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SUMMARY

Basement membrane (BM), a sheet-like form of
extracellular matrix, surrounds most tissues. Dur-
ing organogenesis, specific adhesions between
adjoining tissues frequently occur; however, their
molecular basis is unclear. Using live-cell imaging
and electron microscopy, we identify an adhesion
system that connects the uterine and gonadal tis-
sues through their juxtaposed BMs at the site of an-
chor cell (AC) invasion in C. elegans. We find that the
extracellular matrix component hemicentin (HIM-4),
found between BMs, forms punctate accumulations
under the AC and controls BM linkage to promote
rapid invasion. Through targeted screening, we iden-
tify the integrin-binding cytolinker plakin (VAB-10A)
and integrin (INA-1/PAT-3) as key BM-BM linkage
regulators: VAB-10A localizes to the AC-BM interface
and tethers hemicentin to the AC while integrin
promotes hemicentin punctae formation. Together,
plakin, integrin, and hemicentin are founding compo-
nents of a cell-directed adhesion system, which we
name a BM-LINKage (B-LINK), that connects adja-
cent tissues through adjoining BMs.

INTRODUCTION

Basement membrane (BM) is a conserved, sheet-like extracel-
lular matrix that surrounds most tissues, providing structural
support, barrier functions, and a surface for signaling activities
(Ozbek et al., 2010; Yurchenco, 2011). While the association of
BM with cells through structures such as hemidesmosomes
and focal adhesions is well established (Yurchenco, 2011), little
is known about mechanisms regulating adhesion between
BMs of neighboring tissues. Though poorly characterized, con-
nections between juxtaposed BM-encased tissues frequently
occur. During organogenesis, for example, the BMs lining the
sides of the developing optic cup meet, remodel, and fuse to
close the optic fissure (Tsuiji et al., 2012). BMs also interact to
create tight associations between the vasculature and the
glomeruli in the kidney and the alveoli in the lung (Abrahamson,
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1985; Vaccaro and Brody, 1981). Further, BM-BM associations
underlie formation of the blood-brain barrier, and occur during
tumor formation (Hewitt et al., 1992; Ozzello, 1959). These obser-
vations suggest that a specific adhesion system might link
tissues through neighboring BMs in many important develop-
mental, physiological, and disease contexts.

C. elegans uterine-vulval attachment is a simple in vivo model
to examine the interaction between neighboring BMs (lhara
et al., 2011; Kelley et al., 2014; Sherwood and Sternberg,
2003). Prior to connection, the uterine and vulval tissues are
separated by the juxtaposed gonadal and ventral epidermal
BMs (lhara et al., 2011; Sherwood and Sternberg, 2003). The an-
chor cell (AC), a specialized uterine cell, initiates direct contact
with the vulval cells by extending a protrusion that breaches
the gonadal and ventral BMs (Sherwood et al., 2005; Sherwood
and Sternberg, 2003). Prior to AC invasion, the uterine and vulval
tissues shift independently of one another as the animal moves,
creating a potential alignment problem during invasion (Sher-
wood and Sternberg, 2003; Sulston and White, 1980). Whether
the AC utilizes a mechanism to stably link the adjacent BMs
and fix the position of the uterine and vulval tissues during inva-
sion, is unknown.

A potential candidate for regulating BM-BM interactions is
hemicentin (known as HIM-4 in C. elegans), a large (5,198
residue) extracellular matrix protein. Hemicentin accumulates
between BMs of neighboring organs in C. elegans, and its loss
leads to defects in the alignment and association between
tissues (Vogel and Hedgecock, 2001). Consistent with a possible
conserved role in regulating BM-BM interactions, the two hemi-
centin orthologs in vertebrates also localize between numerous
tissues (Xu et al., 2007). Additionally, zebrafish hemicentins
regulate the interaction between neighboring epithelia in fin
epidermis, as well as the connection between somites and
epidermis (Carney et al., 2010; Feitosa et al., 2012). The specific
function(s) of hemicentin between tissues, however, is unclear,
as it has not yet been possible to dynamically characterize the
interactions of BM-encased tissues where hemicentin is found.
During C. elegans uterine-vulval attachment, hemicentin is
secreted by the AC and localizes to punctae in the BM under
the AC prior to invasion. In worms lacking hemicentin function,
AC invasion is delayed, indicating that hemicentin facilitates
invasion (Sherwood et al., 2005). The mechanism by which hemi-
centin promotes AC invasion, however, is not understood (Hage-
dorn and Sherwood, 2011).
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Using genetic analysis, transmission electron microscopy,
tissue shifting experiments, and live-cell imaging of BM dy-
namics during AC invasion, we find that the matrix component
hemicentin mediates a specific, spatially restricted attachment
between the gonadal and ventral BMs under the AC prior to
and during invasion. With live-cell imaging we show that this
BM-BM linkage is critical for rapid, coordinated invasion through
the juxtaposed gonadal and ventral BMs. Through a focused
RNAi screen we also identify the plakin isoform VAB-10A (Bosher
et al., 2003), which links receptors such as integrin to the cyto-
skeleton, as a cellular regulator of BM-BM linkage. We show
that VAB-10A within the AC is polarized toward the BM, required
for BM-BM adhesion, and anchors hemicentin punctae to the
region of BM beneath the AC. We also demonstrate that the
extracellular matrix receptor integrin (INA-1/PAT-3) is required
for the assembly of hemicentin punctae and BM-BM linkage.
Finally, we reveal a similar BM-BM connection that appears to
link the uterine utse and epidermal seam cells together, fastening
the uterine tissue to the epidermis. Together, these data reveal
founding members of an adhesion system we name a BM LINK-
age (B-LINK), which forms a cell-directed connection between
the BMs of neighboring tissues.

