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Abstract

Epithelial cell-cell junctions have dual roles of accommodating morphological changes in an
epithelium, while maintaining cohesion during those changes. An abundance of junction proteins
have been identified, but many details on how intercellular junctions respond to morphological
changes remain unclear. In Caenorhabditis elegans, the spermatheca is an epithelial sac that
repeatedly dilates and constricts to allow ovulation. It is thought that the junctions between
spermatheca epithelial cells undergo reversible partial unzipping to allow rapid dilation.
Previously, we found that EXC-6, a C. elegans protein homolog of the human disease-associated
formin INF2, is expressed in the spermatheca and promotes oocyte entry. We show here that
EXC-6 localizes toward the apical aspect of the spermatheca epithelial junctions, and that the
EXC-6-labeled junction domains “unzip” and dramatically flatten with oocyte entry into the
spermatheca. We demonstrate that the C-terminal tail of EXC-6 is necessary and sufficient for
junction localization. Moreover, expression of the tail alone worsens ovulation defects, suggesting
this region not only mediates EXC-6 localization, but also interacts with other components
important for junction remodeling.

Keywords
epithelial cells; intercellular junctions; ovulation; Caenorhabditis elegans, formins

HCorresponding author.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hegsted et al.

Page 2

Introduction:

Epithelial cell-cell junctions are involved in many processes, including establishing cell
polarity, providing structural cohesion, and regulating water and solute passage. Of special
interest is their ability to maintain epithelium cohesion during dramatic morphological
changes, as during organ formation, urinary bladder filling/emptying, and skin movements.
One family of cytoskeletal regulatory proteins sometimes found at cell-cell junctions is the
formins (reviewed in Grikscheit and Grosse, 2016). Formins typically promote actin
filament nucleation and elongation, working mainly through conserved formin homology
(FH) 1 and 2 domains, and many formins can additionally bundle actin filaments, sever actin
filaments, and/or stabilize microtubules (reviewed in Goode and Eck, 2007; Breitsprecher
and Goode, 2013). Thus, formins are well positioned to modulate junction stability and
morphology by regulating the junction-associated cytoskeleton.

Of clinical significance, the human formin encoded by the gene inverted formin 2 (INF2)
associates with epithelial junctions in podocytes, a specialized kidney epithelial cell (Brown
et al., 2010). These junctions are essential components of the filtration barrier responsible
for retaining plasma proteins during glomerular filtration. Notably, /AVF2 mutations have
been associated with focal segmental glomerulosclerosis (Brown et al., 2010; Boyer et al.,
2011), a disease that targets podocytes and disrupts this filtration barrier (Jefferson and
Shankland, 2014). However, the mechanisms by which INF2 associates with junctions, and
what roles it plays there, remain unclear.

INF2 belongs to the so-called “inverted formin” subgroup of the formin superfamily
(reviewed in Hegsted et al., 2017). Based on sequence homology, two /NF2-related inverted
formins are encoded in the simple genetic model organism Caenorhabditis elegans by the
genes excretory canal defective-6 (exc-6) and inverted formin/formin three homolog-2
(/inft-2) (Pruyne, 2016). Pointing to conservation of functionality between mammalian INF2
and worm EXC-6 formin proteins, excretory canal defects caused by an exc-6 loss-of-
function mutation can be partially rescued by expression of mutationally activated INF2
(Shaye and Greenwald, 2015). Although there are no obvious analogs to podocyte epithelial
junctions in the worm excretory canal, we have shown that a functional EXC-6/green
fluorescent protein (GFP) fusion is strongly associated with epithelial junctions in the
spermatheca (Hegsted et al., 2016).

In C. elegans hermaphrodites, two sac-like spermathecae serve as receptacles that store
sperm and receive oocytes during ovulation (Ward and Carrel, 1979; McCarter et al., 1999).
With onset of ovulation, the distal neck of the spermatheca dilates over the course of
approximately one minute to receive the large incoming oocyte from the proximal gonad
arm. After oocyte entry, a resident sperm fertilizes the oocyte. The spermatheca
subsequently contracts through the action of actin-rich contractile bundles, and expels the
fertilized egg through the spermatheca-uterine valve and into the uterus over the course of
approximately two minutes (McCarter et al., 1999). During a worm’s lifetime, each
spermatheca undergoes this rapid cycle of morphological change approximately 150 times
(McCarter et al., 1999). We previously demonstrated that worms bearing the mutation
exc-6(gk386) are partially defective for the timely entry of oocytes into the spermatheca
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(Hegsted et al., 2016). Here, we explore the nature of the gk386 mutation, characterize the
sub-junction distribution of EXC-6, and demonstrate the ability of this junctional domain to
unzip in response to oocyte entry.

Endogenous EXC-6 associates with the pleated septate junctions of the spermatheca.

We previously demonstrated that a functional GFP-tagged EXC-6 (EXC-6::GFP) is
expressed in the spermatheca, where it localizes to epithelial cell-cell junctions and
occasionally along basal filamentous actin (F-actin)-rich bundles in the epithelial cells
(Hegsted et al., 2016). To determine whether endogenous EXC-6 localizes the same, or if
these localizations are artifacts of tagging or overexpression, we stained dissected
hermaphrodite gonads with a polyclonal antibody that was raised against the EXC-6 FH2
domain (Mi-Mi et al., 2012). In EXC-6::GFP-expressing worms, EXC-6 immunostain
colocalizes with GFP fluorescence, appearing as curly ribbons demarcating convoluted
junctions, and more rarely along basal F-actin bundles (Figure 1 A). Line scans across
spermatheca junctions in confocal micrographs show the particularly close correspondence
between immunostain and GFP fluorescence at the junctions (Figure 1 A). In gonads of non-
transgenic worms, EXC-6 immunostain of basal bundles was nearly undetectable, but
spermatheca junctions were prominently stained (Figure 1 B). Confirming specificity of the
immunostain, the junction-associated signal was absent from worms in which exc-6
expression was knocked down through whole-worm RNAI, or from animals bearing the
mutation exc-6(gk386) (Figure 1 B). Thus, endogenous EXC-6 in the spermatheca is
primarily associated with cell-cell junctions, and localized formin is absent from
exc-6(gk386) mutants.

