed double-
label experiments to determine the localization of the WAVE
complex relative to ERM-1 and to the apical junctions at the time of
junctional establishment, between 280 and 450 min after first
cleavage. Embryos doubly labeled with antibodies to ERM-1 and to
green fluorescent protein (GFP) to visualize DLG-1::GFP showed
that ERM-1 and the junctional protein DLG-1 overlapped initially at
the apical intestine as previously described (van Furden et al., 2004;
and unpublished data), but ERM-1 localized apically to DLG-1 by
440 min (Figure 5A). ERM-1 also localized apically to the CCC
complex component HMR-1/E-cadherin by 440 min (Figure 5A).
Embryos doubly labeled with an antibody to the junctional protein
AJM-1 (MH27; Francis and Waterston, 1991; Koppen et al., 2001)
and an antibody to GFP to visualize GFP::GEX-3 showed that
GFP::GEX-3 was enriched apically to AJIM-1 by 460 min (Figure 5A).
Embryos doubly labeled with antibody to ERM-1 and an antibody
to GFP to visualize GFP::GEX-3 showed that WAVE complex
components were enriched basally to ERM-1 by 440 min (600 min
shown; Figure 5A). Therefore in these cells the WAVE/SCAR
components are enriched apically between ERM-1 and the apical
junctions as the junctions are assuming their apicolateral position.

Comparison of Erm and Gex phenotypes in lumen morphology
and DLG-1 recruitment. To compare the role of ERM-1 at
junctions with the role of WAVE/SCAR, we first compared their
effects on the intestinal lumen width. The gex-3(zu196¢),dlg-1::9fp
embryos showed progressive expansion of the apical lumen,
whereas the erm-1(RNAI);dlg-1::gfp embryos showed the
opposite phenotype—a narrower intestinal lumen (Figure 5B). To
test whether the lumen expansion in Gex mutants depends on
ERM-1, we depleted erm-1 from gex-3 mutant embryos. The
gex-3(zu196);erm-1(RNAI);dlg-1::gfo embryos showed an expansion
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of the intestinal lumen close to that of wild type (Figure 5B). This
suggested that GEX-3 requires ERM-1 to affect the width of the
lumen.

Although loss of gex-3 led to lower apical DLG-1::GFP accumu-
lation (Figures 3A and 5B), loss of ERM-1 did not significantly affect
apical accumulation of DLG-1::GFP (Figure 5B), consistent with re-
ports that DLG-1 can accumulate without ERM-1 (van Furden et al.,
2004). However, if both erm-1 and gex-3 were removed, even less
DLG-1::GFP accumulated at the apical intestine than when gex-3
alone was removed (Figure 5B). Likewise, the levels of phalloidin
dropped by a similar amount (~30%) when both erm-1 and gex-3
were removed (Figure 4; summarized in Figure 5B). In contrast, the
levels of HMR-1::GFP were not significantly altered by the loss of
gex-3 or erm-1 or in the double mutant (Figure 5B). This showed
that both ERM-1 and GEX-3 were contributing to the apical re-
cruitment of F-actin and of some apical junction proteins, but the
apical F-actin levels correlated with the levels of DLG-1, not of
cadherin/HMR-1.

WAVE and ERM-1 effects on each other’s protein levels
ERM-1 regulates the apical accumulation of GFP::GEX-3 and
the total protein levels of WVE-1. To test whether loss of ERM-1
affects the normal distribution of WAVE complex components, we
performed antibody staining to GFP and to AJM-1 on embryos
carrying the rescuing gfp::gex-3 transgene and found that apical
accumulation of GFP::GEX-3 required ERM-1. In 10 of 10 embryos
we saw that the apical junction protein AJM-1 accumulated at its
normal apical location when ERM-1 was removed by RNAI, but
GFP::GEX-3 did not become enriched at the apical intestine, and
the overall levels seemed reduced (Figure 5A, rightmost). We
measured the levels of WVE-1 in lysates depleted of ERM-1 and
detected a decrease of at least 50% (Figure 5C). Because loss of
any component of the WAVE complex reduces the levels of all
complex members (Patel et al., 2008), these results suggested that
less WAVE complex can accumulate apically in embryos depleted
of ERM-1. This could be due to the overall drop in WAVE levels or
to a requirement for ERM-1 to help the WAVE complex accumulate
at the apical membrane.

