
RESEARCH ARTICLE

WNT regulates programmed muscle remodeling through PLC-β
and calcineurin in Caenorhabditis elegans males
Brigitte LeBoeuf*, Xin Chen* and Luis Rene Garcia‡

ABSTRACT
The ability of a muscle to break down and reform fibers is vital for
development; however, if unregulated, abnormal muscle remodeling
can occur, such as in the heart following cardiac infarction. To study
how normal developmental remodeling is mediated, we used
fluorescently tagged actin, mutant analyses, Ca2+ imaging and
controlled Ca2+ release to determine the mechanisms regulating a
conspicuous muscle change that occurs in Caenorhabditis elegans
males. In hermaphrodites and larval males, the single cell anal
depressor muscle, used for waste expulsion, contains bilateral
dorsal-ventral sarcomeres. However, prior to male adulthood, the
muscle sex-specifically remodels its sarcomeres anteriorly-posteriorly
to promote copulation behavior. Although WNT signaling and
calcineurin have been implicated separately in muscle remodeling,
we unexpectedly found that they participate in the same pathway. We
show that WNT signaling through Gαo and PLC-β results in sustained
Ca2+ release via IP3 and ryanodine receptors to activate calcineurin.
These results highlight the utility of this new model in identifying
additional molecules involved in muscle remodeling.

KEY WORDS: G-protein-coupled signaling, Muscle remodeling,
WNT/Calcium signaling, WNT/PCP signaling

INTRODUCTION
Muscle remodeling is an important part of development and disease
progression (Freire et al., 2014). In development, muscles must
reshape as the organism’s needs change. In adults, detrimental events,
such as cardiac infarction, can lead to dormant developmental
pathways re-activating, which reshapes heart muscle to a pathological
degree. To prevent and treat abnormal remodeling, normal well-
regulated developmental remodeling must be studied to determine
how molecular pathways control this process.
The Caenorhabditis elegansmale provides one such opportunity

for study as one of its tail muscles undergoes a drastic sex-specific
remodeling event during larval to adult development (Jarrell et al.,
2012; Sulston et al., 1980; Sulston and Horvitz, 1977). The single
cell anal depressor muscle, located in the male tail, goes through a
complete remodeling in both structure and function during larval
development. In the early larval (L1-L3) male, this muscle contains
a dorsal-ventral sarcomere that participates in defecation. During the
last larval stage (L4), the muscle remodels. In the adult male, it
contains an anterior-posterior sarcomere that positions the

copulatory spicule during male mating behavior, facilitating
sperm transfer into the hermaphrodite uterus (LeBoeuf and
Garcia, 2017). This muscle remodeling takes place concurrently
with the morphogenesis of male copulatory structures (Sulston
et al., 1980). In contrast, the hermaphrodite anal depressor does not
remodel and remains a defecation muscle. We previously reported
that the sexual identity of the anal depressor is necessary for
developmental remodeling (Chen and García, 2015). However, the
pathways regulating this process are unidentified.

Here, we report that multiple WNT pathways are necessary for
sarcomere remodeling. During early development, the WNT planar
cell polarity (PCP) pathway is required in epithelial cells that
neighbor the anal depressor. Later in development, the WNT/
calcium pathway has WNT ligands acting directly on the anal
depressor, promoting G-protein-coupled signaling that is dependent
on Gαo and Gα/GPA-7. This leads to PLC-β activation, which
triggers calcium release from internal stores through IP3 and
ryanodine receptors. Calcium signaling then promotes the calcium/
calmodulin-dependent phosphatase calcineurin to further facilitate
the morphogenesis of the anal depressor.

RESULTS
Sarcomere remodeling during male L4 to adult development
Our previous study established that the extensive remodeling of the
male anal depressor, which occurs during L4 development, is
dependent upon the sexual identity of the muscle (Chen and García,
2015; Jarrell et al., 2012; Garcia et al., 2001; Reiner and Thomas,
1995; Sulston et al., 1980). Problematically, the work used a YFP:
actin construct (driven by the unc-103E promoter) that is also
expressed in the sex muscles, which partially obscure the adult anal
depressor (Chen and García, 2015; Reiner et al., 2006). To visualize
the anal depressor more clearly in adults, we generated an integrated
YFP:actin construct that uses the aex-2 promoter, which is
expressed in the anal depressor, sphincter, intestinal muscles and
the motor neuron DVB, but not in the male sex muscles (Fig. 1)
(Mahoney et al., 2008). The Paex-2:YFP:actin construct allowed
clearer dissection of anal depressor remodeling.

In both hermaphrodites and larval males, the single cell anal
depressor had left and right sarcomeres that spanned from the dorsal
cuticle to the ventral anus (Fig. 1A,B). The sarcomeres contract
during the last step of defecation, allowing expulsion of the gut
contents (Thomas, 1990). Although similar in form and function,
the larval male anal depressor did not expand like the hermaphrodite
muscle (Fig. 1C-D′) (Chen and García, 2015). During the last larval
stage (L4), the sarcomeres in the male anal depressor underwent a
dramatic reorganization, so that the cell transformed from a dorsal-
ventral defecation muscle to an anterior-posterior auxiliary mating
muscle. First, during late L3 to early L4 larval stage, a ventral
slit formed along the rectal attachment, demarking the anterior
and posterior domains (Fig. 1E,E′). The domain anterior to the
slit elongated along the neighboring epithelia to attach to the
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developing spicule protractor muscles (Fig. 1F; Fig. S1). While this
occurs, the dorsal-ventral sarcomere in the posterior domain was
present and was not fully disassembled until the end of L4 (Fig. 1G-
I′). The fluorescently tagged actin from the Paex-2:YFP:actin
integration showed a similar disassembly process to the Punc-103E:
YFP:actin transgene (Fig. 1) (Chen and García, 2015). Interestingly,
we noted that each left and right dorsal-ventral sarcomere was
reorganized into two partially overlapping anterior-posterior
sarcomeres, a feature that was not seen with the Punc-103E:YFP:
actin construct (Fig. 1J; Fig. S2).

WNT ligands and receptor regulate anal depressor
rearrangement
To determine which developmental pathways are used for
C. elegans male anal depressor rearrangement, we generated an
integrated transgenic line expressing cytoplasmic YFP from the
aex-2 promoter. YFP expression was diffuse throughout the cell,
showing both the ventrally located muscle attachments and the
dorsally located nucleus (Fig. 2A). We crossed this marker to strains
defective in different developmental pathways, including EGF/LIN-
3 (Fig. 2B), notch/LIN-12 (Fig. 2C), TGFβ/SMA-6 (Fig. 2D) and

Fig. 1. Visualization of male anal depressor
rearrangement using YFP:actin. (A,A′,E-I′) DIC
(A,E,F,G,H,I) and fluorescent (A′,E′,F′,G′,H′,I′) images of
the male tail. The arrows in the fluorescent images point to
the ventral slit that denotes the anterior and posterior
domains. (B) Diagram representing the transverse view of
the hermaphrodite and larval male anal depressor (adp).
The sarcomere orientation is indicated by the gray shading.
There are two dorsal attachments, left and right. D, dorsal; R,
right. (C-D′) DIC (C,D) and fluorescent (C′,D′) images of the
hermaphrodite tail. (J) Diagram of the male anal depressor
representing both the actin (red lines) and cell shape (in
gray). The location of the nucleus is in yellow. For all images
except B, dorsal is up and anterior is to the left. Scale bars:
10 µm.

Fig. 2. Anal depressor rearrangement defects in developmental
mutants. (A-F) YFP fluorescent images of the anal depressormuscle
in wild-type (A) and mutant (B-F) adult male tails. Dorsal is up and
posterior is to the right. Arrows point to the location of the cell body. In
F, the cell body is hidden in the abnormal anal depressor. Scale bars:
10 μm.
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WNT ligands (EGL-20, LIN-44). Only mutations in the WNT
pathway ligands showed anal depressor rearrangement defects
(Fig. 2E,F), suggesting that WNT signaling is involved in anal
depressor remodeling.
The cytoplasmic YFP only shows the overall morphology of the

anal depressor, not sarcomere-specific defects. As depicted in
Fig. 1, the entire dorsal-ventral sarcomere of the developing male
tail is remodeled into anterior-posterior sarcomeres, necessitating
sarcomere disassembly. To determine the state of the anal depressor
sarcomere in WNT mutants, we crossed the Paex-2:YFP:actin
integration into WNT mutant backgrounds. The dorsal-ventral
sarcomere in early wild-type L4 males, immediately before
disassembly begins, is ∼9 µm, whereas the hermaphrodite anal
depressor around the same developmental stage is ∼14 µm (Chen
and García, 2015). However, by the time the males are adults, no
dorsal-ventral sarcomere should be present (Fig. 3A), meaning that
any remaining dorsal-ventral sarcomere indicates incomplete
disassembly. Mutant males could have minor defects, where most
of the dorsal-ventral sarcomere disassembles but some remained
(Fig. 3B), to more severe defects, where a significant portion of the
dorsal-ventral sarcomere did not disassemble (Fig. 3C), and finally
to a complete lack of disassembly (Fig. 3D).We counted the number
of males with normal and defective sarcomeres (Fig. 3E). Any male
that had even minor defects was considered mutant. In addition, we
also measured the dorsal-ventral sarcomere width (Fig. 3F), and
reported that measurement, where necessary, to highlight
differences in severity between mutants.
Three WNT ligands are expressed in the tail: LIN-44, EGL-20,