The junctions between spermatheca epithelial cells are complex, with three layers: a basally
positioned smooth/continuous septate junction, a medially positioned adherens junction, and
an apically positioned pleated septate junction (Lints and Hall, 2009). To determine which
layer EXC-6 occupies, we compared EXC-6 immunostain with the localization of six known
junctional proteins tagged with GFP (Figure 2) that were previously validated to be
functional and/or reproduce endogenous protein distributions (Koppen et al., 2001;
McMahon et al., 2001; Simske et al., 2003; Nance et al., 2003; Anderson et al., 2008;
Achilleos et al., 2010). In favorable views, EXC-6 frequently appeared apically positioned
relative to the smooth/continuous septate junction proteins AJIM-1::GFP and DLG-1::GFP
(Kdppen et al., 2001; McMahon et al., 2001; Lints and Hall, 2009), as well as to the
adherens junction proteins VAB-9::GFP and HMR-1::GFP (Costa et al., 1998; Simske et al.,
2003) (Figure 2). MEL-11 was reported to localize to the pleated septate junctions based on
the observation that it is positioned apical to AJM-1 and to VAB-9 (Simske, 2013),
suggesting EXC-6 also localizes to the pleated septate junctions. However, we were unable
to compare the junction-associated localizations of EXC-6 and MEL-11::GFP (Wissmann et
al., 1999) due to a strong nuclear localization for MEL-11::GFP that obscured its junction-
associated signal. Instead, PAR-3::GFP and PAR-6::GFP, which associate with the apical
surface of spermatheca epithelial cells (Aono et al., 2004), also partially localized in curly
ribbon-like patterns similar to junction-associated EXC-6 (Figure 2), suggesting those
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markers also associate with the apical-most aspect of the junctions, presumably the pleated
septate junction (Lints and Hall, 2009). EXC-6 showed strong overlap with those two apical
markers (Figure 2).

To more quantitatively analyze the relative apical/basal positions of EXC-6 and these
markers, fluorescence intensities of EXC-6 immunostain and GFP in these animals were
measured over basal-to-apical line scans of junctions viewed in confocal cross sections
(Figure 3 A), and the distances between maximal immunostain and GFP fluorescence
signals were measured (Figure 3 B, Table 1). As expected, smooth/continuous septate
junction markers trended toward being the most basally positioned, while PAR-3::GFP and
PAR-6::GFP trended toward being the most apical, and adherens junctions markers trended
toward being intermediate between these (Figure 3 B). For the apical markers, PAR-6::GFP
trended toward being somewhat more basal to PAR-3::GFP, but the significance of this
difference is unclear. In comparison to all these, maximal EXC-6 immunostain trended
toward being apical relative to the smooth/continuous septate and the adherens junction
markers, and somewhat basal relative to PAR-3::GFP, but showed no apical or basal trend
relative to PAR-6::GFP (Figure 3, Table 1). Thus, EXC-6 localizes to an aspect of the
spermatheca junctions apical to the adherens junctions, most likely the pleated septate
junctions.

To determine whether EXC-6 is required to localize any of these junctional proteins, we
knocked down exc-6 by RNAI in all these strains. We confirmed elimination of EXC-6
immunostain, but observed no difference in any of the fusion proteins (Supplementary
Figure S1). This suggests EXC-6 is not required to globally organize any of the three
junction layers.

EXC-6-associated junctions “unzip” with oocyte entry.

Prior to ovulation, the spermatheca lumen is too small to accommodate an oocyte, and the
smooth/continuous and the pleated septate junctions are folded. It is hypothesized that to
permit oocyte entry, these folded junctions “unzip” to increase basal and luminal surface
areas, respectively, while the adherens junctions maintain epithelium integrity (Figure 4 A;
White, 1988; Creutz et al., 1996; Lints and Hall, 2009). Based on our determination that
EXC-6 likely associates with the pleated septate junctions, we hypothesized EXC-6-
decorated junctions might show evidence of this unzipping (Figure 4 A). Thus, we compared
empty spermathecae of EXC-6::GFP-expressing worms with relatively rare spermathecae
that were isolated with a resident oocyte/fertilized egg. We observed that in distended
spermathecae containing an oocyte/egg, EXC-6::GFP loses its curly appearance in
maximum intensity projections, suggesting that part of accommodation of oocyte entry is
straightening of the spermatheca junctions (Figure 4 B). Additionally, the appearance of
EXC-6-associated junctions in cross sections of spermathecae changed from orientations
that were vertical or near-vertical relative to the lumen surface in empty spermathecae, to
flattened, horizontal profiles relative to the lumen surface in distended spermathecae (Figure
4 B), suggesting EXC-6-associated junctions indeed unzip. Since such flattened junctions
were not observed in empty spermathecae, we hypothesize that these junctions promptly re-
zip on exit of the egg.
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The EXC-6 C-terminal tail is necessary and sufficient for junction localization.

Many formins that associate with junctions use localization determinants in domains N-
terminal to the FH1 and FH2 domains, but EXC-6 lacks such N-terminal domains (Figure 5
A). To test which domains mediate EXC-6 localization, we generated a series of EXC-6-
coding cDNA constructs C-terminally tagged with GFP (Figure 5 A). These were cloned
behind the f/n-1 gene promoter, which drives expression strongly in the spermatheca
(Kovacevic and Cram, 2010), and these were microinjected into worms to produce heritable
extrachromosomal arrays (ECASs). As ECAs can be inherited in a mosaic manner, fin-1
promoter-driven mCherry was co-injected with all constructs to allow GFP-independent
identification of transgenic spermathecae. Moreover, as different ECAs can result in
differing levels of transgene expression (Mello et al., 1991), three lines for each construct
were independently isolated. Finally, to avoid the possibility of localization due to
dimerization with endogenous EXC-6, all injections were into exc-6(gk386) mutants, which
exhibit no localized EXC-6 in the spermatheca (Figure 1 B).

Anti-GFP western blot analysis demonstrated expression levels varied widely across
different constructs and different transgenic isolates, with the caveat that due to
inconsistency of ECA inheritance, the fraction of animals that were transgenic varied from
sample to sample. All lines expressed at least some fusion protein with mobility close to
their predicted molecular weight (Supplementary Figure S2). Based on inspection of GFP
fluorescence in mCherry-positive spermathecae in intact animals, almost all constructs
exhibited some evidence of likely aggregation in the form of bright GFP puncta, but
additional distinct localizations could also be observed. As expected, full length
EXC-6::GFP predominantly localized to spermatheca junctions in the characteristic curly,
ribbon-like pattern seen for endogenous EXC-6 (Figure 5 B). Junction localization was also
observed in all EXC-6 constructs from which any single domain was removed (AH::GFP,
AFH1::GFP, AID-FH2::GFP, and AFH2::GFP), with the exception of EXC-6 lacking the tail
C-terminal to the FH2 domain (AC::GFP). Instead, AC::GFP fluorescence was diffuse in the
cytoplasm (Figure 5 B).