Apr2/3 regulates the accumulation of apical ERM-1 and total
protein levels of ERM-1. To test whether loss of Arp2/3 affects
the normal distribution of ERM-1, we measured the apical
accumulation of ERM-1::GFP in the presence and absence of the
Arp2/3 regulator gex-3 in live embryos (Figure 5C). Wild-type
embryos at 420 min showed similar levels of DLG-1::RFP and ERM-
1::GFP at the apical surface of the intestine. Although gex-3(RNAI)
embryos at 420 min showed slightly decreased apical accumulation
of DLG-1::RFP compared with wild-type embryos, the mutants
accumulated 50% more apical ERM-1::GFP than does wild type
(Figure 5C). This result supports a role for Apr2/3 down-regulating
the levels of ERM-1.

We measured the levels of ERM-1 in lysates depleted of
wve-1, gex-2, gex-3, or arp-2 and detected an increase of greater
than 10-fold in all of the depleted lysates (Figure 5C). Therefore
WAVE/SCAR and ERM-1 proteins regulate each other’s protein
levels, with ERM-1 contributing to WVE-1 levels and WVE-1 in
contrast limiting ERM-1 levels. This can be seen in the total lev-
els of the relative proteins and in their accumulation in live em-
bryos. These results raised the question of whether the apical
changes detected by live imaging reflected changes in the abil-
ity of these proteins to associate with membranes, including the
apical membrane.
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The WAVE/SCAR complex regulates intestinal morphogenesis through ERM-1. (A) Localization of WAVE
proteins relative to ERM-1 and the apical junction. Fixed embryos doubly labeled with antibodies to ERM-1 (Hadwiger
etal., 2010), AJM-1 (MH27) (Francis and Waterston, 1991; Koppen et al., 2001), and GFP (ab6556, Abcam) to visualize
DLG-1::GFP (Totong et al., 2007) and a GFP::GEX-3-rescuing transgene (Soto et al., 2002). Age of embryos in minutes
after first cleavage is indicated at upper left. All embryos are in a wild-type genetic background, except for the embryo
at the right, which was depleted of ERM-1 via RNAi. White arrows point to the developing nerve ring, which in wild-type
embryos has high GFP::GEX-3 expression. Image contrast was enhanced equally to better illustrate the subcellular
localization. Section of the intestine in the yellow rectangle is amplified below the micrograph. The bright spot on the
upper right corner of the rightmost embryo is nonspecific signal, visible in all channels. The model shows the location of
ERM-1 (red) relative to WAVE/SCAR (light green) and the DAC junction (blue). (B) Comparison of the effects of WAVE
and/or ERM-1 loss on apical intestine development. Left, embryos carrying the dlg-1::gfp transgene were used to
monitor the width of the intestinal lumen over time in wild-type, erm-1(RNAI), gex-3(zu196), and gex-3(zu196);erm-1
(RNA)) strains. Right, comparison of changes in the apical DLG-1::GFP, HMR-1::GFP, and phalloidin levels in erm-1(RNAI),
gex-3(zu196), and gex-3(zu196);erm-1 (RNAI) strains. Measurements of apical DLG-1::GFP and HMR-1::GFP were taken
as described in Figure 3. Phalloidin data are from Figure 4. (C) WAVE and ERM-1 effects on each other’s protein levels.
Live embryos carrying two transgenes, DLG-1::RFP and ERM-1::GFP, imaged with wild type and reduced (gex-3 RNA))
WAVE complex. Magnified image of the intestine in the merged image is shown to the right. Image contrast was
enhanced equally to better illustrate the localization, but quantitation was performed on raw images. Western blot
analysis of ERM-1 levels in lysates depleted of branched actin regulators (middle) and of WVE-1 levels in lysates
depleted of ERM-1 (right). Numbers below the blots show fold increase over wild type as normalized to tubulin and
represent the average of two independent sets of lysates and three blots (ERM-1 Western) and three independent sets
of lysates and seven blots (WVE-1 Western). Error bars show SEM. Asterisks mark statistical significance, p < 0.05.
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FIGURE 6: Subcellular distribution of ERM-1 and DLG-1 depends on the WAVE complex.

(A) Fractionation scheme and characterization of the supernatant and pellet fractions (see
Materials and Methods for details). Pellets were resuspended so that they matched the volume
of their partner supernatant fraction, then equal volumes of each S and P fraction were loaded
so that relative amounts of each protein in the S vs. P fraction could be compared. Antibodies to
specific subcellular components were used to characterize the fractions. RE, recycling
endosome; SM, starting material. (B) Subcellular distribution of DLG-1 visualized with an
antibody to GFP in wild-type, wve-1, gex-2, and gex-3 RNAI lysates and with an antibody to
endogenous DLG-1 (Hadwiger et al., 2010) in rme-1(b1045) mutant and erm-1 RNAi lysates.