and CWN-1 (Pan et al., 2006; Whangbo and Kenyon, 1999;
Herman et al., 1995). Whereas cwn-1 loss-of-function (lf ) mutant
males showed occasional minor defects, defects in lin-44(lf ) and
egl-20(lf ) mutant males were more severe (Fig. 3E). Some
sarcomere disassembly occured but was not always completed,
and the anterior-posterior sarcomere was formed but was not always
wild type (Fig. 3B,C). Thus, lin-44 and egl-20-encoded ligands are
probably the primary drivers of WNT-regulated anal depressor
rearrangement in the developing male tail.
WNT ligands EGL-20 and LIN-44 both activate the frizzled

receptor, which is encoded by lin-17 (Sawa et al., 1996). LIN-17
functions in early male tail development (Wu and Herman, 2007,
2006), therefore it might be involved in anal depressor
rearrangement. When we expressed YFP:actin in lin-17(lf )
mutants, we found that they displayed more severe defects than
any of the WNT ligands alone (Fig. 3D,F). In many males, no
disassembly occurred, and the anterior-posterior sarcomere was
never formed (Fig. 3D,F). Thus, lin-17 is a WNT receptor involved
in anal depressor rearrangement. As the mutant frizzled receptor
phenotype is more severe than lin-44(lf ) or egl-20(lf ), we created a
double WNT ligand mutant and observed that lin-44(lf ); egl-20(lf )
males displayed similar defects to lin-17(lf ) males (Fig. 3F). Any
differences in disassembly defects between the lin-44(lf ); egl-20(lf )
double mutant and lin-17(lf ) single mutant might be accounted for
by minor compensation from cwn-1. Thus, LIN-44 and EGL-20
promote sarcomere disassembly through LIN-17.
We examined the location of lin-17 expression using the lin-17

promoter to drive YFP. We determined that lin-17 was expressed in
both hermaphrodite and male anal depressors from an early stage
(Fig. 3G,H, Fig. S3A). Because of its expression pattern, we
investigated whether lin-17 also plays a role in the hermaphrodite
anal depressor. We measured the dorsal-ventral sarcomere width
of wild-type and mutant hermaphrodites, and determined that
lin-17(lf ) mutant hermaphrodites lacked anal depressor symmetry

(Fig. 3I); this asymmetry was also seen in males (Fig. 3J). Thus,
lin-17 is also required in both sexes for maintaining anal depressor
symmetry during development.

To confirm that a reduction in the number of of frizzled/LIN-17
receptors leads to the defective anal depressor, we generated a lin-17
cDNA rescuing construct. We used the endogenous lin-17 promoter
to drive expression in male tail cells, including the anal depressor
and the epithelial cells (the B cell and its descendants) that the
muscle attaches to as it remodels (Sawa et al., 1996). These
B-derived cells produce the male copulatory spicules, associated
neurons and the proctodeum. Some of these cells also provide the
substrate to which the copulatory muscles, including the anal
depressor, attach (Sulston et al., 1980). We injected the Plin-17:
lin-17 construct into lin-17(lf ) mutant worms and rescued the anal
depressor defects (Fig. 3K, Fig. S3B), confirming that LIN-17 is
involved in male anal depressor rearrangement.

We next investigated where in the male tail lin-17 expression was
important for sarcomere disassembly. To address this question, we
expressed lin-17 in a variety of tissues in the lin-17(lf) mutant male
tail, including the sex muscles (using the Punc-103E promoter), the
anal depressor (using the Paex-2 promoter) and the rectal epithelial
cells that neighbor the anal depressor (using the Ppop-1 promoter). At
the L1 stage, the pop-1 promoter expresses in the B cell, its
descendants B.a and, to a lesser extent, B.p (Fig. S3C-G) (Wu and
Herman, 2006); the pop-1 promoter does not drive expression in the
anal depressor. Expressing lin-17 in the sex muscles or anal depressor
had no impact on the lin-17(lf) phenotype (Fig. 3K, Fig. S3B).
However, expressing lin-17 in the rectal epithelial B-cell descendants
did reduce the severity of the defect severity but not the penetrance
(Fig. 3K, Fig. S3B). As restoring lin-17 in the rectal epithelial cells
partially rescued the anal depressor defect, we checked whether co-
expressing lin-17 in multiple locations could improve rescue. Indeed,
we found that expressing lin-17 in both the rectal epithelial cells and
the anal depressor of lin-17 mutants produced a better rescue than
either one alone (Fig. 3K). This result indicates that lin-17 functions
both in the anal depressor and the neighboring rectal epithelial cells to
promote sarcomere disassembly.

We suggest that the reason the Ppop-1:lin-17 transgene can
rescue the lin-17(lf ) disassembly defects is due to it restoring the
patterning of the B cell descendants. When these epithelial cells are
patterned correctly, they can provide the proper structural substrate
necessary for the anal depressor to rearrange. The B cell does not
divide in hermaphrodites and this is the reason that their anal
depressor does not remodel. In males, LIN-17 is required for early
asymmetrical cell divisions that establish the fates of these epithelial
cells (Wu and Herman, 2007, 2006). The epithelial cells are all
descendants of the B cell, a large cell in the male tail during the L1
developmental stage (Fig. S3C-E). This cell divides into anterior
and posterior cells (B.a and B.p), with B.a being larger than B.p.
This asymmetry is dependent on lin-17 (Wu and Herman, 2006).
Following this cell division, the anal depressor is located over B.p
(Fig. S3E,H) (Barr et al., 2018). During the L2 and L3 stages, the
B.p cell divides further, with the anal depressor eventually
maintaining contact with the B.paa and B.pap descendants (Barr
et al., 2018) (Fig. S3I).

To further support a role for theB cell descendants in anal depressor
rearrangement, we laser-ablated the B cell descendants that directly
contact the anal depressor (B.pa or B.paa and B.pap) in wild-type
larval males. Although these B cell descendants should be patterned
by the time of ablation, the anal depressor in a significant number of
operatedmales failed to disassemble (Fig. S3J).We could not analyze
the results of operations conducted at an earlier developmental time,
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as ablating the B or B.p cells results in the intestine herniating through
the rectum. Nonetheless, our results indicate a role for the B cell
descendants in anal depressor remodeling.
Previous work established that LIN-17 on the B cell descendant

membranes was stimulated by the WNT ligand LIN-44 (Wu and

Herman, 2006). Our analysis of lin-44(lf )mutants indicated that the
ligand promotes proper anal depressor rearrangement (Fig. 3E,F).
To confirm this result, in lin-44(lf ) mutants we rescued lin-44
expression using the genomic sequence and its own promoter. This
construct was able to significantly reduce the sarcomere

Fig. 3. WNT mutant anal depressor defects. (A-D) Fluorescent image of YFP:actin in the wild-type (A), egl-20(lf ) (B), lin-44(lf ) (C) and lin-17 (D) anal
depressors. The arrow in B indicates dorsal-ventral sarcomere width measured in F,I,J and L. (E) Graph depicting the percentage of males with normal
sarcomeres in the indicatedmutants. Numbers above the bars give the percentage and numbers above the x-axis represent the total sample number for each line.
***P<0.0001, Fisher’s exact test, compared with wild type. (F) Graph depicting the severity of the remodeling defects. Each circle represents the dorsal/ventral
sarcomerewidth of either the left or right dorsal attachment in onemale (see arrow in B). Data are mean±s.e.m. ***P<0.0001, Mann–Whitney t-test compared with
wild type. ^P<0.05, ^^P<0.005, Mann–Whitney t-test compared with lin-44(lf );egl-20(lf ). ++P<0.005, Mann–Whitney t-test compared with lin-17(lf ). n.s., not
significant. (G,H) Fluorescent images of YFP expressed from the lin-17 promoter. The anal depressor is at the center of the image. (I,J) Left (L) and right (R)
dorsal-ventral sarcomere width in adult anal depressors. Each circle represents the width of the sarcomere on the indicated side of an individual animal.
***P<0.0001, Mann–Whitney t-test. (K) Graph depicting the percentage of males with normal sarcomeres. The x-axis indicates where wild-type lin-17 cDNA is
expressed. The numbers on top of the bars represent the percentages. The number below the x-axis represents the total sample number for each location.
*P<0.05, **P<0.005, Fisher’s exact test, compared with no rescue. (L) lin-44(lf ) anal depressor defects are rescued with a transgene. Each circle represents the
dorsal/ventral sarcomere width of either the left or right dorsal attachment in one male (see arrow in C). Data are mean±s.e.m. **P<0.005, ***P<0.0001, Mann–
Whitney t-test. For all images, dorsal is up and anterior is to the left. Scale bars: 10 µm.
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rearrangement defect (Fig. 3L). However, although the defects were
not as severe, they were still present. This was probably a result of
either mosaicism of the transgene or over-expression of WNT. Both
over-expression and reduction of WNT signaling are capable of
causing mutant phenotypes (Kirszenblat et al., 2011; Pénigault and
Félix, 2011; Pan et al., 2006).