In examining constructs composed of singular EXC-6 domains, we found the isolated helical
N-terminus of EXC-6 tagged with GFP (H::GFP), and the tagged FH1 domain (FH1::GFP)
also resulted in diffuse fluorescence in the cytoplasm, while the tagged FH2 domain
(FH2::GFP), or the FH2 domain plus inter-FH1/FH2 sequence (ID-FH2::GFP), resulted in
prominent nuclear fluorescence (Figure 5 B). Conversely, the isolated C-terminal tail of
EXC-6 tagged with GFP (C::GFP) predominantly localized to junctions (Figure 5 B). All of
these localizations were observed in > 90% of transgenic spermathecae in all three
independently isolated transgenic lines for each construct. Thus the C-terminal tail is
necessary and sufficient to localize EXC-6 to spermatheca junctions. The mechanism by
which the C-terminal tail directs localization is unclear, but analysis using the Eukaryotic
Linear Motif (ELM) resource (Dinkel et al., 2016) revealed 46 tail motifs, including two
Wiskott-Aldrich syndrome protein homology-2 (WH2) domains predicted to bind actin
monomers or filaments (Paunola et al., 2002; Carlier et al., 2013), multiple proline-rich
motifs predicted to bind Src homology-3 (SH3) domains, and a putative microtubule end-
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binding protein (EB)-binding SxIP motif (Honnappa et al., 2009) (Supplementary Figure
S3).

exc-6(gk386) worms produce no detectable EXC-6.

Worms bearing exc-6(gk386) are defective for oocyte entry into the spermatheca during
ovulation, but only partially so (Hegsted et al., 2016). Alternative possible explanations for
this mild phenotype are that exc-6(gk386) worms retain some exc-6 function, or that EXC-6
plays a non-essential role in this process. The allele gk386 encodes a genomic deletion that
eliminates part of the exc-6 promoter, the first exc-6 exon and intron, and part of the second
exon, including sequences encoding the helical N-terminus and part of the FH1 domain (C.
elegans Deletion Mutant Consortium et al., 2012; Mi-Mi et al., 2012). Due to the elimination
of the promoter and start codon, exc-6(gk386) is predicted to completely eliminate the single
known isoform of EXC-6, but it remained possible that alternative isoforms arise from
cryptic promoters.

To test this, we probed worm extracts (hormalized by whole protein content; Supplementary
Figure S4) with a polyclonal antibody that was raised and affinity purified against the
EXC-6 FH2 domain. Notably, the FH2-coding sequence is intact in exc-6(gk386) animals,
being positioned downstream of the region deleted by gk386 (Mi-Mi et al., 2012). To
identify endogenous EXC-6 from among non-specific background signals, we compared
extracts of control animals with those in which exc-6 was knocked down through RNAI. We
observed that exc-6(RNAJ) correlated with loss of a single 105 kD band (Figure 6 A), which
is only modestly larger than computationally predicted 94 kD for EXC-6. When
exc-6(gk386) extracts were probed, the 105 kD band again was absent, and novel bands
were not detected at lower or higher molecular weights (Figure 6 A), with two exceptions.
One exception was the appearance of a 128 kD product in EXC-6::GFP-expressing
transgenic worms, corresponding to an over-expressed tagged EXC-6. The second exception
was a 100 kD band that appeared inconsistently across many different samples (for example,
asterisk in lane 4 of Figure 6 A), but we determined that this band is a bacterial product
derived from the C. elegansfood source (Supplementary Figure S5). Thus, exc-6(gk386)
produces no detectable protein, suggesting it is a null allele.

Consistent with this, we found exc-6(gk386) behaves as a recessive mutation with regard to
ovulation (Figure 6 B). That is, normal ovulation events occurred in wild-type worms 87%
of the time, a low value that is likely an artifact of treating animals with anesthetics, and
mounting them for microscopy. Normal ovulations occurred in exc-6(gk386)/(+)
heterozygous worms at a statistically indistinguishable frequency (85%, p = 0.765), whereas
exc-6(gk386) homozygous worms showed a statistically significant decrease in normal
ovulations to 63% (p = 0.01).

Expression of the EXC-6 C-terminal tail in the spermatheca exacerbates ovulation and
transit defects.

To test whether expression of EXC-6 in the spermatheca improves ovulation in a
background otherwise null for exc-6 function, we examined ovulation in exc-6(gk386)
mutants bearing ECAs with fin-1 promoter-driven full-length EXC-6 (construct
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EXC-6::GFP in Figure 5 A). As controls, we also examined exc-6(gk386) lines bearing
ECAs with fin-1p.:mCherry but no transgenic exc-6, as well as non-transgenic wild-type and
exc-6(gk386) animals. In wild-type animals, oocyte maturation is normally quickly followed
by ovulation (movement of the oocyte from the proximal gonad into the spermatheca),
which is then followed by expulsion of the fertilized egg into the uterus (Figure 7,
Supplementary Figure S6, Supplementary Video S1) (McCarter et al., 1999). The most
prevalent defect observed in exc-6(gk386) animals was breakage of the oocyte during entry
into the spermatheca, while rarer phenotypes included: breakage of the fertilized egg during
exit from the spermatheca; failure of the oocyte to enter the spermatheca; or delay of exit of
the fertilized egg from the spermatheca (Figure 7 C).

Wild-type worms ovulated normally 80% of the time under our observation conditions
(again, likely an artifactual low percentage), while exc-6(gk386) worms ovulated normally
only 54% of the time. As expected, exc-6(gk386) worms expressing only mCherry (control
strains #1-3) had similar rates of ovulation failure as non-transgenic mutants (Figure 7 B).
Full length EXC-6::GFP expressed from the f/n-1 promoter (+ exc-6 #1-3) had variable
rates of normal ovulations. While none of these showed a statistically significant increase in
normal ovulations from exc-6(gk386) controls, EXC-6::GFP-expressing strain #1 showed a
trend toward normal ovulations that approached wild type (Figure 7 B). This differed from
complete rescue by a genome-integrated exc-6.:gfp transgene (Hegsted et al., 2016), but that
rescuing construct was driven by the exc-6 promoter, and retained exc-6 introns and
downstream sequences. It is possible that the exc-6 cDNA used here is over- or under-
expressed by the fIn-1 promoter or due to copy number. Also, excessive copies of the fin-1
promoter, as would be caused by their presence in our ECAs, can perturb spermatheca
function (Erin Cram, personal communication). Finally, potential mosaicism within the
spermathecae could further impact rescue. Despite these caveats, the trend toward rescue
seen in one strain suggests the possibility that expression of EXC-6 in the spermatheca is
sufficient to improve ovulation.