(C) Subcellular distribution of ERM-1 visualized with an antibody to endogenous ERM-1 in
wild-type and mutant lysates. Asterisks indicate a shift of protein from the pellet to the
supernatant fraction in mutant lysates. The numbers below each band represent the relative
percentage of total protein found in each fraction and are the average data from at least three
Western blots representing at least two separate fractionation experiments for each genotype.

so we developed a protocol based on
the published Saccharomyces cerevisiae
and mammalian fractionation protocols
(Figure 6A; Materials and Methods). We
then used antibodies to characterize the su-
pernatant (S) and pellet (P) fractions that we
obtained after separating the fractions with
increasing rotation speed and duration
(Figure 6A). Antibodies to DNA-associated
histone H3 (Abcam Ab1791) bound mainly
to the P1 fraction, and a smaller proportion
bound to the P2 fraction, which showed that
the fractionation conditions were gentle
enough to not lyse nuclei. The presence of
histone H3 in the P2 fraction likely reflected
mitochondrial DNA, which also contains H3
histones (Zanin et al., 2010). Antibodies to
the Golgi component SQV-8 (Audhya et al.,
2007) bound mainly to the P1 fraction, which
indicated that the P1 fraction was enriched
in large organelles. PLC-3-PH::GFP (abbrevi-
ated PH::GFP) binds to phosphatidylinositol
bisphosphate (PIP,) and is therefore en-
riched at the plasma membrane (Stauffer
et al., 1998; Varnai and Balla, 1998; Bae
etal., 2009). Antibodies to GFP showed that
PH::GFP was enriched in P1 and P2, sug-
gesting that these fractions contained a sig-
nificant part of the plasma membrane. Ver-
tebrate intestinal brush border fractions,
which contain junctional complexes, can be
isolated by low-speed centrifugation of
whole-cell homogenates (Schafer et al.,
1992). Therefore P1 may contain the apical
plasma membrane associated with microvilli
and the apical junction. To test this idea, we
determined the distribution of EPS-8, a pro-
tein that localizes to apical cellular struc-
tures, including the intestinal microvilli, in
C. elegans (Croce et al., 2004; Ding et al.,
2008). Antibodies to EPS-8 (Croce et al.,
2004) bound mainly to the P1 fraction. Anti-
bodies to tubulin showed increasing enrich-
ment in the supernatant fractions. A faint
band of tubulin was always seen in the high-
speed pellet, P4. This is likely the small pool
of membrane-associated tubulin that has
been reported in other organisms (Allen and
Wolf, 1979; Nishikawa and Kitamura, 1984;
Farah et al., 2005).

DLG-1 and ERM-1 are membrane-
associated rather than transmembrane pro-
teins. We therefore characterized the sub-

Subcellular fractionations reveal that Arp2/3 regulates cellular distribution of membrane-associated proteins as compared
DLG-1 and ERM-1 distribution at cellular membranes with transmembrane proteins in our fractions (Figure 6A). Antibod-
The changes in the accumulation of DLG-1 and ERM-1 at the apical ies to the transmembrane protein RME-2, the C. elegans yolk recep-
intestine of Gex embryos could reflect changes in how much of  tor that is most abundantly found at recycling endosomes (Grant
these junctional proteins are membrane associated or changes in and Hirsh, 1999), bound strongly to the pellet fractions P2, P3, and
how much of these proteins are cytoplasmic but enriched near the P4, with the highest amount in the P2, and only faintly to the S4 frac-
apical membrane. To distinguish between these two possibilities, we  tion. Therefore the pellet fractions appeared enriched in transmem-
pursued subcellular fractionations of C. elegans lysates. There are brane proteins. In contrast, antibodies to the membrane-associated
few published protocols for subcellular fractionation in C. elegans,  recycling endosome protein RME-1 (Grant et al., 2001) became
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enriched in the supernatant fractions S2, S3, and S4. However, a
small but significant percentage of RME-1 also associated with the
pellet fractions, including P4. This suggested that under these frac-
tionation conditions we were able to detect the membrane associa-
tion of proteins and could distinguish these proteins from trans-
membrane proteins. With these fractionation conditions, we next
analyzed the subcellular distribution of ERM-1 and DLG-1.