Cell-autonomous membrane-tethered egl-20/WNT can
promote sarcomere disassembly
Previous work established that WNT/LIN-44 activates frizzled/
LIN-17 on the developing posterior rectal epithelial cells to
establish male-specific structures (Wu and Herman, 2006).
However, as lin-44(lf ) mutant defects are not as severe as
lin-17(lf ) mutant defects, an additional WNT ligand must also
function in the male tail. The other WNT ligand is EGL-20, as the
severity of the lin-44(lf ); egl-20(lf ) double mutant is similar to that
of the lin-17(lf ) mutant. Additionally, we showed that the lin-17(lf )
muscle remodeling defect is best rescued through expression of
wild-type lin-17 in the epithelial cells and the anal depressor.
As LIN-44 is the WNT ligand that specifies B-cell descendant
asymmetry, EGL-20 might be the WNT ligand acting on the anal
depressor.
To determine where egl-20 is functionally expressed, we made a

reporter construct containing the genomic egl-20 locus that starts at
the ATG, ends after the 3′ UTR, and contains an SL2 trans-spliced
red fluorescent protein (RFP). Expression of egl-20 occurs in the
anal depressor, the rectal epithelial cells neighboring the anal
depressor and the sex muscles in the male tail (Harterink et al., 2011;
Whangbo and Kenyon, 1999) (Fig. 4A-B″). We placed the egl-20
promoter in front of our egl-20 genomic construct and injected this
DNA into egl-20(lf ) mutants; this DNA successfully rescued the
disassembly defects (Fig. 4C). Expressing egl-20 in either the anal
depressor (via the aex-2 promoter) or the rectal epithelial cells (via

the pop-1 promoter) also rescued the egl-20(lf ) phenotype (Fig. 4C).
Thus, egl-20 can be provided by multiple male tail cells to regulate
anal depressor remodeling.

WNT is primarily known to function as a secreted ligand (Pani
and Goldstein, 2018); however, WNT can rescue many WNT-
deficient defects as a membrane-tethered ligand (Alexandre et al.,
2014). To determine whether WNT has to be secreted or can act as a
membrane-tethered ligand in anal depressor remodeling, we fused a
membrane-spanning domain of PAT-3 integrin to the C-terminus of
EGL-20 (Gettner et al., 1995). We then expressed this construct in
the anal depressor (via the aex-2 promoter) of the egl-20(lf )mutants
and determined that it is capable of rescuing disassembly defects
(Fig. 4C). Expressing membrane-tethered WNT in the adjacent
epithelial cells (via the pop-1 promoter) failed to rescue these
defects (Fig. 4C). Therefore, although secreted WNT from multiple
sources can promote sarcomere remodeling, rescue of the egl-20(lf )
phenotype by membrane-tethered WNT can only be accomplished
if it is expressed in the anal depressor itself. Although this
experiment cannot address how WNT functions normally (as a
secreted ligand, membrane-tethered ligand or both), the failure of
epithelial-expressed membrane-tethered WNT to rescue egl-20(lf )
defects suggests thatWNTmust be in a form that can be internalized
in the anal depressor. Unlike the membrane-tethered anal depressor
WNT, which can bind to its cell-autonomous receptor and be
internalized, anchoring WNT to the surrounding cells probably
obstructs its proper interaction with the muscle-expressed LIN-17
and subsequent internalization.

WNT/β-catenin pathways are involved in anal depressor
rearrangement
Canonical WNT signaling through β-catenin is involved in many
C. elegans developmental processes (Sawa and Korswagen, 2013).
Thus, we investigated whether β-catenin participates in anal

Fig. 4. WNT/EGL-20 ligand functions in the tail to
regulate anal depressor rearrangement. (A-B″) egl-20
expression pattern in males. (A) Confocal DsRed1-E5
fluorescent image of an adult male. DIC L2 male (B) and
egl-20-expressed RFP fluorescent images (B′) are shown
separately. B″ shows these images stacked on top of one
another, to highlight where egl-20 is expressed. (C) Graph
depicting the percentage (numbers on top of the basr) of
males with normal sarcomeres. The x-axis indicates where
wild-type egl-20 genomic DNA is expressed. The numbers
above the x-axis represent the total sample number for each
location. *P<0.05, **P<0.005, Fisher’s exact test. For all
images, dorsal is up and anterior is to the left. adp, anal
depressor; ge, gubernaculum erector; ao, anterior oblique;
po, posterior oblique; dp, dorsal protractor. Scale bars:
10 µm.
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depressor remodeling. C. elegans has four β-catenin genes: bar-1,
hmp-2, sys-1 and wrm-1. Owing to the bar-1 locus being on the
same chromosome (X) as our integrated Paex-2:YFP:actin reporter
construct, we could not easily use canonical bar-1 mutations.
Instead, we used CRISPR/Cas9 to generate a new bar-1 allele,
rg804, in our integrated Paex-2:YFP:actin background. This allele
has a 4 bp deletion that results in the loss of a lysine at amino acid
45, creating a frame shift that leads to a stop codon 15 amino acids
downstream of the mutation. This allele produces defects associated
with bar-1 loss-of-function mutants in hermaphrodites, such as
uncoordinated movement and reduced egg-laying behavior. Despite
this, bar-1(rg804), as well as a mutation in hmp-2, did not cause any
anal depressor defects (Fig. 5A).
WRM-1 and SYS-1 are involved in the regulation of daughter cell

asymmetry during embryonic and larval cell division (Sawa and
Korswagen, 2013). We used the RNAi-feeding method to knock
down sys-1 or wrm-1 expression in developing L1 to adult males.
RNAi of these genes individually induced major spicule
developmental defects and interfered with normal anal depressor
rearrangement (Fig. 5A,B). We then investigated whether sys-1 and
wrm-1 are expressed in the anal depressor during rearrangement
using direct protein fusions with mcherry and GFP, respectively
(Baldwin and Phillips, 2014; Takeshita and Sawa, 2005). We did
not find expression in the anal depressor, suggesting that β-catenin
does not function in this cell. However, we did observe nuclear
localization of SYS-1 in B.p after the first asymmetric B cell
division in late L1 (Fig. 5C), suggesting this β-catenin is important
in patterning the B cell descendants. Additionally, we observed
WRM-1 expression and nuclear localization in the B.paa cell, which
is produced through two divisions of B.p (Fig. 5D, Fig. S3I).
Previous research established a role for sys-1, but not for wrm-1, in
asymmetric B cell division (Wu and Herman, 2006). However, our

observations suggest that these β-catenins could have roles in
establishing cell differences during development.

Consistent with the idea that sys-1 and wrm-1 function in the B
cell descendants and not the anal depressor, is the observation that
the downstream effector of β-catenin TCF/LEF, encoded by pop-1,
is not expressed in the anal depressor (Fig. 5E, Fig. S3F,G). Taken
together, our results suggest SYS-1 and WRM-1 act with LIN-17 in
the B cell descendants to promote anal depressor remodeling.

Calcium WNT pathways are involved in anal depressor
rearrangement
We performed a mutant screen to identify additional signaling
components that might participate withWNT-mediated remodeling.
We exposed worms to ethyl methanesulfonate (EMS) and screened
their progeny for sarcomere rearrangement defects that resemble the
egl-20(lf ) phenotype; consequently, we identified the mutant rg441
(Fig. 6A). Using single-nucleotide polymorphism (SNP) mapping
and whole-genome sequencing, we identified a nonsense mutation
in the middle of PLC-β/egl-8 (Fig. 6B) (Wicks et al., 2001; Lackner
et al., 1999; Miller et al., 1999). PLC-β (phospholipase C-β) cleaves
PIP2 into IP3 and DAG, resulting in Ca2+ release from the IP3
receptor (Walker et al., 2009; Gower et al., 2005). Although PLC
has not been shown to be associated with WNT signaling in
C. elegans, it is downstream ofWNT signaling in vertebrate systems
(McQuate et al., 2017).

To determine whether egl-8 acts with WNT signaling in the
C. elegans male, we made a double mutant with the WNT ligand
egl-20. The egl-8 and egl-20 mutants share additional phenotypes,
including egg retention and the inability to sire progeny. If egl-8 acts
in an independent genetic pathway from egl-20, the severity of the
double mutant phenotype should be greater than either single
mutant. However, if they promote the same remodeling process, the