Considering that the C-terminus of EXC-6 was sufficient for localizing GFP to the
spermatheca junctions (Figure 5 B), we also tested whether C::GFP expression was
sufficient to rescue ovulation in exc-6(gk386) worms. Strikingly, one C::GFP-expressing
strain (#2) exhibited normal ovulation only 17% of the time, a statistically significant
reduction from non-transgenic exc-6(gk386), while the remaining two strains very modestly
trended toward similar, but statistically insignificant reductions (Figure 7 B). Although
western blot analysis suggests that the C::GFP-expressing strain #2 expresses the lowest
level of fusion protein (Supplementary Figure S2), that interpretation is confounded by the
variable heritability of ECAs, ensuring that samples analyzed for western blot are prepared
from populations that are mixtures of transgenic and non-transgenic animals in varying
proportions. By direct visual observation of transgenic animals, C::GFP-expressing strain #2
expresses noticeably higher levels of fusion protein in its spermatheca than the other two
strains. Thus, the EXC-6 C-terminus is not sufficient for EXC-6 function, but in fact
exacerbates ovulation. Moreover, the exacerbation of ovulation defects by C::GFP cannot be
due to its interference with endogenous EXC-6, as it occurs in the exc-6(gk386) background
which lacks any endogenous EXC-6 (Figure 6 A). Rather, these results suggest the EXC-6
tail interacts with additional factors critical for ovulation and spermatheca transit.
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To determine whether enhanced ovulation defects in C::GFP-expressing worms correlate
with F-actin disorganization, spermathecae were dissected from C::GFP-expressing animals
(of strain #2), as well as EXC-6::GFP-expressing animals, and exc-6(+) and exc-6(gk386)
controls, before staining with fluorescently labeled phalloidin to reveal F-actin
(Supplementary Figure S7). The most notable cytoskeletal features of spermatheca cells are
the prominent contractile F-actin-rich bundles associated with the basal surface. Consistent
with our previous observations, cytoskeletal organization was virtually identical between
wild type and exc-6(gk386) spermathecae (Hegsted et al., 2016; Supplementary Figure S7).
Similar to what we observed in intact animals (Figure 5), EXC-6::GFP and C::GFP were
primarily visible at spermatheca junctions in dissected gonads (Supplementary Figure S7).
However, we could also observe in dissected gonads some association of both constructs
with F-actin bundles, as well as some nuclear localization for C::GFP (Supplementary
Figure S7). However, expression of neither construct resulted in notable disorganization of
the contractile bundles (Supplementary Figure S7). Thus, the inhibitory effect of C::GFP is
likely through a mechanism other than gross F-actin disorganization.

Identification of putative EXC-6 binding partners.

To identify proteins that might interact with EXC-6 and modulate its function or
localization, we performed a yeast two-hybrid screen on a C. elegans cDNA library, using
full-length EXC-6 as bait. From 2.3 x 10° transformants, seventeen clones representing
eleven putative interactors were identified (Supplementary Table S1). Intriguing among
these was JAC-1, a p120-catenin homolog that associates with many epithelial junctions
(Pettitt et al., 2003), although this has not been examined in the spermatheca. Consistent our
identification of an EB-binding SxIP motif in EXC-6, we also recovered multiple clones of
the EB homologs EBP-1 and EBP-2, a finding of significance, as loss of EXC-6 from the
excretory canal perturbs the directional growth of EBP-2-associated microtubules (Shaye
and Greenwald, 2015). We also recovered an additional EBP-2-binding protein, the E3
ubiquitin ligase SIAH-1 (Li et al., 2004), suggesting the possibility that EXC-6, EBP-2, and
SIAH-1 might form a ternary complex. Moreover, SIAH-1 was unique among yeast two-
hybrid interactors for having been shown to be expressed in the spermatheca (McKay et al.,
2003; Hunt-Newbury et al., 2007).

To test yeast two-hybrid interactors for functional interactions with EXC-6 in the
spermathecae, we performed RNAI against a subset, and examined their effects on
EXC-6::GFP localization, and on ovulation. For controls, we also targeted exc-6 and par-3
for RNAI. Verifying the efficacy of RNAI treatments, par-3(RNAI) resulted in nearly
complete maternal effect embryonic lethality, while targeting of another putative interactor,
ffet-1, caused a predicted similar but only partially penetrant lethality (Piano et al., 2002).
Only exc-6(RNAI) resulted in loss of EXC-6::GFP from spermatheca junctions
(Supplementary Figure S8), suggesting none of the tested candidates (nor PAR-3)
individually is responsible for EXC-6 recruitment to junctions. RNAi-treated animals were
also examined for an accumulation of endomitotic oocytes (Emo) phenotype, an effect
observed in animals with severe ovulation defects (lwasaki et al., 1996), As expected, the
mild ovulation defects cause by exc-6(RNA;) did not result in an Emo phenotype (n = 30
animals from three replicate RNAI treatments), while par-3(RNAi) resulted in nearly 100%
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Emo animals (n = 26 animals from three replicates), consistent with previous observations
(Aono et al., 2004). The Emo phenotype was also evident in ~50% of /fet-1(RNAI) animals
(n = 18 animals from three replicates). Whether this effect relates to EXC-6 is unclear, as
ffet-1 encodes a translational repressor, and no previous evidence has tied EXC-6 to protein
synthesis. The remaining RNAI treatments showed no evidence of Emo phenotypes
indicative of severe ovulation defects (n = 21 to 30 animals from three replicates per gene),
but this result does not rule out the possibility of subtler ovulation defects as observed with
loss of exc-6 function.

Discussion:

The timely entry of oocytes into the spermatheca coincides with rapid expansion of the
spermatheca lumen, an event expected to require remodeling of the junctions between
spermatheca epithelial cells. In Drosophila, unzipping can occur along septate junctions
during growth of glia cells (Babatz et al., 2018). The smooth/continuous septate junction
layer of the C. elegans spermatheca junctions is analogous to the fly septate junctions in
protein composition and in being positioned basal to a layer of adherens junctions (Lints and
Hall, 2009; Pasti and Labouesse, 2014). Furthermore, the smooth/continuous septate
junctions are contorted in the empty spermatheca, and are hypothesized to unzip during
oocyte entry (White, 1988; Creutz et al., 1996; Lints and Hall, 2009). The spermatheca
junctions also feature a unique layer apical to the adherens junctions. Called the pleated
septate junction based on its appearance in electron micrographs (Lints and Hall, 2009), this
apical layer is also contorted in the empty spermatheca, and is also predicted to unzip. We
observe here that the formin EXC-6 is associated with a segment of the spermatheca
junctions apical to the adherens junctions, likely the pleated septate junctions (Figure 2 and
Figure 3). Moreover, this layer appears to “unzip” with oocyte entry, shifting from a highly
contorted ribbon that is oriented along the apical/basal axis, to straight bands that are
flattened in the plane of the apical surface (Figure 4). This is strongly reminiscent of the
myosin phosphatase regulatory subunit MEL-11, which has also been observed associated
with the apical segment of spermatheca junctions that are highly contorted in the empty
spermatheca, but straighten during oocyte entry (Simske, 2013).