RESULTS

A BM-BM Linkage Forms Specifically under the Anchor
Cell prior to Invasion
AC invasion is precisely timed and coordinated with divisions of
the underlying P6.p vulval precursor cell and its descendants
(Sherwood and Sternberg, 2003). AC invasion initiates at the
late P6.p two-cell stage, and is completed approximately
90 min later during the P6.p four-cell stage. To determine
how the AC invades across the neighboring gonadal and
ventral BMs (Figure 1A), we first examined the association of
these BMs under the AC using a functional GFP translational
fusion of the lone laminin B subunit (laminin::GFP), whose local-
ization is indistinguishable from immunolocalized laminin (Kao
et al., 2006; Sherwood and Sternberg, 2003). The gonadal
and ventral BMs are usually tightly juxtaposed and cannot be
resolved by light microscopy. In rare cases, however, we
observed worms in which the uterine and vulval tissues were
slightly separated allowing resolution of each BM. Approxi-
mately 2 hr prior to BM breach (P6.p one- and early two-cell
stage), we were able to identify the ventral and gonadal BM
as individual, unattached structures (n = 7/9 animals; Figure 1B).
This is consistent with observations that the uterine and vulval
tissues slide independently at this time (Sulston and White,
1980). During the P6.p two-cell stage, however, more animals
showed BM-BM linkage, (13/24 animals; Figure 1B). By the
late P6.p two-cell stage (when the AC initiates invasion) most
animals had BM-BM linkage under the AC (4/6 animals).
Following invasion (P6.p four-cell to P6.p eight-cell stage), the
gonadal and ventral BMs fused at the edge of the BM breach
created by the AC (n = 19/19; Figure 1B) (lhara et al., 2011).
These observations suggest that the two BMs are connected
prior to invasion.

To further examine if the BMs might be connected prior to in-
vasion, we photobleached 1-2 um wide landmarks in the region
of the juxtaposed BMs under the AC. Following photobleaching,
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we laterally slid the worms to induce transient misalignment
between the uterine and vulval tissues. This optical marking
strategy allowed us to determine whether the bleached regions
of BM remained juxtaposed (implicating linkage) or separated
(indicating lack of connection). During the P6.p one-cell stage,
the bleached regions of BM could shift relative to one another
(n = 4/8 animals; Figure 1C). In contrast, at the mid P6.p two-
cell stage, the bleached regions of BM remained aligned (n =
9/9, p < 0.05 compared to P6.p one-cell stage, Fisher exact
test; Figure 1C). These optical highlighting experiments further
support the idea that the uterine and vulval BMs become linked
under the AC prior to invasion.

We hypothesized that the BMs could fuse into a single sheet
or remain two distinct sheets held together by an adhesive
structure. To distinguish between these possibilities, we exam-
ined the BM beneath the AC using transmission electron micro-
scopy. We cut longitudinal serial sections across the entire
width of the gonad, allowing us to use the surrounding tissue
to identify the AC and establish the precise developmental
stage of the worm. Electron micrographs revealed punctate
electron dense structures between the gonadal and ventral
BMs prior to invasion (n = 4/5 animals, P6.p two-cell stage;
Figure 1D and Figure S1 available online). These structures
spanned the space between the gonadal and ventral BMs and
had an average width of 130 + 10 nm (+SEM, n = 5 punctae
with entire structure visible). Thus, prior to invasion, the gonadal
and ventral BMs become linked under the AC by an adhesive
structure.

Hemicentin Is Present at the Site of BM-BM Adhesion
We were next interested in determining the molecular mecha-
nism of BM-BM adhesion. Because hemicentin is secreted by
the AC prior to invasion and is known to localize between BMs,
we hypothesized that hemicentin might link the BMs under the
AC (Sherwood et al., 2005). To determine if hemicentin secretion
correlates with the time of BM-BM adherence, we examined
hemicentin localization using a functional GFP tagged hemicen-
tin (GFP::hemicentin) (Vogel and Hedgecock, 2001). Hemicentin
was deposited at low levels throughout the ventral and gonadal
BMs, and accumulated in track-like lines at the edges of the
ventral BM (Figure 2A). Notably, prior to invasion (from P6.p
one-cell stage to mid P6.p two-cell stage), hemicentin accumu-
lated in punctae precisely under the AC (Figures 2A, 2B, and S2).
The approximate size of the hemicentin structures was similar to
the size of the BM-BM adhesions observed with electron micro-
scopy (187.2 = 0.8 nm, n = 104 structures in 23 worms; Fig-
ure S2). Time-lapse imaging revealed that hemicentin structures
were static and new punctae continued to form throughout the
course of AC invasion. Once formed, the hemicentin structures
remained within the BM under the AC and did not disassemble
during invasion (n = 132 punctae in 22 animals; Figure 2B; Movie
S1). Optical highlighting of the BM components laminin and type
IV collagen has recently shown that the AC physically displaces
BM during invasion (Hagedorn et al., 2013). Consistent with a
strong association with the BM, the hemicentin punctae were
also physically displaced by the invading AC (Figure 2A; Movie
S2). Thus, hemicentin punctae are tightly associated with the
BM and are present at the time and location of BM-BM
adherence.
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BM-BM Adhesion Is Hemicentin Dependent
To determine if hemicentin plays a role in BM-BM adhesion, we
analyzed the gonadal and ventral BMs in animals harboring a null
mutation in hemicentin (him-4(rh319)) (Vogel and Hedgecock,
2001). In contrast to wild-type animals, the BMs beneath the
AC could be independently resolved prior to and during invasion
(n = 10/10 animals; Figures 2C and 2D), suggesting that the
specific linkage between the BMs is lost in hemicentin mutants.
Interestingly, the BMs still fused into a continuous sheet
following invasion, indicating that BM fusion is not dependent
on hemicentin (n = 10/10 animals; Figure 2C).

To further examine the role of hemicentin in BM-BM linkage,
we performed tissue-shifting experiments. In contrast to wild-
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LATERAL VIEW Figure 1. The Gonadal and Ventral Epi-
dermal Basement Membranes Are Linked
prior to Anchor Cell Invasion

(A) During the P6.p one-cell stage the gonadal
(dark green) and ventral epidermal (light green)
BMs are unattached and shift in their position
(arrows, left). The AC invades at the late P6.p two-
cell stage and the BMs fuse on either side of the
AC following invasion (P6.p four-cell stage). How
the AC coordinates invasion across two BMs is
unknown (see ? in figure). The BM (laminin::GFP,
green) and the AC (cdh-3 > mCherry::moeABD,
magenta) can be visualized from a lateral
perspective (top) or from a ventral perspective
(bottom).

(B) Confocal images of worms at the early P6.two-
cell stage with slightly separated gonadal and
ventral BMs show that the BM under the AC
(marked between arrowheads in 2x magnified
inset) can be resolved as two separate structures
(left). These BMs are not resolvable as two distinct
sheets just prior to invasion (middle) and fuse on
either side of the AC following invasion (right,
arrowheads in inset, n = 13/24 two-cell stage an-
imals with linked BMs; 19/19 four-cell stage
worms with fused BMs).

(C) Worms at the P6.p one-cell stage and P6.p
two-cell stage were laterally shifted to induce tis-
sue misalignment (see Experimental Procedures).
At the one-cell stage (top), photobleached regions
(brackets, left) of gonadal and ventral BM (white;
photobleached region highlighted in light and dark
green below) were no longer aligned postshift
(n = 4/8 animals, right). At the two-cell stage, the
photobleached regions remained aligned after
tissue shifting (n = 9/9, bottom).