Fig. 5. β-Catenin functions in cells outside
the anal depressor to regulate
disassembly. (A) Graph depicting the
percentage of males with normal sarcomeres
(complete dorsal-ventral disassembly).
Numbers above the bars indicate the
percentage and the numbers below the
x-axis represent the total sample number for
each genotype. **P<0.005, ***P<0.0001,
Fisher’s exact test. (B) DIC (top) and
fluorescent (bottom) images of YFP:actin-
expressing male tails developed in sys-1 and
wrm-1 RNAi-expressing bacteria. Arrows
indicate the spicules (DIC images) or the anal
depressor (fluorescent images). (C) DIC (top)
and fluorescent (middle) images of SYS-1:
mcherry in the nucleus of B.p of a late L1
male. Bottom image is the top and middle
images combined. Arrows indicate B.a and
B.p. (D) DIC (top) and fluorescent (middle)
images of WRM-1:GFP in the B.paa cell
(arrow) of a L3 male. Bottom image is the top
and middle images combined. (E)
Fluorescent image of YFP expressed by the
pop-1 promoter. Adult male tail outlined in
white. Anal depressor outlined by a yellow
dashed line. Scale bars: 10 µm.
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Fig. 6. PLC-β/EGL-8 promotes calcium release from internal stores to regulate anal depressor sarcomere disassembly. (A) Fluorescent image of egl-8mutant
adult male anal depressor expressing YFP:actin. Dorsal is up and anterior is to the left. Scale bar: 10 µm. (B) Genomic structure and splice variants of egl-8 with the
location of the rg441 allele in exon 8 indicated by the downward pointing arrow. Tick marks denote DNA base pairs in thousands. (C) Graph depicting the severity of
disassembly defect. Each circle represents the dorsal-ventral sarcomerewidth of either the left or right dorsal attachment in onemale. Data aremean±s.e.m. (D) Graph
depicting the percentage (numbers on top of bars) of males with normal sarcomeres. The x-axis indicates where the wild-type egl-8minigene is expressed. adp, anal
depressor. The numbers above the x-axis represent the total sample number for each location. *P<0.05, **P<0.005, ***P<0.0005, Fisher’s exact test. (E,F) Graphs
depicting the percentage (numbers on top of bars) of males with normal sarcomeres. The numbers above the x-axis represent the total sample number for each
genotype/stage. *P<0.05, **P<0.005, ***P<0.0001, Fisher’s exact test, compared with wild type. itr-1 RNAi and pkc-2(lf) were scored using an Punc-103E:YFP:actin
expressing transgene (Chen and Garcıá, 2015). (G) Calcium transients in the anal depressor monitored by measuring changes in G-CaMP fluorescence (green)
normalized to an unchanging RFP control (red). Each dot indicates a time point where males were averaged±s.d. The x-axis represents genotype and developmental
stage. The numbers above the x-axis represent the total sample number for each genotype/stage. P-values were determined using the Mann-Whitney t-test. (H)
Percentage of adult ceDREADD-expressing egl-20(lf )males with a fully remodeled anal depressor. Males other than the ‘no transgene +CNO’ control have Paex-2:
ceDREADD expressed from a transgene. x-axis indicates the developmental stage during which themales were first exposed to CNO. The numbers on top of the bars
indicate the percentage of adult males with a normal sarcomere. The numbers above the x-axis indicate the total sample number for each condition. P-values were
determined using Fisher’s exact test.
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double mutant phenotype should be similar to either single mutant.
We found no statistical difference in the spectrum of sarcomere
disassembly defects between single mutants and double mutants
(Fig. 6C). This suggests that egl-8 and egl-20 participate in the same
process. However, compared with the single mutants, fewer adult
double mutant males had wild-type anal depressors (Fig. S4A). As
EGL-8 has roles in other pathways, we do not rule out the possibility
that EGL-8 also provides parallel WNT-independent contributions
to anal depressor remodeling.
We next checked where PLC-β/egl-8 functions to regulate

sarcomere rearrangement. The egl-8 expression pattern in
C. elegans males includes the sex muscles, ray neurons,
additional neurons in the tail and the anal depressor (Gower et al.,
2005). We created an egl-8 minigene using egl-8 cDNA for exons
1-14 fused to genomic DNA for the remainder of the gene. Because
the normal expression pattern of egl-8 is determined by introns
between exons 1-8 (Gower et al., 2005), we did not use its own
promoter to drive expression. Instead, we used a series of tissue-
specific promoters, including the aex-2 promoter (anal depressor),
the rab-3 promoter (pan-neuronal), the hlh-8 promoter [early M
cell, from which sex muscles are descended (Harfe et al., 1998)] and
the unc-103E promoter (sex muscles and anal depressor). We found
that expressing egl-8 in neurons or sex muscles did not rescue
egl-8(lf ) defects (Fig. 6D, Fig. S4B). However, expressing egl-8 in
either the sex muscles and anal depressor, or the anal depressor
alone, rescued the sarcomere disassembly defects (Fig. 6D,
Fig. S4B). Thus, EGL-8 functions in the anal depressor to
regulate sarcomere disassembly during male development.
In C. elegans, egl-8 is an effector of Gαq/EGL-30 (Xu and

Chisholm, 2011; Lackner et al., 1999; Miller et al., 1999). We
analyzed mutant males containing both loss- and gain-of-function
mutations in egl-30 and did not find any anal depressor defects
(Fig. 6E). Thus, for anal depressor rearrangement, Gαq is either not
required or functions redundantly with other Gα proteins.
We examined which other Gα proteins could be upstream of

PLC-β. In the DrosophilaWNT/Ca2+ pathway, the frizzled receptor
is genetically upstream of Gαo (Katanaev et al., 2005). In C.
elegans, Gαo is encoded by the broadly expressed goa-1 (Mendel
et al., 1995). Another possibility is gpa-7, a Gα present in the anal
depressor (Hunt-Newbury et al., 2007). Similar to our egl-30mutant
analysis, we did not find anal depressor defects in either goa-1(lf ) or
gpa-7(lf ) single mutants (Fig. 6E). However, when we generated the
goa-1(lf ); gpa-7(lf ) double mutant, we found that 50% of males had
remodeling defects (Fig. 6E, Fig. S4C). In addition, some males
also had an abnormal tail morphology (Fig. S4C). Thus, these Gα
proteins redundantly promote anal depressor remodeling.
If the Gα proteins are functioning upstream of PLC-β/egl-8, they

should also be functioning in the anal depressor. We attempted to
address this issue by rescuing goa-1 in the goa-1(lf ); gpa-7(lf ) strain
but the double mutant produces too few viable progeny for
maintaining transgenic lines. To address where these proteins
function, we used tissue-specific CRISPR/Cas9. We designed guide
RNAs to specific G-protein components and expressed Cas9 in the
enteric muscles, using the aex-2 promoter (Dickinson et al., 2013;
Mahoney et al., 2008). We then expressed our tissue-specific
CRISPR/Cas9 constructs in wild-type Paex-2:YFP:actin-expressing
animals. Tissue-specific CRISPR/Cas9 should disrupt the gene
only in the specific cells of interest. If males display mutant anal
depressors, we can conclude that these cells use the wild-type genes
for muscle remodeling.
We first checked whether our tissue-specific CRISPR/Cas9 Gα

protein constructs were working by analyzing the goa-1; gpa-7

combination. Similar in proportion to the genetic goa-1(lf );
gpa-7(lf ) double mutants, the goa-1; gpa-7 anal depressor-
targeted CRISPR/Cas9 animals displayed defective anal depressor
remodeling (Fig. 6E), consistent with a cell-autonomous site of
action. We then investigated whether egl-30 might act redundantly
with goa-1 and gpa-7 to promote remodeling. Triple mutants of
goa-1, gpa-7 and egl-30 were not viable, so we generated egl-30
single- and goa-1; gpa-7; egl-30 triple tissue-specific CRISPR/
Cas9 lines. However, we found that males containing egl-30 single
CRISPR/Cas9 transgenes were wild type, and males containing the
guide RNAs to the three G-proteins had a phenotype that was no
more severe than that in males containing tissue specific goa-1;
gpa-7 CRISPR/Cas9 transgenes (Fig. 6E). In contrast to the
canonical pathway in other C. elegans tissues, there is a lack of
evidence that Gαq/egl-30 is upstream of PLC-β/egl-8 signaling in
male anal depressor remodeling (Xu and Chisholm, 2011; Lackner
et al., 1999; Miller et al., 1999); this could be because of incomplete
penetrance of the CRISPR constructs or because egl-30 is not
involved in the developmental process.

In addition to Gα proteins, PLC-β can be activated by the βγ
subunits (Park et al., 1993). Using RNAi, we knocked down the
expression of C. elegans Gβ gpb-1 to examine whether perturbing
other G protein members can disrupt anal depressor remodeling.
Males grown with gpb-1 RNAi were severely defective in terms of
anal depressor remodeling during development (Fig. 6E, Fig. S4C).
Therefore, functioning heterotrimeric complexes of Gβγ and
GOA-1 or GPA-7 are needed to promote sarcomere disassembly.

The calcium released as a result of PLC-β/EGL-8 activation could
come from internal or external stores. To determine the calcium
source, we examined mutant worms defective in the cell membrane-
located L-type voltage-gated Ca2+ channel EGL-19, and the ER-
located IP3 receptor ITR-1 and ryanodine receptor UNC-68 (Baylis
et al., 1999; Lee et al., 1997; Maryon et al., 1996). We determined
that, although the anal depressors of egl-19(lf )males appear normal,
both itr-1 RNAi and unc-68(lf ) resulted in sarcomere disassembly
defects (Fig. 6F, Fig. S4E). Thus, the calcium required for
sarcomere disassembly is mobilized from internal stores.

WNT-promoted calcium release activates calcium-dependent
kinases, including protein kinase C (PKC) and calcium/calmodulin-
dependent kinase II (CaMKII) (Kuhl et al., 2000; Sheldahl et al.,
1999; Slusarski et al., 1997). We examined the sarcomere structure
in C. elegans males mutant in pkc-2 (PKC) and unc-43 (CaMKII),
and determined that these effectors are not part of the remodeling
pathway in the anal depressor (Fig. 6F, Fig. S4E).