Subcellular fractionation of embryos suggested that in wild-
type DLG-1 was enriched in membrane fractions (Figure 6B) but
that loss of Apr2/3 or its activators shifted DLG-1 from the plasma
membrane to other subcellular compartments. Lysates from wild-
type embryos showed that most DLG-1::GFP was enriched in P1
pellet (54%, of total protein), with significant amounts of DLG-
1::GFP in the P2 and P4 pellets (9 and 4% of total protein each).
This profile was most similar to that of PLC-3-PH::GFP, which was
enriched in P1 and P2 pellets (Figure 6A). When we reduced
WAVE/SCAR components from these embryos via RNAi, we
noted that the P1 pellet still contained most of the DLG-1::GFP,
but now a significant percentage of DLG-1::GFP was found in the
remaining higher-speed S and P fractions. In particular, we mea-
sured an increase in the percentage of the total lysates contribut-
ing to the S3 fraction, from 5% of the total lysate in wild type
to 32, 12, and 14%, respectively, in lysates depleted of wve-1,
gex-2, or gex-3 (Figure 6B). The decreased accumulation of DLG-
1::GFP at the apical junctions in live embryos (Figure 3A) may
reflect a shift to a different subcellular domain. The S3 fraction is
enriched for RME-1, a membrane-associated component of the
basolateral recycling endosomes (Grant et al., 2001; Chen et al.,
2006). Therefore, the shift to the S3 fraction could reflect a shift of
DLG-1 away from the plasma membrane and to recycling endo-
somes. To test this idea, we made lysates from animals with a null
mutation in the recycling endosome protein RME-1. Using an an-
tibody to endogenous DLG-1 (Hadwiger et al., 2010), we found
that there was less DLG-1 in the S3 fraction compared with wild
type, whereas the amount of DLG-1 in P1 increased by at least
50% compared with wild type. Because loss of RME-1 results in
decreased transport of some proteins from recycling endosomes
to the plasma membrane (Grant et al., 2001), this suggested that
DLG-1 localization depends on trafficking proteins, that DLG-1
requires the RME-1 pathway for proper localization, and that
RME-1 and Arp2/3 have different roles regulating the plasma
membrane association of DLG-1. Overall, these fractionation re-
sults suggest that Arp2/3 and a regulator of recycling endosomes
maintain the apical junction protein DLG-1 in its correct mem-
brane compartment.

To determine the distribution of ERM-1 in wild-type and mu-
tant animals, we probed the fractionated lysates with an antibody
to endogenous ERM-1 (Hadwiger et al., 2010) and found that it
bound mainly to the P1 low-speed pellet, as would be expected
for a protein closely associated with the apical plasma membrane.
Depleting WAVE/SCAR component wve-1, gex-2, or gex-3 led to
a shift of ERM-1 into all of the supernatant fractions, as well as
increased ERM-1 levels in the higher -speed fractions (Figure 6C).
The substantial shift to the S3 and S4 fractions may indicate that
there are increased ERM-1 levels, for example, at recycling endo-
somes. To test this idea, we used lysates depleted of the recycling
endosome protein RME-1 and found increased ERM-1 in the S3
and S4 fractions but an overall shift back to pellet fractions, in-
cluding P4. Therefore, another membrane-associated protein im-
portant for apical intestine development requires Arp2/3 regula-
tors and a regulator of recycling endosomes for its subcellular
distribution.
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DISCUSSION

Arp2/3-dependent actin nucleation is needed to form protrusions
for cell migrations, but in a polarized cell Arp2/3 carries out addi-
tional functions to maintain the integrity of apical junctions. In C.
elegans animals with properly formed junctions, depletion of Arp2/3
or its nucleation-promoting factor WAVE/SCAR led to changes at
the apical junctions in both larvae and adults. These changes match
those caused by removal of actin nucleators in developing embryos.
Loss of Arp2/3 in the self-assembling tubular intestine of C. elegans
does not disturb the establishment of apical/basal regions of these
cells. The results shown here demonstrate that the maturation of the
apical domains requires Arp2/3. In the absence of Arp2/3 or its
WAVE/SCAR regulators, the developing embryonic intestine shows
decreased apical enrichment of F-actin and altered distribution of
apical junction molecules. We show here that 1) the cadherin/catenin
complex is not the sole regulator of apical F-actin, as loss of the
DLG-1/AJM-1 complex has a greater effect on apical F-actin in the
embryonic intestine; 2) Arp2/3 supports the DLG-1/AJM-1 complex
to maintain the apical compartment in embryos and larvae; and 3)
Two distinct types of proteins, Arp2/3 and ERM-1, promote F-actin
enrichment at apical epithelia and regulate the membrane associa-
tion and distribution of the apical junction protein DLG-1.