(D) Transmission electron micrographs of the AC
(pseudocolored in magenta) reveal punctate
structures (black arrowheads, right) spanning the
gonadal and ventral BMs (n = 4/5 P6.p two-cell
stage worms). Arrows highlight the BMs, which
closely adjoin the cell membranes. The boxed area
on the left image is shown at higher magnification
on the right. Scale bars, 5 um.

See also Figure S1.
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type animals, loss of hemicentin allowed
the gonadal and ventral BMs to shift
beneath the AC at the P6.p two-cell stage
(n=3/4, p < 0.05 compared to wild-type,
Fisher’'s exact test; compare Figures 1C and 2E). Furthermore,
electron microscopy revealed that the structures spanning
the BMs underneath the AC were no longer present in him-
4(rh319) mutants (n = 4/4 ACs at the P6.p two-cell stage; Fig-
ure 2F). We conclude that hemicentin is required for BM-BM
adhesion.

Anchor Cell Invasion Is Delayed when BM-BM Adhesion
Is Disrupted

To explore the role of hemicentin and BM-BM adhesion in inva-
sion, we visualized BM removal during AC invasion, utilizing
time-lapse analysis from the ventral perspective for increased
resolution (Hagedorn et al.,, 2013). We found that wild-type
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animals usually breached the gonadal and ventral BMs before
widening a gap in both BMs (n = 6/10 time-lapsed animals; Fig-
ure 3A). While hemicentin mutants (him-4(rh319)) initiated inva-
sion at the same time as wild-type animals, they initially
breached only the gonadal BM and widened the gap in the
gonadal BM alone (n = 10/10 time-lapsed animals; Figures 3A
and S3). him-4(rh319) mutants eventually breached the ventral
BM, but in a delayed manner (Figure 3B; Movie S3). To further
quantify the extent of this defect, we assessed ventral BM
breach in relation to the size of gonadal BM breaches. We found
that in worms with gonadal BM breaches between 1-5 um? in
area (the smallest detectable size), the majority of wild-type an-
imals had already breached both BMs (Figure 3C). In contrast,
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Figure 2. Hemicentin
BM-BM Adherence

(A) A ventral perspective of the BM shows
GFP::hemicentin (green, top; white, bottom)
in punctate accumulations in the BM (lam-
inin::mCherry, magenta) specifically under the AC
(dashed circle) beginning at the P6.p one-cell
stage (left). Hemicentin punctae are pushed aside
as the AC invades through the BM, forming a ring
at the edge of the BM gap (right).

(B) Nascent hemicentin accumulations (green,
top; white, bottom) are marked with a new color at
10 min intervals to highlight their stability. This
animal corresponds to Movie S1.

(C) Worms in which the gonadal and ventral BMs
could be resolved reveal that the BMs are not
adherent in hemicentin mutant (him-4(rh319)) ani-
mals prior to (mid P6.p two-cell stage) or during
invasion (P6.p four-cell stage; n = 10 animals).
Insets are 2-fold magnifications and arrowheads
delineate the BMs under the AC. The BMs in
hemicentin mutants fuse following invasion (right,
arrowheads, inset; n = 10 animals).

(D) Graph shows the average distance between
the gonadal and ventral BM in wild-type worms
and him-4(rh319) worms underneath the AC and
adjacent to the AC (n > 10 animals analyzed for
each group, **p < 0.005, Student’s t test, error bars
represent SEM).

(E) A small region of the BMs (laminin::GFP, white)
under the AC of him-4(rh319) animals at the mid
two-cell stage was photobleached (brackets, left).
Following tissue shift, the photobleached regions
of the gonadal BM (highlighted in dark green) and
the ventral BM (highlighted in light green) were no
longer aligned (n = 3/4, right).

(F) Transmission electron micrographs of him-
4(rh319) animals with the AC highlighted in
magenta reveal an absence of structures (boxed
area at higher magnification, right) spanning the
gonadal and ventral BMs (arrows, n = 4/4). Scale
bars, 5 um.

See also Figure S2.
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only a few him-4(rh319) mutants with
similarly sized gonadal BM breaches
had breached both BMs (Figure 3C).
Further, in worms with larger gonadal
BM gaps (10-25 um?), only 67% of
hemicentin mutant worms breached the
ventral BM, while all wild-type worms had breached both BMs
(Figure 3C). Notably, ACs lacking hemicentin opened the
gonadal BM at approximately half the rate that wild-type worms
opened both BMs (Figures 3D and 3E). Once the AC of hemicen-
tin mutants initiated ventral BM breach, the ventral BM gap
opened quickly (Figures 3B, 3D, and 3E; Movie S3). Our data
suggest that removing hemicentin eliminates BM-BM adhesion,
and that this adhesion is required for efficient invasion.

Our tissue shifting, transmission electron microscopy (TEM),
and visual analysis suggested that removing hemicentin
completely eliminates BM-BM adhesion, and that this adhesion
is required for efficient invasion. To test the idea that the hemi-
centin dependent BM-BM linkage promotes efficient invasion,
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Figure 3. Hemicentin Mutants Have Delayed Ventral Epidermal BM Breaching

(A) Time-lapse analysis of wild-type worm shows breach of both the gonadal and ventral BMs (laminin::GFP, white; arrowheads, top). In contrast, a him-4(rh319)
worm at the P6.p two-cell stage (bottom) initially breaches only the gonadal BM (arrowheads, note the GFP signal present from ventral BM). The diagram on the
right schematically depicts this data from both the lateral and ventral perspective.

(B) Time-lapse analysis of a wild-type worm (top) and him-4(rh319) worm (bottom) reveals that the him-4 mutant breaches the ventral BM in a delayed manner at
the P6.p four-cell stage (images correspond with Movie S3).

(C) Ventral BM breach assessed in relation to gonadal breach. Representative images of each category are pictured. (*p < 0.05, **p < 0.005, **p < 0.0005, >17
animals for each category, Fisher’s exact test, and error bars denote 95% confidence intervals with a continuity correction).

(D) The graph depicts BM removal in representative animals.

(E) The average rate of BM opening (*p < 0.05, Student’s t test, >7 time lapses for each category, and error bars represent SEM). Scale bars, 5 pm.