In the absence of EXC-6, entry of the oocyte into the spermatheca is slowed, often leading to
rupture of oocytes as the spermatheca constricts before entry is complete (Hegsted et al.,
2016). How EXC-6 affects this process is unclear. We have observed that EXC-6 potently
stimulates the assembly of actin filaments /n vitro similar to other formins (data not shown),
but loss of EXC-6 has no apparent effect on the organization of the prominent F-actin
bundles that directly mediate contraction of the spermatheca (Hegsted et al., 2016). One
plausible alternative suggestion is that EXC-6 assists spermatheca expansions during oocyte
entry by facilitating pleated septate junction unzipping, perhaps by remodeling actin
filaments that underlie the junctions (Hegsted et al., 2016). The additional presence at these
junctions of apical PAR proteins PAR-3 and PAR-6, as well as MEL-11, suggests actin
modulatory activity of EXC-6 might coordinate with myosin inhibition by MEL-11, and
scaffolding functions of the PAR proteins.
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The C-terminal tail of EXC-6 is necessary and sufficient to recruit the formin to junctions
(Figure 5). Interestingly, the two closest human homologs of EXC-6 can also localize via C-
terminal tail motifs: FHDC1/INF1 associates with Golgi-associated microtubules through a
C-terminal microtubule-binding domain, and an isoform of INF2 associates with the
endoplasmic reticulum through prenylation of a C-terminal CAAX-box (Young et al., 2008;
Chhabra et al., 2009; Copeland et al., 2016). EXC-6 lacks a CAAX box and shows no
homology to the FHDC1/INF1 microtubule-binding domain, but analysis of the EXC-6 tail
identified a series of motifs predicted to interact with additional cytoskeletal proteins,
including two actin-binding WH2 domains, a multitude of predicted SH3-binding motifs,
and an SxIP motif expected to bind EB proteins (Honnappa et al., 2009) (Supplementary
Figure S3). Interestingly, in a yeast two-hybrid assay, EXC-6 interacts with two EB
homologs EBP-1 and EBP-2, and with the EBP-2-binding protein, SIAH-1
(SupplementaryTable S1). RNAi-mediated knockdown of these showed no effect on
ovulation or EXC-6 localization in the spermatheca (Supplementary Figure S8), but these
interactions could be of significance in the excretory canal, where EXC-6 localizes along
microtubules, and its absence perturbs the organization of EBP-2-bound microtubules
(Shaye and Greenwald, 2015).

Interestingly, not only is EXC-6 C-terminal tail sufficient for localization to the spermatheca
junctions, its expression enhanced the frequency of ovulation defects in exc-6(gk386)
animals (Figure 7), indicating interaction with the EXC-6 tail can alter the function of other
components important for ovulation. Notably, this negative effect on ovulation cannot be due
to the tail blocking full-length EXC-6 from interacting with other ovulation components, as
this effect occurs in exc-6(gk386) animals that produce no detectable EXC-6 (Figure 6 and
Figure 7). Nor is this effect likely to be due to interference with a homologous formin, as the
tail sequence of even the next closest formin homolog, INFT-2, bears no detectable
similarity to that of EXC-6. It will be of interest to identify functional binding partners for
the EXC-6 tail, and to determine how binding to the tail alone or to full-length EXC-6 alters
their function.

There are intriguing parallels between EXC-6 in the worm spermatheca, and human INF2 in
kidney podocytes. Podocytes are unique epithelial cells that line the outer surfaces of
glomerular capillaries with numerous interdigitated foot processes that make specialized
cell-cell junctions, called slit diaphragms. Notably, podocytes can undergo a dramatic
morphological change called foot process effacement (FPE), in which the narrow foot
processes become broad and flat. FPE can occur within minutes, and is considered a
protective response to preserve podocyte attachment under conditions of increased
mechanical stress, such as during chronic kidney disease (reviewed in Kriz and Lemley,
2015). Notably, a number of /NMF2 mutations in humans can cause the kidney disease focal
segmental glomerulosclerosis accompanied by FPE (Brown et al., 2010; Boyer et al., 2011),
and a mouse /NVF2Z mutant model shows an inability to reverse the transient FPE that occurs
after induced acute kidney injury (Subramanian et al., 2016). INF2 is expressed in
podocytes, and localizes in part to slit diaphragms, suggesting the formin might contribute
directly to the reversible plasticity of these junctions. But how INF2 functions in podocytes,
and the effects of many /AVF2mutations on INF2 protein function, remain unclear. An
exciting possibility is that the resemblance of INF2 to EXC-6 at spermatheca junctions is
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more than superficial, but reflects a deeper conserved function for these related formins. In
such a case, ovulation in the exc-6(gk386) worm might serve as a simple, genetically-
tractable model for testing whether novel /NF2mutations identified in patients have
functional consequences for junctional plasticity.

Materials and Methods:

Plasmids

All plasmids and primers used in this study are listed in Supplementary Table S2 and
Supplementary Table S3, respectively. To drive expression of full-length EXC-6 tagged with
GFP in the spermatheca, exc-6 cDNA (Mi-Mi et al., 2012) was amplified with 5> Xba/ site
and 3’ linker (encoding Gly-Ala-Gly-Ala-Gly) sequences, and /inker::gfp was amplified
from pRS315-exc-6.:gfp (Hegsted et al., 2016) with a 3° Xmal/ site. These were joined by
fusion PCR and TOPO-TA cloned into pCR4BTOPO to produce pAH1 (pCR4BTOPO
exc-6..g1p). Plasmid pAH2 was constructed by subcloning Xbal exc-6..:gfo Xmal between
the fln-1 promoter and the f/n-7 3° UTR in pUN107, a gift from Erin Cram (Northwestern
University, Boston, MA). The fIn-1 promoter expresses in cells of the spermatheca, proximal
gonad sheath, uterus and elsewhere (Kovacevic and Cram, 2010), but we observed
expression of GFP only in the spermatheca.

To produce a co-reporter for expression in spermatheca cells, pAH24 was created by
amplifying mCherry from pCJF104 with 5* Xba/and 3’ Xmal sites before cloning between
the fIn-1 promoter and the #/n-13° UTR of pUN107.

To test for the domain requirements for EXC-6 localization in the spermatheca, cDNAS
encoding the following regions of EXC-6 were individually joined by fusion PCR to
linker::gfp: helical region (H; encoded by exc-6 cDNA base pairs 1-198); FH1 domain (base
pairs 199-306); FH2 domain (base pairs 385-1617); interdomain region between FH1 and
FH2 (ID) plus the FH2 domain (ID-FH2; base pairs 307-1617); and C-terminal tail (C; base
pairs 1618-2532). Domain.:gfp constructs were subcloned between the /-1 promoter and
fin-13’UTR to produce the plasmids listed in Supplementary Table S2.