These studies connect two complexes that are associated with
F-actin at membranes in the development of the apical junction.
ERM-1 is needed to exclude junctional proteins, including DLG-1,
from the apical region so that these proteins acquire an apicolateral
location (van Furden et al., 2004). We show that Arp2/3 contributes
to this process by regulating the apical accumulation and total levels
of ERM-1. In the absence of WAVE/SCAR, ERM-1 levels are elevated
at the apical intestine, whereas DLG-1 levels drop. However, the
relationship of WAVE/SCAR and ERM-1 is not simply antagonistic.
Both actin-associated proteins contribute to apical F-actin accumu-
lation in the developing intestine, and both are needed for apical
accumulation of DLG-1 at the apical junction. This suggests a devel-
opmental model, elaborated below and in Figure 7, for how these
two actin-associated proteins may work together to support the
maturation of junctions in the developing intestine.

Developmental model for how Arp2/3 supports epithelial
polarization

As epithelial cells polarize, actin is enriched at one end of the cell.
ERM proteins are able to interpret polarity signals and to connect
cortical F-actin to the plasma membrane (Fehon et al., 2010). In the
developing C. elegans intestine this apical domain is initially rich in
junctional proteins, including DLG-1. However, as the cells are fur-
ther polarized, the junctional proteins are repositioned to apicolat-
eral domains of the plasma membrane, and this localization depends
on ERMs (van Furden et al., 2004). How ERM-1 accomplishes this is
not known. As these events are occurring, WAVE proteins are also
accumulating at the apical region of the cell (Patel et al., 2008) and
eventually mark the boundary between ERM-1 and the apical junc-
tion (Figure 5A). Enrichment of WAVE proteins at the apical mem-
brane requires ERM-1 (Figure 5A). The fact that WAVE proteins in
the C. elegans intestine are needed only after epithelial polarization
has begun is illustrated by the fact that several proteins that estab-
lish apical/basal polarity, such as PAR-3 and the Scribble homologue
LET-413, are able to assemble properly in the absence of WAVE/
SCAR (unpublished data), and EM studies show that adherens junc-
tions form (Figure 1C). When WAVE complex proteins are missing,
the earliest defects we observed were in the membrane accumula-
tion and retention of a subset of the apical junction proteins, in par-
ticular DLG-1. Subcellular fractionations support the idea that Arp2/3
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FIGURE 7: A developmental model for the role of Arp2/3 and ERM-1 in apical junction formation during development.
Cross—sections of the intestinal tube are shown in developing wild-type and Gex embryos. Polarization of intestinal cells
requires the assembly of the apical domain, including apical localization of the junctions, ERM-1, the WAVE/SCAR
complex, and F-actin. ERM-1 helps to establish the apical region by binding to cortical F-actin before the apical junctions
have fully formed, by localizing WAVE/SCAR apically, and by repositioning the apical junction proteins apicolaterally.
When Arp2/3 is present the correct levels of ERM-1 accumulate at the apical plasma membrane, and junctional proteins
can accumulate at their correct apicolateral locations. In the absence of Arp2/3 or its activator, the WAVE/SCAR
complex, ERM-1 levels are highly elevated. The elevated ERM-1 may displace junctional proteins from the apical
domain, leading to decreased junctional proteins at the membrane, less apical F-actin, and an expanded lumen width.
Taken together, these defects result in a cell that is only partially polarized.

regulates the membrane association of these junctional proteins.
The consequences of reducing the amounts of junctional proteins
from the apical junction are a reduction in apical actin (Figures 1, 2,
and 4) and an expansion of the lumen width (Figure 1, 2, and 5).

What may branched actin be contributing to apical junctions
during development?

Arp2/3-dependent actin nucleation may be contributing to apical
F-actin establishment and retention in two ways: 1) through a struc-
tural role and 2) through a regulatory role.

Structural role. Branched actin nucleated by Arp2/3 could provide
stiffness that could set the boundaries of the apical versus
apicolateral domain of the plasma membrane. This difference in
stiffness could limit the region where ERM-1 acts and could support
the membrane recruitment of apical junction proteins. In addition,
activated ERM proteins have been shown to provide stiffness to
membranes (Manno et al., 2005; Cheshire et al., 2008; Kunda
etal., 2008). The decreased lumen expansion and collapsed lumen
seen in erm-T mutants may indicate that ERM-1 is needed to
provide stiffness during lumen formation. The increased lumen
expansion and increased ERM-1 levels seen in gex mutants
may indicate that WAVE/SCAR proteins prevent excessive apical
stiffness and lumen expansion by down-regulating ERM-1.
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Phospho-specific antibodies to activated ERM-1 could be used
to test this model.