Another known WNT effector is calcineurin, a calcium/
calmodulin-dependent phosphatase that primarily works through
NFAT (Ando et al., 2016; Saneyoshi et al., 2002). Although
C. elegans does not have an NFAT homolog, the worm does have
two genes that encode different calcineurin subunits: the
phosphatase subunit tax-6 and the regulatory subunit cnb-1
(Bandyopadhyay et al., 2004; Kuhara et al., 2002). The tax-6
gene is expressed in the anal depressor (Lee et al., 2005). We
examined the anal depressor in males lacking either subunit and
found that, in both cases, sarcomere rearrangement was impaired;
this defect was rescued in tax-6(lf )males by enteric muscle-specific
tax-6 (Fig. 6F, Fig. S4E). Therefore, one effector for the increase in
calcium in the anal depressor is calcineurin.

If increasing calcium signaling results in sarcomere
rearrangement through WNT signaling, then removing WNT
signaling should result in decreased calcium levels in the anal
depressor. To measure this, we expressed the calcium-sensing
fluorescent protein G-CaMP6 in the anal depressor of wild-type,
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WNT/egl-20(lf ) and PLC-β/egl-8(lf ) mutant hermaphrodites and
males (Correa et al., 2012; Tian et al., 2009; Nakai et al., 2001).
We then recorded calcium changes from L2 to adult. Individual
worms were placed on agar pads and the G-CaMP6 (calcium
sensor) and RFP (control) fluorescent levels were measured at the
developmental stage indicated (Fig. S4F,G, Fig. S5). Owing to the
amount of data collected, we displayed the average and standard
deviation for each sex and developmental stage (Fig. 6G, Fig. S4G).
Calcium levels in the hermaphrodite anal depressor did not change
during development (Fig. S4F,G). In contrast, the wild-type male
showed an increase in calcium transients between L3 and L4, when
rearrangement occurs (Fig. 6G, Fig. S4F,G), but not when the
males were deficient in egl-20(lf ) or egl-8(lf ) (Fig. 6G, Fig. S5).
These data support the idea that calcium release is correlated with
muscle disassembly, and further indicate a role for WNT signaling
through PLC-β.
Our experimental results suggest that WNT signaling works

upstream of G-protein-coupled signaling to increase calcium levels
in the anal depressor. Therefore, we investigated whether we could
bypass the need for the WNT/EGL-20 ligand via artificially
activating intracellular calcium signaling in the anal depressor. We
used the C. elegans version of DREADD (ceDREADD), which is a
modified gar-3-encoded G-protein-coupled receptor that is
normally activated by acetylcholine. ceDREADD is stimulated by
clozapine-N-oxide (CNO) (Prömel et al., 2016). The activated
ceDREADD should promote intracellular calcium mobilization
through signaling to PLC-β/EGL-8 but via Gαq/EGL-30 instead of
GOA-1. We expressed ceDREADD in the anal depressor of

egl-20(lf ) mutant males using the aex-2 promoter and then exposed
these males to CNO to activate G-protein-driven signaling. Neither
egl-20(lf ) mutant males expressing ceDREADD without the CNO
nor growing egl-20(lf ) mutant males on CNO rescued the anal
depressor defects (Fig. 6H). In contrast, when the ceDREADD-
expressing egl-20(lf ) males were placed on CNO plates at different
time points, including hatched L1, L3, early L4 and mid L4, they
developed normal adult anal depressors. ceDREADD-expressing
males exposed to CNO as early L4s, when the anal depressor
rearrangement begins, showed the largest developmental response
to G-protein-driven calcium increase (Fig. 6H). Therefore, in wild-
type males, the start of L4 is probably when the EGL-20/WNT
ligand is activating G-protein-driven calcium increase to promote
sarcomere disassembly.

DISCUSSION
Regulation of calcium levels is important in both development
and disease progression (Paudel et al., 2018). There are different
types of calcium signaling in muscle; one type is the brief spikes
and subsequent calcium removal that control muscle contraction,
and another is sustained calcium release that promotes longer-
term changes. Altering the calcium handlers, which control the
contractile machinery, can activate the pathways leading to changes
in sarcomere structure and potential disease states (Shimizu et al.,
2017). Here, we showed how and why a muscle activates sustained
calcium release to disassemble a sarcomere (Fig. 7). Determining
the regulation of these pathways is vital for addressing how to
compensate for their dysfunction.

Fig. 7. A model for programmed muscle
remodeling in the anal depressor. (A-C) Cartoon
of cell signaling and anal depressor
rearrangement. The outline of the cell is in gray.
The actin component of the sarcomere is in red.
The yellow circle is the WNT/EGL-20 ligand, which
binds to the frizzled/LIN-17 receptor. The orange
circle shows the location of the nucleus. (A) Wild-
type anal depressor signaling and rearrangement.
The top images represent early L4 stage and the
bottom images represent the adult stage.
(B) Inhibiting the WNT/Ca2+ pathway during
development of the anal depressor results in
incomplete sarcomere disassembly. (C) Inhibiting
the WNT/Ca2+ pathway in the anal depressor (adp)
and the WNT/PCP pathway of the surrounding
epithelial B cell descendants (B.a and B.p) results
in the adult male anal depressor resembling the
larval muscle. The top image is of an L2 male tail.
The black triangle depicts the anus. (D) Cartoon of
an L2 male tail. adp, red outline; B.a cell, green
outline; B.p cell, gray outline; WNT/LIN-44 ligand
expression, blue; WNT/LIN-44 ligand, blue circles;
WNT/EGL-20 expression, yellow; ligand itself,
yellow circles; anus, black line.
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Sustained calcium release can be a consequence of the WNT
signaling pathway (McQuate et al., 2017). In the developing male anal
depressor, sustained calcium release is accomplished through PLC-β
(Fig. 7A). Similarly, inC. elegans adult wound closure, PLC-β is used
to activate sustained calcium release, in this instance through a
melastatin family (TRPM) channel and Gαq (Xu and Chisholm,
2011). Wound closure also requires cytoskeleton remodeling,
indicating that sustained calcium release controlled by PLC-β is a
preferred method to regulate programmed remodeling events.
Excitable cells need to separate sustained calcium release from

the transient Ca2+ spikes, which are the basis for muscle contraction.
In muscle, one enzyme known for responding to sustained but not
transient calcium is the calcium/calmodulin-dependent serine/
threonine phosphatase calcineurin (Dolmetsch et al., 1997). We
showed that calcineurin is an important part of the signal
transduction pathway activated by calcium levels in the anal
depressor (Fig. 7A). Similar to our study, work in mice kidneys
showed that calcineurin is activated via WNT signaling
(independent of β-catenin), whereas CaMKII is not (Ando et al.,
2016). Calcineurin has been reported downstream of WNT/Ca2+

signaling in other contexts, including promoting aquaporin
localization to kidney cell membranes (Ando et al., 2016) and
patterning in Xenopus embryos (Saneyoshi et al., 2002).
What the potential downstream targets of calcineurin are is an

open question, as C. elegans lacks a common phosphatase target,
the transcription factor NFAT (Graef et al., 2001). Known
C. elegans targets of calcineurin include the transcription factor
FOXO/daf-16, the transcriptional co-activator CRTC-1 and a gene
of unknown function, cnp-1 (Tao et al., 2013; Jee et al., 2012; Mair
et al., 2011). However, whether these potential targets are expressed
in the anal depressor is not known. Remodeling events often include
transcription regulation, therefore calcineurin targets might include
molecules that regulate transcription. Additionally, CRTC-1 is
important in monitoring energy status, and C. elegans might find
linking the high-energy-demand remodeling process with the
energy status of the organism beneficial (Burkewitz et al., 2015).
Calcineurin is also activated in response to elevated calcium

levels that lead to the removal of excess neuronal synapses during
development (Miller-Fleming et al., 2016). This removal might be
dependent on a member of the cell death pathway, ced-4, which
activates a protein that cleaves F-actin (Meng et al., 2015). Although
these studies focused on neurons, C. elegans muscle might use a
similar mechanism for cytoskeletal remodeling. The effectors of
calcineurin in the anal depressor could include molecules involved
in the disassembly process and/or transcription-associated genes
that regulate genes that participate in remodeling.
Mutating components of the WNT/Ca2+ pathway in the anal

depressor results in males with adult sarcomeres that were only
partially disassembled during development (Fig. 7B). However,
mutating components of the WNT pathway in the surrounding
epithelial cells (the B cell descendants) along with components in
the anal depressor results in a complete lack of larval sarcomere
disassembly (Fig. 7C). Noncanonical WNT/PCP signaling is
important for determining anterior-posterior cell identity, as the B
cell descendants go through several rounds of asymmetrical
divisions (Wu and Herman, 2006; Sulston et al., 1980). In this
paper, we also show a role for β-catenin-like proteins WRM-1 and
SYS-1 in B cell descendant patterning. We propose that these cell
divisions result in epithelial progeny that the anal depressor uses as
instructors for its rearrangement. Although the anal depressor does
not rearrange until the male reaches the L4 developmental stage, the
male anal depressor probably receives competence information

from the B cell descendants before remodeling occurs (Fig. 7D)
(Chen and García, 2015).