To make exc-6..gfp constructs with specific domains deleted (AH, AFH1, AFH2, AID-FH2,
or AC), regions 5’ and 3’ to the deletion were amplified from pAH1. The 5° portion was
engineered with a 5’ Xbal site and a 3’ overlap sequence. The 3’ portion was engineered
with a 5’ overlap sequence and a 3” Xmal/ site. These were joined by fusion PCR and
subcloned as above.

The bait construct plasmid pAH25 for yeast two-hybrid screening was produced by
amplification of full length exc-6 cDNA with flanking Kjpn/and Sacl/ restriction sites,
followed by cloning into the bait plasmid pLexA-C (DualSystemsBiotech yeast two-hybrid
kit; Schlieren, Switzerland).

For RNA. studies, we used previously generated double stranded RNA expression vector
L4440 (Timmons and Fire, 1998), L4440-exc-6 (Mi-Mi et al., 2012), and L4440-par-3 (a
gift from K. J. Kemphues, Cornell University, Ithaca NY; Aono et al., 2004). To knock down
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putative EXC-6-binding candidates isolated in our yeast two-hybrid screen, 200-300 bp of
cDNA of each candidate was amplified by PCR on recovered yeast two-hybrid plasmids,
and cloned into Sma/Hinearized L4440 by In-Fusion Cloning using CloneAmp HiFi PCR
Premix (Takara Bio USA Incorporated, Mountain View, CA).

The complete sequences for all cloned PCR products were verified by sequence analysis.

Worm strains and growth conditions

Worms were grown under standard conditions at 20°C (Brenner, 1974). For complete
genotypes of strains used in this study, see Supplementary Table S4. Worm strains N2,
FT17, FT63, FT250, HR596, JJ1440, and ST65 were obtained from the Caenorhabditis
Genetic Center (University of Minnesota, Minneapolis, MN). SU131 was a gift from J.
Hardin (University of Wisconsin-Madison, Madison, WI; Simske et al., 2003).

RNAi-mediated knockdowns were performed by the standard feeding technique (Wang and
Barr, 2005). Briefly, Escherichia coli HT115 was transformed with L4440 negative control
or appropriate knockdown vector, and grown overnight at 37°C in 2xYT medium with 12.5
pg/ml tetracycline and 100 pg/ml ampicillin. Cultures were then diluted 1:100 in 2xYT,
grown 3 hr at 37°C, and then induced with 0.4 mM IPTG for further 3 hr at 37°C. Induced
cultures were concentrated five-fold and seeded onto plates. For knockdown of genes
predicted to not be essential (exc-6, ebp-1, ebp-2, C50F4.1, siah-1, jac-1) (Kamath et al.,
2003; Raul et al., 2004; Skop et al., 2004; Fernandez et al., 2005; Sénnichsen et al., 2005),
worms were continuously treated for RNAI for a minimum of three generations. For
knockdowns predicted to be lethal or partially lethal (par-3, ifet-1) (Kamath et al., 2001;
Piano et al., 2002), L1 worms were plated onto RNAI plates and inspected as adults after 2
days (to inspect spermathecae junctions) or 3 days (to examine for endomitotic oocytes) at
20°C.

To make transgenic worms expressing full length or partial fin-1p..exc-6::linker::gfp
constructs, XA8004 exc-6(gk386) hermaphrodites were injected with 25 ng/ul of the
relevant exc-6 construct plasmid, plus mCherry-expressing co-injection markers (10 ng/ul
pAH24, 10 ng/ul pGH8 and 2.5 ng/pl pCFJ90) (Frekjaer-Jensen et al., 2008) and 75 ng/ul of
pRS315 (Sikorski and Hieter, 1989).

Microscopy and image analysis of live animals

To image spermathecae in live animals, adult hermaphrodite worms were paralyzed in M9
containing 0.1% tricaine (Acros Organics, Geel, Belgium) and 0.01% levamisole (Acros
Organics, Geel, Belgium), and live mounted onto a 2% agarose pad. Epifluorescence and
differential interference contrast (DIC) images were obtained using an Eclipse 90i research
upright microscope (Nikon, Tokyo, Japan) at room temperature using a CFl Plan
Apochromat 403/NA 1.0 oil immersion objective, with a Cool-SNAP HA2 digital
monochrome charge-coupled device camera (Photometrics, Tucson, AZ) driven by NIS-
Elements AR acquisition and analysis software (version 3.1; Nikon). Ovulation movies were
acquired using DIC microscopy as previously described (Hegsted et al., 2016).
Spermathecae expressing mCherry were scored for localization of GFP as junctional,
nuclear, or cytoplasmic. For spermathecae selected for imaging, Z-stacks were collected at
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2.5 um intervals before deconvolution in NIS-Elements using AutoQuant Blind
Deconvolution, with 17 iterations and medium noise level. Spermathecae outlines indicted in
Figure 5 B were determined using mCherry fluorescence.

Microscopy and image analysis of fixed samples

Primary and secondary antibodies used for immunofluorescence microscopy were pre-
cleared to remove non-specific staining. Briefly, to preclear anti-EXC-6 (DPMSP5; Mi-Mi et
al., 2012), 15-30 worms treated for exc-6(RNAi) were paralyzed briefly in 0.2 mM
levamisole, and dissected in PBS on poly-L-lysine-coated slides to expose the gonad, before
5 min fixation in —20uC MeOH and two brief washes in PBST (1x PBS; 0.1% Tween-20).
Samples were then incubated 1 hr with PBST containing 0.1% goat serum with 1:10 dilution
of DPMSP5. The antibody solution was recovered from slides and diluted for use as primary
antibody for immunofluorescence microscopy. To pre-clear Texas Red-labeled goat anti-
rabbit (Rockland Immunochemicals, Pottstown, PA), wild-type worms were similarly
paralyzed, dissected, and fixed, before being blocked 1 hr in PBST containing 1% goat
serum, washed twice briefly with PBST, and incubated overnight in PBST containing 0.1%
goat serum and 1:1000 dilution Texas Red-labeled goat anti-rabbit. This solution was
recovered from slides and diluted for use as secondary antibody for immunofluorescence
microscopy.