Regulatory role. Studiesin C. elegans, Drosophila, and mammalian
tissues have proposed a role for Arp2/3 in the trafficking of junctional
proteins, for example, of E-cadherin, at the apical junction. The
exact step in trafficking that is altered by the loss of Arp2/3 is not
known, but it has been proposed that scission of membrane tubules
undergoing endocytosis is one role for Arp2/3 (Georgiou et al.,
2008; Leibfried et al., 2008; Fricke et al., 2009). The results shown
here support a trafficking role for Arp2/3 distinct from the role of
recycling endosome proteins like the EH domain protein RME-1:
Arp2/3 may help transport membrane-associated molecules like
ERM-1 and DLG-1 from the plasma membrane to recycling
endosomes. These studies suggest that correct subcellular
distributions of ERM-1 and DLG-1 are essential for maintenance of
intestinal lumen morphology and of the apical junction. A trafficking
role for ERM-1 is well documented, including for the transition of
early endosomes to late endosomes in conjunction with the
homotypic fusion and vacuole protein sorting protein complex
(Chirivino et al., 2011). Therefore a change in the subcellular
localization of ERM-1 could affect proteins at the apical membrane
that are dependent on ERM-1 for trafficking to maintain the apical
junction. DLG-1 has also been shown to have a role in trafficking.
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Human DLG-1/SAP97 is involved in trafficking of ionotropic receptors
from the endoplasmic reticulum to the plasma membrane (Sans
et al., 2001), and Drosophila DLG-1/Dlg is involved in polarized
trafficking to form membranes (Lee et al, 2003). Therefore
disassociation of DLG-1 from membranes could affect its role
at junctions and in trafficking. Finally, there is precedent for
DLG-1 interacting with Arp2/3. DLG-1 and Arp2/3-dependent actin
cooperate during T-cell activation according to several studies (Xavier
et al., 2004; Round et al., 2005). Further studies of how these proteins
interact at the apical junction and contribute to trafficking will be
needed to clarify their roles in epithelial polarity maintenance.

MATERIALS AND METHODS

Strains

C. elegans strains were cultured as described in Brenner (1974). The
following strains were used in this analysis: WM43 gex-3(zu196)/
DnT1, OX232 wve-1(zu469) unc-101(m1)/hin1; WM58 unc-24 gex-3
(zu196); EX[GFP::GEX-3], RT1120 vha-6::ph::gfp, FT48 xnls16 [dlg-
1::gfp]; him-8, OX306 1s20 [vha-6:rde-4:gfp], FT250 xnls?é
[pPIN455: hmr-1p::hmr-1::gfp:iunc-54 3'UTR; unc-119(+); unc-119
(ed3)], OX515 fgEx11 [erm-1::gfp, rol-6]; mcls4é [dlg-1::RFP; unc-
119+], OX322 gex-2(ok1630)/dpy-9; xnls16 [dlg-1::gfp], OX323
gex-3(zu196)/Dnt1; xnls16 [dlg-1:gfp], OX309 wve-1(zu469) unc-
101(m1)/hin1; xnls16 [dlg-1::gfp], NG0324 wsp-1(gm324) SU159
ajm-1(ok160) X; jcEX44, IK537 sax-7(nj48), CX2993 sax-7(ky146);
kyls4, RB1199 sax-7 (ok1244), JJ1068 hmp-2(zu364)/hin1, SU251
hmp-1(zu278); jcEX72 (pRF4, hmp-1:gfp), VJ311 erm-1(tmé77)/
unc-63(x18) dpy-5(e61), DH1201 rme-1(b1045).

Lysates for biochemistry

Mixed lysates were homogenized in lysis buffer (150 mM NaCl,
25 mM HEPES, 1 mM EDTA, 0.1% Triton, and protease inhibitor
cocktail [11836153001; Roche Diagnostics, Indianapolis, IN]) in a
stainless steel homogenizer (357572; Wheaton Science Products,
Millville, NJ). Lysates were spun at 5K for 5 min, and the superna-
tant fraction was flash frozen in liquid nitrogen for Western
blots.