See also Figure S3.
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Table 1. Efficiency of Anchor Cell Invasion

% No % Partial % Complete

Genotype/Treatment Invasion Invasion Invasion N
Screen of Hemidesmosome Components®

L4440 (empty vector) 0 0 100 40
him-4(RNAI) 18 16 66 50
vab-10(e698) 13 22 65 69
vab-10a(RNAI) 8 15 78 40
vab-10b(RNAI) 0 2 98 50
git-1(tm1962) 0 0 100 50
git-1(RNAI) 0 4 96 50
let-805(RNAI) 0 0 100 25
mua-3(rh195) 0 0 100 25
mua-3(RNAI) 3 8 89 65
mup-4(RNAI) 0 5 95 22
pak-1(ok448) 0 0 100 40
pak-1(RNAI) 0 0 100 21
pix-1(gk416) 0 0 100 25
eps-8(0k539) 0 0 100 27
eps-8(RNAI) 0 0 100 50
vab-19(e1036) 0 6 94 53

Site of Action Experiments

Uterine-Specific RNAI

vab-10a(RNAI); 20 14 66 50
qyls103(fos-1a > rde-1);

rde-1(ne219); rrf-3(pk1426)

Vulval-Specific RNAI

vab-10a(RNAIJ); mfls70(lin- 0 & 97 94
31 > rde-1); rde-1(ne219);

rrf-3(pk1426)

Anchor Cell Rescue

cdh-3 > vab-10a::GFP; 0 7 93 44
vab-10(e698)

cdh-3>vab-10aAPRD::GFP; 18 18 63 49
vab-10(e698)

Secondary Screen of Intermediate Filaments®

L4440 (empty vector) 2 1 97 100
ifo-2(RNAJ) 0 4 96 48
ifc-2(RNAI) 1 1 98 79
ifd-1(RNAI) 0 1 99 85
ifd-2(RNAJ) 5 4 91 100
ifc-2(RNAJ); ifd-1(RNAI); 7 7 86 100
ifd-2(RNAJ)

him-4 and vab-10a Genetic Interaction

him-4(rh319) 19 17 64 178
vab-10a(RNAIJ); him-4(rh319) 14 16 70 193
®RNAi screen was conducted in the rrf-3(pk1426); qyls7(laminin::GFP)
background.

PRNAI screen was conducted in the rr-3(ok1426); rhis23(GFP::hemicen-
tin) background. rrf-3 mutants are more sensitive to somatic RNAi effects.

we examined genetic interactions between hemicentin and the
netrin receptor UNC-40/DCC. Loss of unc-40 results in a delay
ininvasion from a distinct invasion defect, an inability to generate
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a protrusion that crosses the BM (Hagedorn et al., 2013). We hy-
pothesized that if the hemicentin dependent BM-BM adhesion
promotes efficient invasion, the defect in invasion would be
dramatically enhanced in animals harboring mutations in both
him-4 (hemicentin) and unc-40. Supporting this idea, AC inva-
sion was nearly abolished in unc-40; him-4 double mutant ani-
mals (93% failed to invade in unc-40(e271); him-4(rh319) versus
43% in unc-40(e271); n = 28 and 58, respectively; p < 0.0005).
Thus hemicentin and BM-BM adhesion promote rapid, coordi-
nated breaching and clearance of the gonadal and ventral BMs.

VAB-10A Plakin Promotes BM-BM Adhesion

Previous work in C. elegans has shown that hemicentin is
required to organize hemidesmosomes in the epidermis around
the mechanosensory neurons and the utse syncytium (Vogel and
Hedgecock, 2001). Because hemicentin might be a structural
component of both hemidesmosomes and BM-BM adhesions,
we hypothesized that other components of hemidesmosomes
may function in BM-BM attachment (Vogel and Hedgecock,
2001). To identify possible additional components of the BM-
BM adhesion system, we performed a targeted screen exam-
ining mutant alleles or RNAi mediated knockdown of genes
associated with hemidesmosomes for defects in AC invasion
or hemicentin punctae formation (Tables 1, S1, and S2) (Carbon
et al., 2009). From this screen, we identified two genes as poten-
tial regulators of AC invasion, vab-10 and mua-3. A missense
mutation in vab-10 (vab-10(e698)) (Bosher et al., 2003) had a
35% invasion defect (n = 56; Table 1), which is similar to the in-
vasion defect caused by loss of hemicentin (him-4(rh319)). In
contrast, RNAi-mediated knockdown of mua-3 caused a less
penetrant defect (11% invasion defect, p < 0.05, n = 65; Table
1) and the only viable mua-3 allele, which disrupts hypodermal
hemidesmosomes (Bosher et al., 2003), did not affect AC inva-
sion. Additionally, RNAi targeting mua-3 did not appear to cause
a defect in BM-BM adhesion, as 86% of worms penetrated both
BMs before widening the gap (n = 14 worms with gonadal BM
breaches 1-5 um? in area). We thus focused on the role of
vab-10.

The gene vab-10 is the sole C. elegans plakin locus and en-
codes multiple isoforms, the most abundant of which are vab-
10a and vab-10b (Bosher et al., 2003). The vab-10(e698) allele,
which results in an AC invasion defect, specifically affects the
vab-10a isoform and not the vab-10b isoform (Bosher et al.,
2003). VAB-10A structurally resembles the epithelial plakins
and is most closely homologous to plectin although VAB-10A
lacks the microtubule-binding domain found in vertebrate plectin
(Bosher et al., 20083; Jefferson et al., 2004). RNAI targeting vab-
10a produced a similar reduction in invasion efficiency, providing
further support that vab-10a plays a role in AC invasion (Table 1).
Genetic loss of vab-10b is embryonic or early larval lethal
(Bosher et al., 2003). We thus utilized RNAI to target vab-10b dur-
ing midlarval stages and found that reduction of vab-70b did not
significantly affect AC invasion (Table 1). Together, these data
suggest that the vab-10a isoform promotes AC invasion.

To determine if VAB-10A (plakin) plays a role in BM-BM adhe-
sion, we examined worms in which the gonadal and vulval
tissues were slightly separated, allowing independent resolution
of the gonadal and ventral BMs. Similar to hemicentin mutants,
the BMs were resolvable after treating with RNAi targeting
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Figure 4. Anchor Cell Expressed VAB-10A/
Plakin Is Required for BM-BM Adhesion

(A) An animal treated with vab-70a RNAi shows a
lack of adhesion between the gonadal and ventral
BMs (laminin::GFP, green, top; white, bottom)
under the AC (mCherry::PLC5"H, magenta) prior to
invasion (red arrowheads delineate BM under the
AC, distance between BMs = 0.61 £ 0.01,n=9, p
< 0.0005 compared to wild-type, Student’s t test).
(B) A ventral perspective of laminin::GFP in a wild-
type (top) and vab-10a RNAI treated animal (bot-
tom) shows delayed ventral BM breach after
reduction of vab-10a (indicated by increased
signal under AC, see Figure 3A for schematic; 19/
23 animals with 1-5 um? gonadal BM holes fail to
breach ventral BM, p < 0.005 compared to wild-
type, Fisher’s exact test).