To immunostain extruded worm gonads, worms were paralyzed, dissected, and fixed as
above, before being blocked 1 hr in PBST containing 1% goat serum and then washed twice
briefly in PBST. Samples were then incubated overnight in primary solution (pre-cleared
DPMPS5 diluted to a final 1:100 in PBST + 0.1% goat serum). The following day, samples
were washed twice briefly with PBST, incubated 2 hr in secondary solution (pre-cleared
Texas Red-labeled goat anti-rabbit diluted to a final 1:2000 in PBST + 0.1% goat serum),
and then washed twice briefly in PBST. Stained samples were covered with
VECTASHIELD mounting medium (Vector Laboratories, Burlingame, CA). To stain
extruded worm gonads with fluorescent phalloidin to visualize F-actin, or to stain whole
worms with 4’ ,6-diamidino-2-phenylindole to visualize DNA for identification of
endomitotic oocyts, worms were treated as described previously (Hegsted et al., 2016).

Confocal images were obtained on an SP5 laser-scanning confocal microscope (Leica,
Wetzlar, Germany) driven by LAS AF Software (version 2.2.0, build 4758; Leica), and using
an HCX Plan Apochromat 63x/NA 1.4 oil lambda objective. Confocal stacks were analyzed
in IMARIS (Bitplane, Belfast, UK) using the section tool to create XY maximum intensity
projections, and XZ or YZ cross-sections. All images were edited linearly and colored in
Photoshop CS4 (Adobe, San Jose, CA).

Line scans were made in ImageJ (version 2.0.0-rc-65/1.51u; Schneider et al., 2012) using a
one pixel-wide line and the “plot profile” function. To determine the distance between peak
intensities of GFP and EXC-6 immunostain, lines were drawn through every GFP puncta
towards the spermatheca lumen in XZ images in confocal cross-sections. The position of the
maximal peak intensity for each EXC-6 immunostained puncta was set to zero, and the
distance to the peak maximal intensity of GFP fluorescence was measured. Positive values
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reflect an apical localization of GFP relative to EXC-6, while negative values reflect a basal
localization.

Western blot analysis

Worm lysates were obtained by suspending mixed-stage populations of worms in 2x
reducing sample buffer, boiling for 3 min, homogenizing worms with a tissue homogenizer
(VWR International), and boiling 3 min again. HT115 £. coli extracts were obtained by
washing plates lacking worms with M9, as would be done for collecting worms. Samples
were then centrifuged at low speed (1000 rpm) for 1 min, as would be done to collect
worms, or at maximum speed in a microfuge for 1 min, to concentrate bacteria. HT115
samples were then treated identically as above for worm lysates. Genomic DNA in all
lysates was sheared by eight passages through an insulin syringe. Samples were normalized
by comparing Coomassie brilliant blue stain of total lanes after SDS-PAGE (Bio-Rad,
Hercules, CA).

For western blot analysis, proteins were resolved by SDS-PAGE and transferred to PVDF
(Millipore, Burlington, MA) or nitrocellulose (Bio-Rad, Hercules, CA) for immunoblotting.
After blocking in 10% milk, blots were incubated with primary antibody diluted 1:100 (anti-
EXC-6 DPMSP8; Mi-Mi et al., 2012) or 1:1000 (anti-GFP GF23R; Invitrogen, Carlsbad,
CA) in TBST (50 mM Tris-HCI, pH 8.3; 150 mM NaCl; 0.3% Tween 20) containing 1%
milk. Primary incubations were for 3 hr (DPMSP8) or 1 hr (GF28R) at room temperature.
Blots were incubated in goat anti-rabbit-HRP or goat anti-mouse-HRP secondary antibodies
diluted 1:3000 in TBST containing 1% milk for 1 hr at room temperature. Images were
acquired using a Bio-Rad ChemiDoc MP imager (Hercules, CA), and processed with Image
Lab and Photoshop CS4.

A note on anti-EXC-6, the affinity purified antibodies DPMSP5 and DPMSP8 were isolated
from different rabbits. By western blot, both recognize identical bands, but DPMSP8
provides a significantly stronger western signal, and thus was used here for that purpose.
However, only DPMSP5 was found to be suitable for immunofluorescence microscopy, with
DPMSP8 resulting in non-specific stain only.

Yeast two-hybrid screen

The yeast two-hybrid screen was performed using the DualSystemsBiotech kit (Schlieren,
Switzerland), as per instructions. Briefly, the bait construct pAH25 encoding full-length
exc-6 cDNA was screened for interactions in NMY51 yeast against a C. efegans adult cDNA
library (DualSystemsBiotech). Prey plasmids were isolated from clones able to grow under
selective conditions (media lacking histidine and containing 1 mM 3-amino-1,2,4-triazole),
and retransformed to NMY51 to confirm their EXC-6-dependence before being subject to
sequence analysis for identification.

Ethical considerations

This study did not involve the use of human subjects or vertebrate animals. C. elegansis an
invertebrate model that is not covered by the guidelines of National Institutes of Health
definition of Laboratory Animal, and is not subject to regulation by the SUNY Upstate
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Medical University Institutional Animal Care and Use Committee. All protocols and
procedures were approved by the SUNY Upstate Medical University Institutional Biosafety
Committee, and followed NIH Guidelines for Research Involving Recombinant DNA
Molecules.

Data availability statement

The data supporting the findings of this study are available from the corresponding author
upon reasonable request.

Statistical analysis

Bar graphs were made in Excel:mac (version 14.7.2 and 14.7.7; Microsoft Corporation,
Redmond, WA) and line graphs were made in KaleidaGraph (version 4.5.2; Synergy
Software, Reading, PA). Measurements of distance between maximal GFP fluorescence and
maximal EXC-6 immunostain along spermatheca junctions were subject to analysis of
variation, with Tukey-Kramer post-hoc testing. Differences for which p < 0.05 were
considered statistically significant. Quantitative ovulation data were analyzed using a chi-
squared test of independence, with post-hoc testing using a Bonferroni corrected p-value =
a / # of tests, where a = 0.05. See Supplementary Table S5 for details.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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intensity (a.u.)