Subcellular fractionations

Lysates were prepared as described, with the exclusion of Triton
X-100 from the lysis buffer, and were processed immediately. The
lysate was spun at increasing speeds and times using an Optima
TLX Ultracentrifuge (Beckman Coulter, Brea, CA), rotor TLA-120.2.
After each spin, the supernatant was removed and spun at the next
speed. The spin speeds and times were as follows: spin 1, 1000 x g
for 10 min; spin 2,10,000 x g for 10 min; spin 3, 30,000 x g for
20 min; spin 4, 100,000 x g for 90 min. At each step the pellet was
resuspended in the same volume as the starting supernatant for that
fraction. Then 5x Laemmli buffer was added to each fraction, and
the fractions were boiled at 95°C for 5 min before loading on gels
for Western blotting. Equal volumes of each supernatant and pellet
pair were loaded per lane.

Feeding RNAi

For all feeding RNAI experiments, cDNAs of the genes were in-
serted into L4440 vector and transformed into HT115 cells. Satu-
rated overnight cultures were diluted 1:250 and grown for 6-7 h
until the ODygp was close to 1. Bacteria were resuspended in lysog-
eny broth containing ampicillin (Amp), 100 pg/ml. Isopropyl B-b-1-
thiogalactopyranoside, 1 mM, was added to the bacteria and Amp
plates before use. C. elegans animals were synchronized by hy-
pochlorite treatment followed by hatching in M9 buffer. For lysate
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preparation L1 worms were fed either control HT115 Escherichia
coli or HT115 containing the L4440 plasmid carrying the gene of
interest and were grown at 22°C for 3 d. Lysates were made from
the mixed population of adults and eggs. For embryonic analysis,
embryos were collected on day 3 and imaged. For adult analysis,
animals were assayed for several intestinal phenotypes on day 3,
except for animals fed arp-2 dsRNA, which were assayed on both
day 2 and day 3.

Live imaging of embryos

Two- to four-cell-stage embryos (0-20 min after first cleavage) were
dissected from adult hermaphrodites and mounted either on a
3% agarose pads or with glass beads (Monodisperse Standards,
25.60 pm, MS0026; Whitehouse Scientific Chester, United
Kingdom). The embryos were incubated at 22°C for 240 min and
then imaged every 40 min for the next 200 min. The interval was
chosen to reduce photobleaching of the signal and to avoid dam-
age to the embryo due to the exposure to UV light. All images were
acquired on an Axioskop 2 Plus microscope (Zeiss, Thornwood, NY)
using a 40x oil objective with iVision 4.0 software driving a sensi-
cam ge camera (Cooke, Romulus, Ml) and analyzed using ImageJ
software (National Institutes of Health, Bethesda, MD).

Immunostaining and microscopy of embryos

For visualizing apical intestinal actin in the embryos, embryos were
attached to poly-L-lysine slides and permeabilized by freeze crack-
ing after 15 min on dry ice. The slides were fixed in a 4% paraform-
aldehyde solution for 10 min at room temperature. Embryos were
incubated in Alexa Fluor 488 phalloidin (Molecular Probes, Invitro-
gen, Carlsbad, CA) diluted to 6.6 pM in phosphate-buffered saline
(PBS) at room temperature for 1 h. Slides were mounted in PGND
solution (1x PBS containing 80% glycerol, 4% [wt/vol] antifade
[n-propyl gallate], and 0.4 mM 4’,6-diamidino-2-phenylindole
[DAPI)). For immunohistochemistry, embryos were affixed to
polylysine slides and freeze cracked as described earlier. Slides were
then fixed in methanol for 20 min at —20°C. Slides were blocked in
2% PBST for 5 min, washed three times with PBS, and incubated
with primary antibodies for 1 h at 37°C. Slides were then washed
three times with PBS and incubated with secondary fluorophore-
conjugated antibodies for 1 h at 37°C. Slides were mounted in
PGND solution as described. All images were acquired on a Zeiss
Axioskop 2 Plus microscope using a 40x oil objective with iVision 4.0
software driving a Cooke sensicam ge camera. The images were
then analyzed using ImageJ software.

