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Distinct functions of three Wnt proteins control mirror-symmetric organogenesis
in the C. elegans gonad
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Abstract

Organogenesis requires the proper production of diverse cell types and their
positioning/migration. However, the coordination of these processes during
development remains poorly understood. The gonad in C. elegans exhibits a mirror-
symmetric structure guided by the migration of distal tip cells (DTCs), which result
from asymmetric divisions of somatic gonadal precursors (SGPs; Z1 and Z4). We found
that the polarity of Z1 and Z4, which possess mirror-symmetric orientation, is
controlled by the redundant functions of the LIN-17/Frizzled receptor and three Wnt
proteins (CWN-1, CWN-2, and EGL-20) with distinct functions. In /in-17 mutants,
CWN-2 promotes normal polarity in both Z1 and Z4, while CWN-1 promotes reverse
and normal polarity in Z1 and Z4, respectively. In contrast, EGL-20 inhibits the
polarization of both Z1 and Z4. In lin-17 egl-20 cwn-2 triple mutants with a polarity
reversal of Z1, DTCs from Z1 frequently miss-migrate to the posterior side. Our further
analysis demonstrates that the mis-positioning of DTCs in the gonad due to the polarity

reversal of Z1 leads to mis-migration. Similar mis-migration was also observed in cki-
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I(RNAi) animals producing ectopic DTCs. These results highlight the role of Wnt
signaling in coordinating the production and migration of DTCs to establish a mirror-

symmetric organ.
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Introduction

Most animals belonging to Bilateria have a mirror-symmetric body plan along the left-
right axis, except for most internal organs. In mirror-symmetric tissues, cells in
equivalent positions should acquire the same cell fates. Additionally, they are likely to
exhibit mirror-symmetric polarity orientation for mirror-symmetric morphogenesis.
However, the mechanism to produce mirror symmetric polarity has not even been
postulated except for a few examples. At the midline of the neural rod in the developing
zebrafish neural tube, the polarity regulator Pard3 is localized on the cleavage furrow of
neural progenitors and inherited by the two daughter cells on either side of the midline
(Tawk et al., 2007). This results in a mirror-image apico-basal polarity of the daughter
cells and the subsequent formation of the ventricle. In the dorsal and ventral sides of the
compound eye of Drosophila, ommatidia have mirror-image chirality that is regulated
by protocadherins Fat/Dachsous and PCP (planar cell polarity) signaling (Rawls et al.,
2002).

During the development of C. elegans, most cells are polarized in the same
anterior-posterior orientation and divide asymmetrically to produce distinct daughter
cells (Sawa, 2012). This polarity is regulated by the Wnt signaling pathway known as
the Wnt/B-catenin asymmetry pathway (Mizumoto and Sawa, 2007). Nuclear
localization of POP-1/TCF, for example, is higher in the anterior than the posterior
daughter cells (hereafter called HL polarity for high-low POP-1 concentration).
However, there are some exceptions to the rule that result in mirror-symmetric polarity.
During the development of the vulva, one of the vulval precursor cells (VPCs) P7.p has
reversed polarity with higher POP-1 in the posterior daughter (LH polarity for low-high
POP-1 concentration) (Deshpande et al., 2005). The mirror symmetric polarity between
P7.p and another VPC P5.p is essential for their mirror-symmetric lineages and the
structure of the vulva. The LH polarity of P7.p is instructed by Wnt proteins secreted
from the anchor cell located between P5.p and P7.p (Green et al., 2008). In the gonad, at
the L1 stage, somatic gonadal precursor cells (SGPs), Z1 and Z4 have LH and HL
polarity, respectively, creating their mirror-symmetric lineages producing distal tip cells
(DTCs) from the distal daughters (Z1.a and Z4.p) (Siegfried et al., 2004) (Figure 1A and
1B). However, it is not known how this mirror-symmetric polarity is established. We
have shown previously that SGP polarity is not affected in quintuple Wnt mutants that

have mutations in all five Wnt genes in C. elegans, suggesting that Wnts may not be
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required for SGP polarity (Yamamoto et al., 2011).

DTCs, which are the most distal granddaughters of SGPs (Z1.aa and Z4.pp)
have two functions. Firstly, DTCs function as niche cells for germline stem cells,
inhibiting their entry into meiosis by expressing the Notch ligand LAG-2 (Henderson et
al., 1994). Additionally, during gonadogenesis, each DTC migrates with a U-shaped
trajectory to guide extension of gonad arms, resulting in U-shaped gonad both on the
anterior and posterior sides (Figure 1A). A recent report suggests that DTCs may not
actively migrate by themselves; instead, they are pushed distally by proliferating germ
cells (Agarwal et al., 2022).