(C) GFP inserted in frame in the vab-10a genomic
locus revealed that VAB-10A::GFP accumulates at
the AC-BM interface (arrowhead, fluorescence
top, overlaid on differential interference contrast
[DIC], bottom, AC outlined with dashed line), and
the site of epidermal-cuticle contact (arrow).

(D) A DIC image overlaid with a marker for the
AC (mCherry::PLC3™™, magenta) shows a vab-
10(€698) mutant (top) that failed to invade (BM is
not breached as indicated by intact phase-dense
line, arrowhead). Expression of VAB-10A in the AC
(cdh-3 > vab-10a::GFP, inset) rescued the inva-
sion defect (arrowhead indicates BM breach; n =
41/44 animals with complete invasion).

LATERAL VIEW

- oa-

Overlay with DIC

Hemicentin puncta
outside AC footprint

25m
*

(E) Hemicentin punctae (green) are contained within the region of AC-BM contact (outlined by dotted line, AC in magenta). Following treatment with RNAi targeting
vab-10a, the hemicentin punctae were no longer contained within the AC footprint (bottom, arrowheads).

(F) The graph quantifies the percentage of punctae in wild-type and vab-70 RNAI treated animals outside the AC footprint (*p < 0.05, Fisher’s exact test, >100
animals for each treatment, error bars show 95% confidence interval with a continuity correction). Scale bars, 5 um.

See also Figure S4.

vab-10a just prior to invasion, indicating an absence of adhesion
between the two BMs (Figure 4A). To confirm that VAB-10A plays
arole in linking BMs during AC invasion, we assayed worms for a
delay in breaching the ventral BM following vab-10a knockdown.
As in hemicentin mutants, we found that RNAi knockdown of
vab-10a resulted in a specific delay in breaching the ventral
BM (Figure 4B). Importantly, invadopodia, which are F-actin
rich structures within the AC that mediate BM breaching (Hage-
dorn et al., 2013, 2014), were not affected by loss of vab-10a
(Figure S4). These results suggest that VAB-10A regulates AC
invasion by promoting BM-BM adhesion.

To better understand how VAB-10A controls BM-BM adher-
ence, we examined the localization of the VAB-10A protein dur-
ing AC invasion. We used the CRISPR-Cas9 system of genome
editing (Dickinson et al., 2013) to insert GFP directly into the last
exon of vab-10a, which is not shared with the other major vab-10
isoform, vab-10b (Bosher et al., 2003). The GFP insertion re-
vealed a high concentration of VAB-10A::GFP in circumferential
bands in the epidermis, consistent with immunolocalization of
VAB-10A (Bosher et al., 2003). Additionally, we observed that
vab-10a was enriched at the invasive cell membrane of the AC
(Figures 4C and S5), suggesting that VAB-10A functions within
the AC at the invasive membrane to promote BM-BM adhesion.
To directly test whether VAB-10A functions within the AC, we
used a C. elegans strain in which only uterine tissue, including
the AC, is sensitive to RNAI (Hagedorn et al., 2009). We found
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that knocking down vab-70a only in the uterine cells led to a
34% invasion defect, similar to the invasion defect caused by
whole-body vab-10a knockdown (Table 1). In contrast, knocking
down vab-10a in a strain where only the vulval cells are sensitive
to RNAI did not significantly affect invasion (Table 1). Further-
more, expression of vab-10a::GFP specifically within the AC
rescued the invasion defect of the vab-70 mutant (Table 1; Fig-
ure 4D). We conclude that VAB-10A functions within the AC to
regulate BM-BM adhesion.

VAB-10A connects hemidesmosome-like fibrous organelles
to the intermediate filament cytoskeleton in the C. elegans
epidermis (Bosher et al., 2003). To determine if VAB-10A might
similarly connect the hemicentin based BM-BM adhesions to
intermediate filaments, we conducted a preliminary RNAi screen
examining each of the 11 intermediate filament genes for AC
invasion defects, followed by a more extensive targeted screen
in the RNAI sensitive rrf-3(pk1426) strain (Tables S3 and 1).
RNAi mediated knockdown of IFC-2, IFD-1, and IFD-2 individu-
ally produced few AC invasion defects, however, when IFC-2,
IFD-1, and IFD-2 were reduced in combination, the number of
AC invasion defects increased, suggesting these proteins may
function redundantly to promote invasion (Table 1). To more
directly test if VAB-10A requires intermediate filaments to
function in the AC, we created transgenic animals with an
AC-expressed form of VAB-10A lacking all plectin repeat do-
mains, which are responsible for intermediate filament binding
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Figure 5. INA-1/PAT-3 Integrin Is Required
for the Formation of Hemicentin Punctae
(A) Spectral representation of GFP::hemicentin
fluorescence intensity shows high concentrations
of hemicentin in punctae (blue arrow) and low
levels in the surrounding BM in wild-type animals
under the AC (blue arrowhead). An animal ex-
pressing AC-specific dominant-negative integrin,
which disrupts the function of the INA-1/PAT-2
heterodimer (zmp-1>HA-Btail), shows diffuse
hemicentin, but no punctae under the AC (red
arrowhead).
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(B) Linescans of BM-localized GFP::hemicentin in
wild-type and HA-Btail animals under the AC show
peak in expression at a hemicentin punctae in a
wild-type animal (blue arrow), and slightly elevated
levels of hemicentin in the surrounding BM after
reduction of integrin (compare red and blue ar-
rowheads; n = 11 zmp-1>HA-Btail and 18 wild-
type animals; see also Figure S4).

(C) AC-specific dominant-negative integrin zmp-
1>HA-Btail) disrupted the polarity of VAB-
10A::GFP (cdh-3 > VAB-10A::GFP) at the AC-BM
interface (dotted line; n = 7/8 worms examined).
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(D) Ventral view of BM breach shows a wild-type animal (top) that has breached both the gonadal and ventral BMs, while the animal treated with ina-7 RNAi
(bottom, integrin a subunit) breached the gonadal, but not the ventral BM (12/14 animals with 1-5 um? gonadal BM holes fail to breach ventral BM, p < 0.005

compared to wild-type, Fisher’s exact test). Scale bars, 5 um.
See also Figure S5.