Drastic muscle remodeling is found in humans in disease states,
such as pathological heart muscle remodeling following cardiac
damage (Parra and Rothermel, 2017). These pathological models
show similar molecular mechanisms to those identified in
the C. elegans anal depressor. However, the anal depressor
presents an advantage, as this is not a pathological state, but a
normal deterministic program. We are able to discover how these
pathways function under normal biological conditions, which can
provide insight into how they are co-opted to produce disease states.
Separately, WNT and calcineurin signaling are known to be
involved in the pathological cardiac remodeling that takes place
following injury, although these two signaling pathways are rarely
explicitly linked in this context (Fu et al., 2019; Parra and
Rothermel, 2017; Freire et al., 2014; Yoshida et al., 2004). Our
work demonstrates a direct link between WNT and calcineurin
signaling in programmed muscle remodeling, highlighting the need
to focus on how these pathways integrate to coordinate this process.
Furthermore, the calcineurin effector NFAT seems to be primarily
involved in the pathological response to increased calcium signaling
following cardiac injury, whereas the effectors activated as a result
of physiological responses remain unknown (Zhao et al., 2019;
Parra and Rothermel, 2017; Balakumar and Jagadeesh, 2010). As
C. elegans does not have an NFAT homolog, and we are studying a
non-pathological remodeling event, this system provides a unique
opportunity to determine additional calcineurin targets, thereby
separating pathological and physiological responses.

MATERIALS AND METHODS
Experimental model and subject details
Caenorhabditis elegans and bacterial strains
C. elegans strains were cultured at 20°C andmanipulated following standard
protocols (Brenner, 1974). Strains listed as ‘Wild type’ contained
him-5(e1490) on LG V (Hodgkin et al., 1979). Bacteria strains used to
feed worms include Escherichia coli OP50 for nearly all experiments and
HT115(DE3) for RNAi experiments.

The egl-8(rg441) allele described in this study was isolated from an EMS
screen that selected for males that have anal depressor sarcomere
disassembly defects. The strain CG941, which carries the integrated
transgene rgIs3 [Plev-11:RFP; Plev-11:G-CaMP], was mutagenized to
generate mutant lines. The rg441 strain was identified and outcrossed four
times to eliminate background mutations. Whole-genome sequencing was
conducted by BGI Americas Corporation, in combination with SNP
mapping (Wicks et al., 2001), to locate the rg441 allele within the egl-8
locus on LG V. The rg441 mutation changed the wild-type sequence
CTTGACCAAT to the mutant sequence CTTGACTAAT (Gln to Ochre).

The bar-1(rg804) allele described in this study was isolated using
CRISPR/Cas9 as described byDickinson et al. (2013). Plasmid construction
is described below. Additional alleles and strains, as well as primers,
resources and reagents, used in this study are listed in Table S1.

Method details
Plasmid construction, transgenic strain and integrated line generation
Construction of Paex-2:YFP:actin integration
We removed the introns from the genomic actin sequence with YFP fused at
the N terminus that we used previously in Guo et al. (2012) and Chen and
García (2015) to create the plasmid pXC22. This plasmid contained an
Invitrogen Gateway Reading Frame Cassette (RfC), allowing for
recombination with pBL348 [plasmid contains the aex-2 promoter
(LeBoeuf and Garcia, 2017)] to create pBL397. pBL397 was injected
with pLR361(Pges-1:RFP) and pUC18 into N2 hermaphrodites. The ges-1
promoter drives expression in the intestine and we used it as a marker for the
generation of transgenic lines (Egan et al., 1995). A transgenic line was
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selected for UV-irradiation-based integration (Mello and Fire, 1995) to
create strain CG1640 that contains the rgIs15 integration. rgIs15 was
mapped to LGX. This integration was then combined with other mutations
to visualize anal depressor sarcomere morphology. ‘Wild type’ in this
paper refers to strain CG1722, which is the rgIs15 integration with the
him-5(e1490) mutation.

Nearly all strains in which the anal depressor sarcomere was visualized
contain rgIs15. A few strains, indicated when used, contain a transgene with
Punc-103E:YFP:genomic actin, which was created as described by Chen
and García (2015).

Construction of Paex-2:YFP integration
The plasmid containing Paex-2 (pBL348) was recombined with
pGW77YFP, which contains an RfC and YFP to generate pBL351.
pBL351 was injected with pLR361(Pges-1:RFP) and pUC18 into N2
hermaphrodites. A transgenic line was selected for UV-irradiation-based
integration to create strain CG1647 that contains the rgIs21 integration.
rgIs21 was mapped to LGII. This integration was then combined with other
mutations to visualize anal depressor morphology.

Construction of lin-17 cDNA plasmids
The full length lin-17 cDNAwas PCR-amplified using primers flin-17 and
lin-17r. This PCR product was ligated to linearized pBL405 (see section
on construction of egl-20 plasmids for further details) using Takara Bio
In-Fusion (linearizing primers: DownRmvsdha and UPremegl20) to create
pBL423. This plasmid was sequenced and a point mutation was fixed using
primers fpBL423a and pBL423ar to create pBL426. pBL426 was
recombined with pBL348 (Paex-2), pXC11 (Plin-17) and pLR21 (Punc-
103E) (Reiner et al., 2006) to create pBL428, pBL429 and pBL427,
respectively. pXC11 was created using primers attB1-Plin-17-Forward and
attb2-Plin-17-Reverse to amplify the 6.5 kb region upstream of the lin-17
ATG from genomic DNA, and then recombining that PCR product with
pDG15 (Reiner et al., 2006). pXC11 was recombined with pGW322YFP to
create pXC12 (Plin-17:YFP). The RFP in pBL426 was replaced with cyan
fluorescent protein (CFP) using primers fpBL412CFP and pBL412CFPr to
amplify CFP, and fpBL412 and pBL412r to linearize pBL426 minus RFP.
An In-Fusion reaction combined the two PCR products to create pBL444.
pBL444 was recombined with pBL455 (Ppop-1) to create pBL457. pBL455
was created using primers FPpop-1 and Ppop-1R to amplify the 2.6 kb
region upstream of the pop-1 ATG from genomic DNA and then
recombining that PCR product with pDG15. pBL427, pBL428, pBL429
and pBL457 were injected with pUC18 and pBX1 ( pha-1) (Schnabel and
Schnabel, 1990) as a marker for transgenic lines into the strain CG1721.

The pop-1 promoter expression pattern in males was determined by
recombining pBL455 with pGW77YFP to create pBL462. This plasmid was
injected into CG531 males with pBX1 and pUC18 to create CG1753.

Construction of lin-44 genomic plasmids
Genomic lin-44 DNA was PCR amplified using primers
RVL44gnmJG44lnks and FL44pxc99lnks. This PCR product was ligated
to linearized pBL405 using Takara Bio In-Fusion to create pBL407.
pBL407 was recombined with pXC108 (Plin-44) to create pBL409.
pXC108 was created using primers Flin-44pro and lin-44proR to amplify
the 2.7 kb region upstream of the lin-44 ATG from genomic DNA and then
recombining that PCR product with pDG15. pBL409 was injected with
pUC18 and Pmyo-2:GFP as a marker for transgenic lines into the strain
CG1692.

Construction of egl-20 plasmids
Genomic egl-20 sequence (2.3 kb) from ATG to the last stop codon was
PCR amplified using the primers egl-20-coding-F and egl-20-coding-R.
These two primers contain homology to the sequences that flank the G-
CaMP3-coding sequence in pLR279. The primers linear-pLR306-formab-
5-for and linear-pLR306-formab-5re were used to linearize pLR279 and
remove the G-CaMP-coding sequence. The two primers contain homology
to the 3′ and 5′ sequence of the egl-20 genomic sequence, respectively. The
egl-20 genomic sequence was ligated into the SL2:DsRed plasmid

backbone using In-Fusion to make pXC99 (the gateway ccdB cassette:
egl-20:SL2:RFP). A loxP site was added in front of the egl-20 ATG using
primers UpForloxPegl20 and RevLOXPegl20 to PCR amplify pXC99. The
primers contain the loxP site; after amplification, the original plasmid was
removed by DpnI digestion, leaving only the amplified plasmid with loxP
sites, which was ligated using NEB Quick Ligase. This process created
plasmid pBL404. The process was repeated using primers Fordwnxc99loxP
and Revdwnxc99loxP to add loxP sites after RFP to create plasmid pBL405.

We then added the egl-20 3′UTR to the plasmid. The plasmid itself was
amplified using primers fpBL405sl2 and pBL405egl-20r. The egl-20
3′UTR was amplified using primers Fegl-20 3′UTR and Egl-20 3′UTRr.
These PCR products were ligated together using In-Fusion to create
plasmid pBL412 (RfC:loxP:egl-20:3′UTR:SL2:RFP:loxP). This plasmid
was recombined with pXC33 (Pegl-20), pBL348 (Paex-2) and pXC108
(Plin-44) to create pBL415, pBL416 and pBL422, respectively. These
plasmids were injected along with pUC18 and Pmyo-2:GFP into the strain
CG1673 to generate transgenic lines.

pXC33 contains the 7 kb promoter region of egl-20 and was cloned using
primers Pegl-20-For-1 and Pegl-20-Re-1-imme-beforeATG recombined
with pDG15 (Whangbo and Kenyon, 1999). We created a plasmid to
determine egl-20 expression in males by recombining pXC33 with pLR186
(RfC:DsRed1-E5) (LeBoeuf et al., 2011) to make pXC35. pXC35 was
injected into him-5(e1490) hermaphrodites with Pmyo-2:GFP as an
injection marker. A transgenic line was selected for UV-irradiation-based
integration to create strain CG1656 that contains the rgIs23 integration.
rgIs23 was mapped to LGV. This integration was then used to visualize
egl-20 expression patterns in males.