microns

Figure 1.
Endogenous EXC-6 localizes to cell-cell junctions in the spermatheca. (A) Confocal

micrographs of spermathecae dissected from EXC-6::GFP-expressing worms were stained
with anti-EXC-6. 7gp images show a spermatheca with typical junction localization, while
bottom images show a spermatheca with GFP/EXC-6-positive junctions and less common
basal fibers (arrowheads). Graphed fluorescence intensities for anti-EXC-6 (/magenta) and
EXC-6::GFP (green) along line a show strong colocalization at junctions. (B) Confocal
micrographs of dissected spermathecae from non-transgenic worms stained with anti-EXC-6
show endogenous EXC-6 localizes predominantly to junctions, but is lost from worms
treated for exc-6(RNAI) or bearing exc-6(gk386). Scale bars, 10 pm.
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Figure 2.
EXC-6 localization relative to known junction markers. Spermathecae from worms

expressing junction proteins fused to GFP were dissected and immunostained for EXC-6.
Simplified spermathecae models (fop) show idealized expected appearance of pleated
septate, adherens, and smooth/continuous septate junction markers relative to basal (sofid
line) and apical (dotted line) surfaces of the spermatheca epithelium in maximum intensity
projections (M/P) and longitudinal sections (X.2). Markers examined include smooth/
continuous septate junction proteins AJM-1::GFP and DLG-1::GFP, adherens junction
proteins VAB-9::GFP and HMR-1::GFP, and apically-positioned proteins PAR-3::GFP and
PAR-6::GFP. In favorable sections, EXC-6 often appears apical to smooth/continuous
septate junctions and adherens junctions, but overlaps or is slightly basal to apical markers,
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suggesting EXC-6 likely associates with the pleated septate junctions that are positioned
apical to the adherens junctions. Scale bars, 10 um.
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Measurement of EXC-6 apical/basal position relative to known junction markers tagged with
GFP. (A) Confocal sections of representative spermathecae are shown with lines drawn
across EXC-6 immunostain and GFP fluorescence signals at cell-cell junctions.
Fluorescence intensity values along junctional lines were measured and normalized to a
maximum value of 1, and graphed with maximal EXC-6 immunostain positioned at zero,
and positions closer to the lumen (i.e. apical) defined as positive, and positions further from
the lumen (i.e. basal) as negative. (B) Positions of maximal GFP fluorescence relative to

maximal EXC-6 immunostain are shown for measurements at # junctions from A/

spermathecae. The average position for smooth/continuous septate junction markers (green
bars) is basal relative to EXC-6, as is the average position for adherens junction markers
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(purple bars), while apical marker averages (red bars) are either apical or match EXC-6,
suggesting EXC-6 associates with the most apical aspect of the spermatheca junctions, likely
the pleated septate junctions. All comparisons in relative positions that show statistical
significance (p < 0.05) are indicated (black bars).
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Figure 4.
EXC-6-associated junctions unzip during ovulation. (A) Models of spermathecae cross-

sections, comparing an empty spermatheca with one distended during ovulation. The
convoluted nature of smooth/continuous and pleated septate junctions in empty
spermathecae has been demonstrated (Lints and Hall, 2009). Unzipping of these in the
distended spermatheca is hypothesized to occur as a mechanism to accommodate oocyte
entry. Yellow triangles represent the predicted association of EXC-6 with the pleated septate
junctions. (B) Maximum intensity projections (M/P) and cross-sections ( Y2) of empty and
distended spermathecae show EXC-6::GFP-associated junctions convert from curly ribbons
(observed in M/P) with vertical/near vertical orientation relative to the luminal surface
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(observed in YZ2), into straight bands (in M/P) that are horizontally-oriented relative to the
lumen surface (in Y2), indicating junction unzipping during distension. Scale bars, 10 pum.
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Figure 5.
The EXC-6 C-terminal tail is necessary and sufficient for localization to spermatheca cell-

cell junctions. (A) Domain maps of EXC-6::GFP constructs generated, depicting predicted
N-terminal helical motif (H), FH1 domain, inter-FH1/FH2-domain region (ID), FH2
domain, and C-terminal tail (C-term). Scale bar, 100 amino acids. (B) Spermathecae
expressing indicated fusion constructs in live exc-6(gk386) adults. Extent of spermathecae
(white outlines), and approximate positions of the spermatheca neck (7€) adjoining the
proximal gonad arm, and of the spermatheca-uterine valve (sp-uf) are indicated.
Spermathecae are flexible, mobile organs /in vivo, accounting for the high variability in their
orientation, shape and apparent size. Numbers indicate percentages of observed
spermathecae with junction-associated GFP, determined from 20 spermathecae for each
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construct. Similar percentages were observed in two additional independently isolated
transgenic lines for each construct. Scale bars, 20 um.
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Figure 6.
gk386is a null allele of exc-6. (A) Anti-EXC-6 western blot shows endogenous EXC-6 at

~105 kD is lost from worm extracts after exc-6(RNAI) or in exc-6(gk386) mutants, while ~
128 kD EXC-6::GFP in transgenic animals is overexpressed relative to endogenous EXC-6.
The band indicated by asterisk (*) is a bacterial antigen (see Supplementary Figure S4). No
novel smaller or larger immunoreactive species are detected in exc-6(gk386) extracts. (B)
Frequencies of ovulation phenotypes in wild-type, homozygous exc-6(gk386), and
exc-6(gk386)/(+) worms show exc-6(gk386) behaves as a recessive allele. Shown are the
combined results of three experiments. P-values are for comparisons to wild type.
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Ovulation and transit defects in exc-6(gk386) worms are exacerbated by the isolated EXC-6
C-terminal tail. (A) Ovulation was monitored in worms by DIC microscopy. Representative
images from Supplementary Video S1 show consecutive steps during ovulation. Normally
(top), a matured oocyte (magenta) enters the spermatheca (green), is fertilized, and exits to
the uterus. Also shown are ovulations in exc-6(gk386) animals in which the oocyte is broken
during entry (midalle), or when the fertilized egg is broken during exit (bottom). Non-
colored images are reproduced in Supplementary Figure S6 for clarity. Scale bars, 20 um.
Percent of observed ovulations that are (B) normal or (C) aberrant, with breakdown of
specific phenotypes. P-values shown in (B) are for comparison to exc-6(gk386) using the
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Bonferroni correct p-value 0.005. * indicates statistical significance when compared to
exc-6(gk386). See Supplementary Table S5 for statistical analysis details.
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Measured distances along a basal-to-apical axis between maximal EXC-6 immunostain and maximal GFP
fluorescence for junction markers shown in Figure 3.

junctionmarker

spermathecae analyzed (#)

junctions analyzed (#)

distance (um) mean + SD

+

neg (#):c pos (#)§ same (#)'ﬂ

AIM-1
DLG-1
VAB-9
HMR-1
PAR-6
PAR-3

o o »~ 01 ©

10

73
32
28
53
44
106

0.79+1.20
0.77 £0.86
0.27 £0.86
0.49 +£1.24
-0.06 +1.13
-0.36 + 0.88

53
24
20
36
45
13

16
7
7

16

46

27

4
1
1
1

11
4

fMean measured distance between maximal EXC-6 immunostain and maximal GFP fluorescence * 1 standard deviation. Positive values reflect
apical positioning relative to EXC-6, while negative values reflect basal relative positioning.

¢Number of measured junctions that exhibited basal positioning of GFP relative to EXC-6.

§Number of measured junctions that exhibited apical positioning of GFP relative to EXC-6.

”Number of measured junctions that exhibited the same apical/basal positioning of GFP relative to EXC-6.
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