(cdh-3>vab-10aAPRD::GFP). Similar to full-length VAB-10A,
VAB-10AAPRD was enriched at the invasive membrane (Fig-
ure S4), however, VAB-10AAPRD was not able to rescue AC
invasion in the vab-10(e698) background (Table 1). Taken
together, these data suggest that VAB-10A might mediate a
connection between the hemicentin dependent BM-BM adhe-
sions and intermediate filament proteins in the AC.

VAB-10A Anchors Hemicentin Punctae under the
Anchor Cell

Reduction of vab-10a (plakin) and loss of him-4 (hemicentin) re-
sulted in similar defects in BM-BM linkage, suggesting that they
function together to link the gonadal and epidermal BMs under
the AC. To further test this notion, we examined genetic interac-
tions between both genes. If him-4 and vab-10a operated in the
same genetic pathway to promote BM-BM adhesion, loss of
vab-10a would not be expected to increase the invasion defect
of him-4(rh319) animals. Consistent with this notion, RNAi deple-
tion of vab-10a in him-4(rh319) worms did not enhance the AC
invasion defect (Table 1).

To understand how hemicentin and VAB-10A might cooperate
to regulate BM adherence, we next analyzed the effect of vab-
710a RNAIi on hemicentin localization. After vab-10a knockdown,
hemicentin was still secreted and formed punctae in the BM un-
der the AC. Unlike wild-type animals, however, where hemicen-
tin punctae remained in the BM under the AC, we noted a change
in hemicentin localization. In worms treated with vab-10a RNAI,
hemicentin aggregates were no longer restricted to the footprint
of the AC (Figures 4E and 4F). In contrast, treating worms with
him-4 RNAI did not effect VAB-10A::GFP localization (n = 11/
11 animals; Figure S4). Together, these data suggest that VAB-
10A regulates BM-BM adhesions by indirectly anchoring hemi-
centin punctae to the region of BM beneath the AC.

AAA ' Fl AN W A4 A4~ AL PR VN

~Ana 4

Integrin Is Required to Assemble Hemicentin Punctae

The presence of an intracellular component (VAB-10A) and an
extracellular component (hemicentin) required for BM-BM link-
age under the AC suggested that a transmembrane receptor
was also likely a requirement. We thus screened all known BM
receptors in C. elegans for AC invasion defects using a combina-
tion of RNAI treatment, mutant analysis, and previously pub-
lished data (Hagedorn et al., 2009; Ziel et al., 2009) to identify
AC invasion defects (Table S3). While mutations or RNAI target-
ing most of the BM receptors did not affect AC invasion, RNAI
targeting either subunit of the INA-1/PAT-3 integrin dimer disrup-
ted AC invasion (Table S3). Like VAB-10A, integrin is enriched
along the entire AC-BM interface, suggesting that integrin and
VAB-10A both localize to the AC-BM interface adjacent to the
extracellular hemicentin punctae (Figure S5). Reducing the func-
tion of integrin results in a failure to form invadopodia that breach
the BM, causing a highly penetrant invasion defect (Hagedorn
et al., 2009). Consistent with a separate role in BM-BM linkage,
integrin is required for the formation of hemicentin punctae, but
not for hemicentin transcription (Hagedorn et al., 2009). To deter-
mine how integrin regulates hemicentin deposition, we exam-
ined hemicentin accumulation after the specific disruption of
integrin activity in the AC using a previously characterized AC-
specific dominant-negative integrin construct zmp-1>HA-tail,
(Hagedorn et al., 2009). Notably, hemicentin did not accumulate
intracellularly, indicating that integrin is not required for hemicen-
tin secretion (n = 10/10 animals observed; Figure 5A). Further-
more, hemicentin was not deposited inappropriately along the
lateral membrane of the AC, which occurs when AC polarity is
disrupted (Morf et al., 2013; Ziel et al., 2009). Increased levels
of hemicentin, however, were found diffusely in the surrounding
BM under the AC (Figures 5A, 5B, and S5). This suggests that
integrin activity is required for punctae formation at the site of
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BM-BM adherence, but not for general secretion or deposition in
the BM. Additionally, integrin has been shown to bind to the VAB-
10A homolog plectin in vertebrates (Rezniczek et al., 1998), thus
we hypothesized that integrin might also be required for VAB-
10A localization. Consistent with this, loss of integrin function
in the AC (zmp-1>HABtail) disrupted the polarized localization
of VAB-10A along the AC-BM interface and resulted in diffuse
VAB-10A throughout the cytoplasm (compare Figure 5C with
4C). Together, this data suggest that integrin is required to
connect both hemicentin and VAB-10A to the site of BM-BM
adhesion.

To determine if integrin regulates BM-BM adherence, we as-
sayed worms treated with ina-7 RNAI for a delay in breaching
the ventral BM relative to gonadal BM breach. Similar to loss
of hemicentin and vab-10a, we found that following RNAi-medi-
ated knockdown of ina-1 there was a delay in breaching the
ventral BM (Figure 5D). Taken together, these data suggest
that integrin regulates the formation and function of the BM-
BM adhesion under the AC.

Hemicentin, VAB-10A, and Integrin Mediate Utse-Seam
Cell Connection

We next wanted to determine if hemicentin, VAB-10A, and integ-
rin link adjacent BMs in other contexts. We thus examined the
BM-BM connection between the uterine utse and hypodermal
seam cell, a linkage that helps maintain the uterus inside the an-
imal during egg-laying (Figure 6A) (Newman et al., 1996; Vogel
and Hedgecock, 2001). Notably, hemicentin localizes to the
site of BM-BM attachment and eliminating hemicentin causes
the utse and the seam cell to separate between their BMs, result-
ing in uterine prolapse or rupture through the vulva (Vogel and
Hedgecock, 2001). Importantly, we found that in addition to
hemicentin, VAB-10A and integrin were enriched at the site of
utse and seam cell attachment (Figure 6B). Further, RNAi knock-
down of vab-10a or ina-1 (integrin) in either the entire worm or
specifically in the uterine tissue resulted in uterine prolapse (Fig-
ures 6C and 6D). Together, these results indicate that regulators
of BM-BM adhesion under the AC also control the linkage be-
tween the BMs surrounding the utse and the seam cell.

DISCUSSION

Utilizing electron microscopy, live-cell imaging, and focused
screening in C. elegans we identify here a cell-directed BM-BM
adhesion system, which we name a B-LINK, that links tissues
through their adjoining BMs (Figure 6E). Notably, the molecular
regulators of this adhesion system—hemicentin, plakin, and in-
tegrin—are highly conserved. The widespread observation of
connections between juxtaposed BMs and the conserved nature
of the components suggest B-LINKs might be broadly utilized to
attach adjacent tissues through BMs.