We replaced the RFP in pBL412 with CFP using primers fPBL412 and
pBL412r to amplify pBL412 without RFP, and amplified CFP using
primers fpBL412CFP and pBL412CFPr. We ligated the two PCR products
together using In-Fusion to create plasmid pBL436. pBL426 was
recombined with pBL455 (Ppop-1) to create plasmid pBL476. pBL476
was injected with pUC18 and Pmyo-1:GFP into the strain CG1673 to
generate the transgenic line CG1762.

Genomic egl-20 sequence (2.3 kb) from ATG to the codon before the
stop codon was PCR-amplified using primers Fegl-20pPD122 and
egl-20pPD122R. The primers contained homology for pPD122-39, which
contains two transmembrane domains from pat-3 integrin tagged with YFP
(Gettner et al., 1995). pPD122-39 was amplified using primers FpPD122-39
and pPD122-39R. The two PCR products were combined using In-Fusion to
create plasmid pBL481. We then added a Gateway Reading Frame Cassette
(RfC) to pBL481 using primers pBL481f and RpBL481 to amplify the
plasmid and primers ForRfC and RfcRev to amplify the RfC. We ligated the
two PCR products together to create plasmid pBL484, which we
recombined with pBL455 (Ppop-1) and pBL348 (Paex-2) to create
pBL486 and pBL487. pBL486 and pBL487 were injected along with
pUC18 and Pmyo-2:GFP into strain CG1652 to create strains CG1812 and
CG1801, respectively.

Construction of the egl-8 minigene
Owing to the size of the egl-8 locus (23 kb), a minigenewas created. Primers
Fegl-8atg and egl-8midR were used to PCR amplify the first half of the egl-8
cDNA. This product was ligated to plasmid pBL405 (ccdB:loxP:egl-20:
SL2:RFP:loxP) that had been linearized using primers DownRmvsdha and
UPremegl20 to remove egl-20 and add egl-8 in its place using an In-Fusion
Dry-Down PCR Cloning Kit to create plasmid pBL424. Next, the second
half of the egl-8 cDNA was amplified from pXC78, which contains egl-8
genomic sequences. pXC78 was constructed using primers e8-12-16ex-
2nd-for and e8-12-16ex-2nd-re to amplify the egl-8 genomic region from
exon 12 to exon 16. This PCR product was recombined with pDG15 using
BP clonase to make pXC53. We then cloned the genomic region from exon
17 to the genomic sequence that is 3.6 kb downstream of egl-8 using the
primers egl-8-17th-down-for and egl-8-17th-down-re. The primers contain
homology to the 3′ end of exon 16. pXC53 was linearized using primers
lin-e8-12-16pdg15-f17-d-for and lin-e8-12-16pdg15-f17-d-re. The PCR
product of exon 17 to the downstream sequence was ligated into pXC53
using In-Fusion to make pXC54 (egl-8 genomic sequence from exon 12 to
the 3.6 kb sequence downstream of egl-8). The insertion mutation contained
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within pXC54 was corrected by single-site mutagenesis to make pXC78
(egl-8 genomic sequence from exon 12 to the 3.6 kb sequence downstream
of egl-8 with the mutation corrected).

From pXC78, egl-8 was PCR-amplified using primers Fegl-8exon14
and Egl-8 3UTR. This was ligated using an In-Fusion reaction with
linearized pBL424, linearized using primers DownRmvsdha and
pBL424r, to create plasmid pBL425. pBL425 was sequenced, revealing
two point mutations in the genomic region of egl-8. These two mutations
were fixed using primers (Finfegl-8ex14 and Infegl-8ex17R) that did not
contain the point mutations to amplify a PCR product that was then ligated
using In-Fusion to pBL425 linearized using primers pBL425egl-8r and
FpBL425egl-8 to create plasmid pBL432. pBL432 was sequenced and
found to contain a mutation in one exon. This mutation was fixed by
amplifying the area containing it with the primers FEgl-8exon15a and egl-
8exon20R and then combined using In-Fusion with a linearized pBL432
using primers FEgl-8mini and egl-8miniR to create pBL447. pBL447
contains the egl-8 minigene with no mutations.

To create egl-8 expression constructs, pBL447 was recombined using LR
Clonase with pBL348 (Paex-2), pBL363 [Prab-3 (LeBoeuf and Garcia,
2017)] and pBL458 [Punc-103E (smaller version)] to create plasmids
pBL448, pBL449 and pBL459, respectively. These plasmids were injected
along with pUC18 and Pmyo-2:GFP into the strain CG1697 to create
transgenic lines.

pBL458 contains a shorter version of Punc-103E that was originally
published by Reiner et al. (2006). The original Punc-103E, at 5.4 kb, was
deemed too large towork with the 16.2 kb pBL447. Since the publication by
Reiner et al. (2006), another unc-103 exon 1 was identified within the
original Punc-103E (LeBoeuf and Garcia, 2017). This exon and promoter
were removed to create a shorter version (2.4 kb) of Punc-103E using
primers FPunc-103E-J and Punc-103E-JR. This promoter was recombined
with pDONR using BP clonase to create pBL458.

As the hlh-8 promoter is too large to put in front of the egl-8minigene, the
pXC27 plasmid (Chen and García, 2015) containing Phlh-8was co-injected
with pBL447. Functional transgenes were confirmed by fluorescent imaging
of the RFP tag.

Construction of the tax-6 genomic DNA plasmid
The full-length genomic DNA of tax-6 was PCR amplified from purified
C. elegans genomic DNA using primers Ftax-6lowcopy and tax-6R.
In-Fusion was used to combine this PCR product with pBL436 linearized
with primers FCFPATG and RpBL436wRfCB to create plasmid
pWD5(RfC:tax-6:CFP). There were two mutations in tax-6, one in exon 6
and one in exon 11. We used primers that fixed these mutations, Ftax-6ex6
and tax-6ex11R, to create a 3665 bp PCR product. We used primers FpWD5
and pWD5R to amplify the rest of the plasmid. We then used In-Fusion to
put these two PCR products together, creating plasmid pBL498(RfC:tax-6:
CFP).We used LRClonase to recombine this plasmid with pBL348(Paex-2)
to generate plasmid pBL499.

Construction of Paex-2:G-CaMP6M:SL2:RFP integration
To reliably measure differences in calcium levels in the anal depressor
across strains, we generated a G-CaMP integrated line. We injected pBL352
(Paex-2:G-CaMP6M:SL2:RFP) (LeBoeuf and Garcia, 2017) into N2 with
Pacr-10:YFP as an injection marker. A transgenic line was selected for UV
irradiation-based integration to create strain CG1644 that contains the rgIs19
integration. rgIs19 was mapped to LGII. This integration was then used to
visualize calcium levels in the anal depressor in egl-20 and control males.

DREAD expression
The C. elegans designer receptors exclusively activated by designer
drugs (ceDREADD) has been described previously and extensively
characterized by Prömel et al. (2016). In short, the muscarinic G-protein
sequence of gar-3:YFP in the plasmid pLR344 contains Y146C and
A237G substitutions, which make the expressed G-protein-coupled
receptor insensitive to acetylcholine but sensitive to clozapine-N-oxide
(CNO). The aex-2 promoter from the plasmid pBL348 was recombined in
front of the ceDREADD sequence using LR clonase, to make the plasmid
pLR345.

Paex-2:ceDREADD::YFP was introduced into C. elegans by injecting
20 ng/µl pLR348, 20 ng/µl pPD132.102 (Pmyo-2:GFP) and 160 ng/µl of
pUC18 into the germline of CG1673 hermaphrodites to generate the
extrachromosomal array rgEx841 in strain CG1806.

The DREADD ligand CNO (Sigma-Aldrich) was dissolved in dimethyl
sulfoxide (DMSO) to make a 20 mM stock solution. The CNO stock
solution was further diluted in M9 buffer and added to NGM plates, so that
the final drug concentration in the plates was 100 µM. OP50 was then
spotted onto the CNO-containing plates and allowed to grow overnight. The
next day, five or six CG1806 hermaphrodites were placed on the CNO- or
DMSO blank-plates. The anal depressor of their transgenic adult male
progeny was then analyzed by microscopy. L3, early L4 and mid L4
CG1806 males grown under normal conditions (without CNO) were
identified and transferred to CNO plates. Their anal depressors were
analyzed by microscopy once they were adults.

bar-1 plasmid construction
We generated a CRISPR/Cas9 plasmid targeting bar-1 using primers bar-
1sgRNA1 and sgRNA-Rev-common to create pBL468. We injected
pBL468 into CG1640, isolating CG1780. We sequenced CG1780 and
determined that in the sequence 5′ CACCGCAAGGTGG the four
underlined bases were deleted. TGG in the sequence is the PAM site we
chose, indicating the Cas9 enzyme cut exactly where it was designed to.