Immunostaining and microscopy of adults

For phalloidin staining of adult intestines 30-40 gravid adults or L4
worms were placed in cutting buffer (5% sucrose, 100 mM NaCl,
0.02 mM levamisole) and were sliced behind the pharynx using two
26Y2-gauge needles. The extruded intestine was transferred using a
capillary tube coated with Sigmacote (Sigma-Aldrich, St. Louis, MO)
onto a polylysine slide. Tissues were fixed in 1.25% paraformalde-
hyde for 10 min at room temperature. The slides were washed four
times within 30 min in PBT (1% bovine serum albumin [BSA], 1x PBS,
0.1% Tween 20, 0.05% NaNs3, T mM EDTA) and then incubated in
BODIPY FL phalloidin (B607; Molecular Probes, Invitrogen) diluted
in PBS to a final concentration of 6.6 uM and incubated for 1 h at
room temperature. The slides were then washed in PTC (1% BSA, 1x
PBS + 0.1% Tween 20, 0.05% NaN3, T mM EDTA) with four buffer
changes in 1 hr. The slides were mounted in PGND solution (1x PBS
containing 80% glycerol, 4% [wt/vol] n-propyl gallate as antifade,
and 0.4 mM DAPI). Images were acquired on a Zeiss Axioskop 2 Plus
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microscope using a 40x oil objective with iVision 4 Software driving
a Cooke sensicam ge camera. All of the images were analyzed and
measured using ImageJ.

Quantitation of immunofluorescence

Quantitation of phalloidin staining was performed using ImageJ
software, including the rectangular selection and mean measure
tools to measure average fluorescence of equal areas at the apical
region of the intestine. Quantitation of live fluorescence was
performed using the line selection and the dynamic profile function
of ImageJ to measure fluorescence along lines of equal length that
transversed the apical intestine and the cytoplasmic regions of the
intestinal cells. The center of the line was placed over the apical in-
testine, and the maximum reading generated from that region was
recorded as the apical signal. The cytoplasmic signal was calculated
as the average of the signal at the center of the two intestinal cells
2.5 pm on either side of the apical intestine. For all of the experi-
ments shown, the images were captured at the same exposure set-
tings for wild type and mutants. Grouped images in each figure
were assembled using the Mosaic function of iVision. All quantita-
tion was done on the raw images. The figure legends indicate when
images were enhanced for contrast, and the same enhancement
was applied to a mosaic of the related images for that experiment.

Electron microscopy

Synchronized L1s were plated on control food or on RNAi food for
3 d. On the third day, the embryos were collected with sodium hy-
pochlorite treatment. A total of 50 pl of packed embryos was trans-
ferred to an Eppendorf tube and incubated at room temperature
with agitation for 10 min in 1 x 1073 unit chitinase (C7809; Sigma-
Aldrich) made in embryonic buffer (120 mM NaCl, 40 mM KCI, 3 mM
CaCly, 3 MM MgCly, 5 mM HEPES, pH 7.2). Embryos were washed
three times for 10 min each in 1 ml of M9 buffer. The samples were
fixed for 2 d at 4°C in fresh 4% paraformaldehyde (15710; Electron
Microscopy Sciences, Hatfield, PA) and 2% glutaraldehyde (16220;
Electron Microscopy Sciences) in embryonic buffer. On the third
day, the embryos were washed three times for 10 min in 1 ml of M9.
M9 was replaced with 1% OsO4 for a 1-h incubation. Samples were
dehydrated on a nutator at room temperature for 10 min sequen-
tially with 50% ethanol, 70% ethanol, 95% ethanol, and 100% etha-
nol and twice with 100% acetone. The samples were then incubated
in a series of graded Epon/acetone solutions. Epon/acetone (1:1)
solution was used at room temperature for 2 h, followed by (3:1)
Epon/acetone incubation overnight at room temperature on a nuta-
tor. The solution was replaced with 100% resin and microwaved in a
Pelco microwave (Ted Pella, Redding, CA) at 250 W with the vacuum
on for 3 min. The microwave cycle was repeated with new 100%
resin, and the vacuum was left on for an additional 30 min. The resin
was then replaced with clean 100% resin, spun, and baked at 70°C
overnight. For all buffer changes, spins were performed at 3000 rpm
for 3 min. The samples were separated from the Eppendorf tube,
and 80- to 90-nm thin sections were cut using a Diatome diamond
knife. The sections were picked up on 200-mesh, thin-bar copper
grids and stained with uranyl acetate and lead citrate. Samples were
imaged using an Advanced Microscopy Techniques (Woburn,
MA) camera on a Philips (Briarcliff Manor, NY) CM12 electron
microscope.

Statistical analysis

All graphs show the mean of the data and the standard error of the
mean (SEM). For grouped data, statistical significance was estab-
lished by performing a two-way analysis of variance (ANOVA), fol-
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lowed by the Bonferroni multiple comparisons posttest. For un-
grouped data, a one-way ANOVA was performed followed by the
Tukey posttest. Asterisks denote p < 0.05. All statistical analysis was
performed using GraphPad Prism (GraphPad Software, La Jolla, CA).
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