Previous research has indicated that the extracellular matrix
protein hemicentin is required to mediate interactions between
BM-lined tissues in C. elegans and zebrafish larvae (Carney
et al., 2010; Feitosa et al., 2012; Vogel and Hedgecock, 2001).
Further suggesting a conserved function between BMs, the
two mouse hemicentins are localized between tissues that un-
dergo mechanical stress (Xu et al., 2007). The exact function of
hemicentin in these cases, however, has remained unclear
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because the timing of hemicentin activity and the exact nature
of its role between BMs have been difficult to establish. We
show here that the C. elegans gonadal AC secretes hemicentin
into the BM just prior to its invasion into the vulva. Using tissue
shifting experiments and live-cell imaging we find that hemicen-
tin punctae link the juxtaposed gonadal and ventral BMs to facil-
itate the AC’s rapid and coordinated invasion through these
BMs, a process critical for initiating direct uterine-vulval connec-
tion (Sherwood and Sternberg, 2003). Given that hemicentin is
known to predominantly localize between BMs (Vogel and
Hedgecock, 2001), hemicentin may act as a direct bridge be-
tween the gonadal and ventral BMs. Hemicentin contains an
N-terminal von Wildebrand A domain, which has been proposed
to bind collagen (Whittaker and Hynes, 2002), and several self-
association sites, including the multiple tandem epidermal
growth factor domains and the fibulin-like carboxy terminus
(Dong et al., 2006). Thus, hemicentin may be capable self-asso-
ciating into aggregates that bind both BMs.

The C. elegans VAB-10A protein is a plakin most closely
related to vertebrate plectin, a highly versatile cytolinker that
connects transmembrane receptors to the cytoskeleton in cells
(Bosher et al., 2003; Jefferson et al., 2004). Our data indicate
that VAB-10A is required within the AC to form a functional B-
LINK. In the absence of VAB-10A, hemicentin is still secreted
and accumulates into punctae, but the structures cannot hold
together the uterine and vulval tissues. VAB-10A might act in
part to tether hemicentin to the AC, as reducing VAB-10A results
in hemicentin punctae outside the AC footprint. In both verte-
brates and C. elegans, plectin and VAB-10A have been impli-
cated in linking transmembrane receptors to the intermediate
filament cytoskeleton (Bosher et al., 2003; Rezniczek et al.,
1998). Because the intermediate filament-binding domain of
VAB-10A is required for VAB-10A function in the B-LINK, VAB-
10A may function to connect the B-LINK to the intermediate
filament network. Interestingly, the plectin (VAB-10A) knockout
mouse exhibits defects in muscle attachment and destabilized
hemidesmosomes in the epidermis, suggesting a conserved
role for plectin in strengthening cell-matrix adhesion (Andra
et al., 1997).

Our studies also point to a role for integrin in BM-BM adhesion,
as the integrin heterodimer INA-1/PAT-3, which is most similar to
vertebrate laminin binding integrins (Baum and Garriga, 1997), is
required to establish hemicentin punctae, recruit VAB-10A, and
form a functional BM-BM linkage. A vertebrate homolog of
VAB-10A, plectin, is known to directly interact with o, integrin,
a laminin-binding integrin present at hemidesmosomes (Reznic-
zek et al., 1998; Seifert et al., 1992). Additionally, the Drosophila
plakin short stop, functions with position specific integrins to
mediate adhesion between muscle and epidermal tissues (Greg-
ory and Brown, 1998; Roper et al., 2002). The conservation of
integrin association with plectin, and role of INA-1/PAT-3 in hem-
icentin punctae formation, suggests that integrin may not only be
required for B-LINK formation, but also to anchor B-LINKSs to the
AC’s cytoskeleton.

The B-LINK may represent a developmental switch in matrix
function from a protective layer that facilitates tissue sliding to
an adhesive link between tissues. Suggesting that the B-LINK
may additionally reflect a common strategy for stably linking
BMs, we found that the B-LINK components are required to
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connect the utse to the seam cells. In C. elegans, the muscle and
epidermis are also connected through an intervening matrix
(Bosher et al., 2003; Labouesse, 2012). Molecularly, this attach-
ment, referred to as a fibrous organelle (FO) has similarities to a
B-LINK, including a requirement for VAB-10A and intermediate
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Figure 6. The Uterine-Seam Attachment Is
Regulated by Hemicentin, VAB-10A, and
Integrin

(A) Structure of the attachment between the
uterine utse and epidermal seam cells (SC) in
transverse (left) and lateral (right) views. Red ar-
rowheads denote location of adherent BMs.

(B) Fluorescence images showing localization of
GFP::hemicentin (top), VAB-10A::GFP (middle),
and integrin (INA-1; PAT-3::GFP, bottom) in the
utse. Scale bar, 5 um.

(C) Graph depicts percent of worms ruptured
through the vulva in him-4(rh319) and following
RNAi knockdown of ina-1 or vab-10a in the entire
body (rrf-3(pk1426)) or specifically the uterine
tissue (qyls103(fos-1a > rde-1); rde-1(ne219);
rrf-3(pk1426); ***p < 0.0005 compared to control
by Fisher’s exact test; error bars denote 95%
confidence intervals with a continuity correction;
and n > 40 animals for each category).

(D) Images of a wild-type worm and a him-4(rh319)
mutant with a prolapsed uterus. Scale bar,
100 um.

(E) A schematic diagram of a B-LINK adhering the
uterine and vulval tissues through their adjacent
BMs prior to AC invasion. Intracellular VAB-10A/
plakin (blue) and the integrin heterodimer INA-1/
PAT-3 (purple) are found at the basal surface of the
AC, while hemicentin (red) is localized in punctae
between the gonadal and ventral BMs beneath
the AC.

filaments, but also important distinctions
from the B-LINK (Bosher et al., 2003;
Labouesse, 2012). For example, alleles
of vab-19 and mua-3 that affect the FO
do not disrupt the B-LINK (Table 1)
(Bercher et al., 2001; Ding et al., 2003),
and hemicentin, a critical component of
the B-LINK, is not localized to FOs nor
required for FO function. Intriguingly, the
matrix-spanning attachment between
the muscle and epidermis is required to
transmit signals from the muscle to the
epidermis, reinforcing cell-matrix adhe-
sion in response to mechanical signals
from the muscle (Zhang et al., 2011).
Thus it will be interesting to examine if
the B-LINK provides more than a physical
connection between tissues.