The 6.3 kb promoter region of bar-1 was cloned using the primers bar-1-
promot-F and bar-1-promot-R. The primer set contains the ATTB site,
therefore the promoter region was recombined, using BP clonase, into
pDG15 to generate pXC67. pXC67 was recombined with pGW322YFP to
make pXC70 (Pbar-1:YFP). The genomic sequence of bar-1 from ATG to
codon 761 was PCR-amplified using the primers bar1-coding-F and bar1-
coding-R. The primers contain homology to the 3′ end of bar-1 promoter
region and 5′ end of YFP. pXC70 (Pbar-1:YFP) was linearized using
primers linPbY-For2nd-infbar1-761 and lin-PbY-infcod-R. The primer set
contains homology to the 3′ end and 5′ end of cloned bar-1 genomic
sequence, respectively. The bar-1 genomic region was infused with the
linearized vector pXC70 using In-Fusion to make pXC87 (Pbar-1:bar-1:
YFP). pXC67 (Pbar-1) was also recombined with pGW77C (plasmid
containing Gateway ATTR site in front of CFP) to make pXC93 (Pbar-1:
CFP). pXC93 and pXC87 were injected with pBX1 and pUC18 into CG531
to make CG1572.

RNAi
itr-1
rrf-3(pk1426); him-5(e1490) L4 hermaphrodites carrying the transgene
rgEx497 (Punc-103E: YFP::actin) were fed with bacteria producing double-
stranded RNAs to target the open reading frame of itr-1. Bacteria with the
L4440 (control) or double-T7 vector including exons of target genes were
grown and induced by isopropylthio-β-D-galactoside (IPTG) using a
standard protocol (Kamath et al., 2001). Carbenicillin was used at the
concentration of 10 mg/ml to increase the level of plasmid maintenance and
therefore the effectiveness of RNAi. Exons 14 to 19 of itr-1were cloned into
the double-T7 vector. Males that displayed the corresponding mutant
phenotype were picked for anal depressor imaging and defects detection.

wrm-1 and sys-1
The Gateway ATTP sequence was PCR-amplified from the Gateway entry
vector pDONR221 (Invitrogen) and inserted in the NheI site, between the
double T7 promoters of the L4440 vector (Addgene), to generate
the plasmid pMB3. Fragments (300-400 bp) of sys-1 and wrm-1 exon 3
were PCR amplified with the primer pairs: Attb1sys1, Attb2sys1, and
Attb1wrm1, Attb2wrm1, respectively. The PCR fragments were
recombined into pMB3 using BP clonase (Invitrogen) to generate the
plasmids pLR390 (sys-1 RNAi) and pLR391 (wrm-1 RNAi). pLR390 and
pLR391 were transformed into the T7 RNA polymerase-expressing strain
HT115(DE3).

A drop of solution containing four parts bleach and three parts 4 N NaOH
was added to groups of gravid rgIs15 hermaphrodites that were placed on
bacteria-freeNGplates. The lackof food stalled the development of L1worms
that hatched from the bleach-resistant eggs. The next day, HT115(DE3) cells
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containing pLR390 or pLR391 were grown in a shaking incubator at 37°C in
Luria-Bertani broth containing 100 µg/ml of carbenicillin. When the bacterial
culture reached mid-log density, IPTG was added at a final concentration
of 100 µM. Cells were grown for an additional hour, centrifuged for 5 min
at 21,000 g, concentrated 10× and spotted on a nematode growth (NG)
plate that contained 100 µg/ml of carbenicillin and 100 µM IPTG. The
overnight-synchronized starved L1 animals were then added to the
HT115(DE3)-containing plates. Adult males were scored using fluorescence
microscopy.

CRISPR/Cas9-mediated disruption of goa-1, gpa-7, egl-30 and gpb-1 in the
anal depressor
We replaced the eft-3 promoter, which drives Cas9 in pDD162 [the
Cas9-expressing empty sgRNA plasmid (Dickinson et al., 2013)], with
the Gateway ccdB destination cassette A (Invitrogen) to generate pYW42.
To drive Cas9 expression in the anal depressor, LR clonase (Invitrogen)
was used to recombine the aex-2 promoter from pBL348 into pYW42
to generate pLR392. To generate the goa-1 CRISPR/Cas9 guide RNA
plasmid pLR393, the 19 base pair guide sequence to exon 2 of goa-1
(5′ AGCCATGAGCAACTTAGGC 3′) was added to pLR392 using PCR
and the primers goa1gRNA and sgRNA(universal)REV. To generate the
gpb-1 CRISPR/Cas9 guide RNA plasmid pLR394, the 19 bp guide
sequence to exon 8 of gpb-1 (5′ GGCTGGTCACGATAACCGA 3′)
was added to pLR392 using PCR and the primers gpb1gRNA and
sgRNA(universal)REV. To generate the gpa-7 CRISPR/Cas9 guide RNA
plasmid pLR397, the 19 base pair guide sequence to exon 3 of gpa-7
(5′ AGCGTGACTCCCAGTTAGT 3′) was added to pLR392 using PCR
and the primers Gpa7gRNA and sgRNA(universal)REV. To generate the
egl-30 CRISPR/Cas9 guide RNA plasmid pLR400, the 19 base pairs guide
sequence to exon 2 of egl-30 (5′ GACTTGTCTATCAGAACGT 3′) was
added to pLR392 using PCR and the primers Egl30gRNA and
sgRNA(universal)REV.

Injection mixes containing: 160 ng/µl pUC18, 20 ng/µl pBL65 (Pges-1::
CFP) and 20 ng/µl pLR394 (Paex-2:Cas9; gpb-1 gRNA); 160 ng/µl pUC18,
20 ng/µl pBL65 and 20 ng/µl pLR400 (Paex-2:Cas9; egl-30 gRNA);
140 ng/µl pUC18, 20 ng/µl pBL65 and 20 ng/µl each of pLR393 (Paex-2:
Cas9; goa-1 gRNA) and pLR397 (Paex-2:Cas9; gpa-7 gRNA); or 120 ng/µl
pUC18, 20 ng/µl pBL65 (Pges-1::CFP) and 20 ng/µl each of pLR395,
pLR397 and pLR400 were microinjected into the germline of rgIs15
hermaphrodites.

The anal depressors of transgenic males, which express the co-injected
Pges-1::CFP in the intestine, were scored using fluorescence microscopy.
Transgenic males, which contain pLR394 (Paex-2:Cas9; gpb-1gRNA) and
died as L1 larvae, were constipated or were obviously mosaic for the
transgene and superficially wild type; transgenic males that were constipated
at L1 to L3 larval stages were picked for inspection. Transgenic males that
contain either Paex-2:Cas9; egl-30 gRNA or Paex-2:Cas9; goa-1, gpa-7
gRNA or Paex-2:Cas9; goa-1, gpa-7 and egl-30 gRNA, transmit the
extrachromosomal array well; all adult males that expressed a CFP-
fluorescent intestine were inspected.

Imaging and measurements
To facilitate imaging, the worms were mounted on agar pads made from a
melted agar solution (Sulston and Horvitz, 1977). The agar solution was made
by adding M9 to Difco Noble agar. The concentration of the agar pads for
larval males and hermaphrodites was 2%.We used abamectin (Sigma-Aldrich)
to immobilize the worms without interfering with development. Treatments
such as NaN3, levamisole, arecoline, nicotine and dopamine killed the worms,
wore off after a period of time or stalled development. Abamectin opens
glutamate-gated chloride channels, which are located on the ventral cord
neurons, leading to paralysis (Hart et al., 1995; Maricq et al., 1995). However,
the larval anal depressor does not seem to have abamectin-sensitive receptors.
We made a stock of 50 mg/ml in DMSO and then added 5 µl of stock solution
to 1 ml ofM9. This solution was then used to pick theworms via a glass needle
from the plates they were grown on. After a few minutes, the worms were
paralyzed and transferred to the agar pads. This same procedure was used for
adult males, as abamectin did not change the structure of the tail, allowing for
clear visualization of tail structures. Cover slips were then put on the top of the

worm. All the images were taken using an Olympus IX81 microscope fitted
with a Yokogawa CSU-X1 Spinning Disk Unit (Andor Technology). The
two outermost lateral sides of the worm tail were set up as the starting and
ending z stack for optical sectioning. Series of confocal images were then
collected from one lateral side of theworm tail to the other. For each animal, the
image that best showed the dorsal-ventral sarcomere width was selected. If no
single image gave a good area for measurement, images of the individual
attachment (either the left or the right) of the anal depressor were overlaid
together using MetaMorph software (version 7.8.0.0, Molecular Devices) to
create a flattened image. A line that had been calibrated for the magnification
used was then drawn to determine the dorsal-ventral sarcomere width.

Calcium imaging
Males at themid-L4 stagewere placed on agar pads thatweremade from2.5%
noble agar dissolved in S-basal solution. Abamectin was added to the agar
solution to immobilize the worm. The final concentration was 0.25 mg/ml.
The G-CaMP and DsRed fluorescence signals at the male tail were recorded
simultaneously using a dual view simultaneous image splitter (Photometrics)
and a Hamamatsu ImagEM Electron multiplier (EM) CCD camera, with an
exposure time of 1 s. The worms were imaged using the 40× objective, and
the imaging continued until the worm reached the L4-molt stage. The Ca2+

data were analyzed using the Hamamatsu SimplePCI (version 6.6.0.0)
software andMicrosoft Excel, as previously described (LeBoeuf et al., 2011).

Cell ablations
CG1722 L2 or L3 males were mounted on 2% noble agar pads dissolved in
M9 plus 12 mM NaN3. Cell ablations were performed as described by
Bargmann and Avery (1995) using a Micropoint 337-NDS-USAS laser
(Photonic Instruments) attached to an Olympus BX51 microscope.

Quantification and statistical analysis
Graphs and statistical analysis were constructed and carried out using
GraphPad Prism 5.
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