We expect that BM-BM adhesion is a
common mechanism for coordinating in-
teractions between neighboring tissues.
BM-BM adhesion structures are likely
important when BM lined tissues fuse to
form a single structure, as occurs in optic

cup development (Tsuji et al., 2012), when invasive cells must
traverse juxtaposed BMs, as happens during AC invasion in
C. elegans and Drosophila wing disc eversion (Srivastava et al.,
2007), or when two BMs are tightly juxtaposed, such as in kidney
glomeruli and lung alveoli (Kefalides and Borel, 2005; Vaccaro



Developmental Cell

B-LINKs Connect Adjacent Basement Membranes

and Brody, 1981). Interestingly, zebrafish models implicate hem-
icentin as a potential regulator of Fraser syndrome, a develop-
mental disorder caused by transient BM defects and epithelial
blistering (Carney et al., 2010). Mutations in human hemicentin
are associated with macular degeneration, which is frequently
caused by disruption of Bruch’s membrane, a structure that orig-
inates as two juxtaposed BMs (Booij et al., 2010; Carney et al.,
2010; Thompson et al., 2007). The molecular identification of
the B-LINK might thus have important implications in numerous
developmental events, tissue structures, and human pathologies
where BM-BM adhesions regulate organ construction and tissue
functions.

EXPERIMENTAL PROCEDURES

Strains and Culture Conditions

Culturing and handling of C. elegans was performed as previously described
(Brenner, 1974). Wild-type animals were strain N2. In the text and figures,
we designated linkage to a promoter with a (>) symbol and use a (::) symbol
for linkages that fuse open reading frames. The following alleles and trans-
genes were used in this study: qyls102(fos-1a > rde-1); qyls127(laminin::
mCherry); rol-6(su1006); urls(rol-6(su1006), laminin::GFP); qyEx459(cdh-3 >
vab-10aAPRD::GFP, myo-2::GFP); qyEx460(cdh-3 > vab-10aAPRD::GFP;
unc-119(+)) LGl vab-10(ju281); LG rrf-3(pk1426); qyls23[cdh-3 > mCherry::
PLC3™; vab-19(e1036); LGl unc-119(ed4), rhis23[GFP::hemicentin]; syls129
(ASP-GFP-hemicentin); mua-3(rh195) LGIV mfls70(lin-31 > rde-1); qyls10[lam-
inin::GFP]; eps-8(0k539); qyls42[pat —3::GFP; genomic ina-1]; qyls15[zmp-1 >
HA-B -tail J; LGV rde-1(ne219); qyls50[cdh-3 > mCherry::moeABD]; LGX him-
4(rh319); pak-1(ok448); pix-1(gk416) and; git-1(tm1962).

Light Microscopy, Image Acquisition, Processing, and Analysis
Images were acquired using a Hamamatsu electron multiplied charge-coupled
device (EM-CCD) camera and a Yokogawa CSU-10 spinning disk confocal
mounted on a Zeiss Axiolmager microscope with a 100 x Plan-Apochromat
objective. The microscope was controlled by iVision software (Biovision Tech-
nologies) or microManager (Edelstein et al., 2010). Acquired images were pro-
cessed to enhance brightness/contrast using ImagedJ 1.40 g and Photoshop
(CS6 Extended Adobe Systems), and smoothened using a 0.8 pixel radius
Gaussian blur filter. 3D reconstructions were built from confocal Z-stacks,
analyzed, and exported as (.mov) files using IMARIS 7.4 (Bitplane). Figures
and graphs were constructed using lllustrator (CS3 Extended Adobe Systems)
and JMP (Version 10, SAS Institute). Movies were annotated using Photoshop.
Time-lapse imaging and invadopodia analysis was performed as described
previously (Hagedorn et al., 2013).

Electron Microscopy

L3 worms were fixed and embedded for serial sectioning as previously
described (Hall et al., 2012). Images were acquired on a Phillips CM12. The
transverse section in Figure S1 is part of an archival series originally collected
in the laboratory of Sydney Brenner (Medical Research Council Laboratory of
Molecular Biology [MRC/LMB], Cambridge, England) and now curated by the
Hall lab.

Landmark Photobleaching and Tissue Shifting

Worms were photobleached on an inverted Zeiss LSM 510 confocal equipped
with a 100x Plan-Apochromat objective. Regions of interest were bleached
using 500 iterations of a 488 Argon/2 laser at 100% power. Worms were
then imaged on the Yokogawa CSU-10 spinning disk confocal, moved approx-
imately 1 mm across the agar pad by sliding the coverslip along the longitudi-
nal axis of the worm, and imaged again to detect a transient shift in tissue
alignment.

Uterine-Vulval Tissue Separation

Worms were incubated on 5% agar with 0.01 M NaN3 for up to one hour. Under
these conditions, the uterine and vulval tissues will occasionally separate,
allowing visualization of the distinct BMs. To measure the average distance
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between the BMs, the BMs were traced in Imaged and connected by perpen-
dicular lines. The area of the resulting rectangle was divided by the Feret’s
diameter, which was assumed to approximate the width of the rectangle.

Analysis of Anchor Cell Invasion and Hemicentin Punctae

The efficiency of AC invasion was analyzed at the P6.p four-cell stage as pre-
viously described (Sherwood and Sternberg, 2003). Worms were staged using
a combination of divisions of P6.p and the ventral uterine cells, distal tip cell
migration, and development of the surrounding tissues. Invasion was scored
as “complete invasion” if the BM was removed beneath the AC, “partial
invasion” if the BM was breached but not cleared beneath the AC, and “no in-
vasion” if there was no BM breach. The area of BM breach was measured in
Imaged by creating a maximum projection from a ventral perspective confocal
Z-stack and using an intensity threshold to select the area of gonadal BM
breach as indicated by decreased laminin::GFP signal.

To measure the volume of GFP::hemicentin punctae, 3D reconstructions of
the AC-BM interface were made from confocal Z-stacks. Isosurface render-
ings of GFP::hemicentin were created by setting a consistent threshold fluo-
rescence intensity value such that the diffuse BM signal was excluded, but
the bright hemicentin punctae were not. The line-shaped structures on either
side of the ventral BM were excluded from our analysis, as they appear to
represent a different population of hemicentin. Quantitative measurements
of hemicentin volume were performed in Imaris 7.4.

Statistical Analysis

All statistical analysis was performed in JMP version 9.0 (SAS Institute), using
either a two-tailed unpaired Student’s t test, a Wilcoxon Rank-Sum test, or a
two-tailed Fischer’s exact test. Confidence intervals reported are 95% confi-
dence intervals with a continuity correction. Figure legends specify which
test was used.
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