While the quintuple Wnt mutants exhibit normal SGP polarity, we observed a
significant impact on polarity when Wnt mutations are present in the background of the
lin-17/Frizzled mutation. For example, triple Wnt mutations (cwn-1 cwn-2 and egl-20)
combined with the /in-17 mutation disrupt the polarity of both Z1 and Z4. LIN-17
functions in a Wnt-independent manner, as LIN-17 lacking the Wnt binding domain
(CRD) can rescue gonadal defects in compound mutants containing the /in-17 mutation.
In the /in-17 background, the three Wnts have distinct functions. Specifically, cwn-1
promotes HL polarity in both Z1 and Z4, while cwn-2 promotes LH and HL polarity in
Z1 and Z4, respectively. In contrast, eg/-20 inhibits HL polarity induced by cwn-1. In
lin-17; egl-20 cwn-2 animals, both Z1 and Z4 show HL polarity disrupting the mirror-
symmetry of polarity. Notably, in this genotype, we observed that the DTC from Z1
frequently migrates posteriorly similar to that from Z4. We further demonstrated that the
ectopic positions of DTCs in the center of the gonad cause mis-migration. Our results
suggest that the distal positions of DTCs in the gonad through the mirror-symmetric
polarity of SGPs are required for stable distal migration, consistent with the recent
report supporting the permissive migration model (Agarwal et al., 2022). However, the
posterior migration of ectopically positioned DTCs from Z1 passing through germ cells
in the triple mutants, along with DTC migration in germless mes-/ mutants strongly

suggests self-migratory mechanisms of DTCs.

Result

DTC production is controlled by redundant functions of Wnts and LIN-17/Frizzled
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We have previously demonstrated that DTC production and SGP polarity remain normal
in any Wnt single or compound mutant strains including quintuple Wnt mutants (/in-44;
cwn-1; egl-20 cwn-2; mom-2), suggesting that Wnts may not be required for SGP
polarity (Yamamoto et al., 2011). However, when a cwn-2 mutation was combined with
that of /in-17/Frizzled, we observed that most animals lacked one or both DTCs (a
missing-DTC phenotype) as determined by the expression of a DTC marker, mig-
24::Venus (Tamai and Nishiwaki, 2007). While /in-17(n3091 with nonsense mutation)
single mutants exhibit a weak missing-DTC phenotype (Table 1; Sternberg and Horvitz,
1988), lin-17; cwn-2 showed a strong enhancement in regard to the absence of the
anterior DTC (Table 1: p<0.0001 by Pearson’s chi-square test). We observed a similar
phenotype in [in-17(n671); cwn-2 double mutants, confirming that this genetic
interaction is not allele-specific. Although mutations in other Wnt genes (cwn-1 and egl-
20) by themselves or in combination did not cause such enhancements, the cwn-1/
mutation enhanced the phenotype of lin-17; cwn-2 for both the anterior and posterior
DTCs (p<0.0001 by Pearson’s chi-square test), resulting in the majority of /in-17; cwn-
1; cwn-2 triple mutants lacking both gonadal arms and being sterile. These results
indicate that /in-17/Frizzled and Wnt genes (cwn-1 and cwn-2) regulate DTC production
through parallel pathways.

We note that the DTC defects in various compound mutants described above
and below were more severe at 15°C compared to 22.5°C for unknown reasons. Since
the temperature sensitivities of individual mutations have not been reported and most
mutations are nonsense or deletions, we hypothesize that the processes for DTC
production are somehow cold-sensitive.

We found that lin-17; egl-20 cwn-2 triple mutants exhibited a unique
phenotype that has not been reported before. The triple mutants frequently displayed
two DTCs in the posterior region accompanied by the absence of a DTC in the anterior
region (this phenotype is hereafter referred to as Dpd for double posterior DTCs)
(Figure 2). We have not observed triple mutants with three DTCs. These observations
suggest that the Dpd phenotype is caused by the miss-migration of the anterior DTC
derived from the Z1 cell, rather than the extra production of posterior DTCs from the Z4
cell. More analyses of the mis-migration phenotype are shown below. In Table 1, we
considered that Dpd animals have both anterior (Z1-derived) and posterior (Z4-derived)
DTCs.
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lin-17; cwn-1; egl-20 cwn-2 quadruple mutants exhibited a similar phenotype
to lin-17; cwn-1,; cwn-2 triple mutants with most animals lacking both DTCs. However,

the Dpd phenotype was not observed in the quadruple mutants.

LIN-17 functions in a Wnt-independent manner for the DTC production

In contrast to the pronounced DTC defects observed in /in-17 + Wnt compound mutants
as described above, our previous findings demonstrated that quintuple Wnt mutants,
where all five Wnt genes are mutated, exhibit normal DTC production (Yamamoto et
al., 2011). This suggests that LIN-17 alone is sufficient for DTC production in the
absence of Wnts and that LIN-17’s function is Wnt-independent. To confirm the Wnt-
independent role of LIN-17, we constructed LIN-17 with a deletion of the cysteine-rich
domain (CRD), which is the Wnt binding domain, and expressed it under the lin-17
promoter (oslsl13; ACRD-LIN-17). As expected, the missing DTC phenotype of lin-
17; cwn-2 and lin-17 mom-5/Frizzled was completely rescued by osls//3 (Table 1).
Consistently, /in-17 with missense mutations of the conserved cysteine residues of CRD
(0s2 and mn589) combined with the mom-5 mutation showed only minor, if any, DTC
defects (Table 1), in contrast to the complete loss of DTCs in lin-17(n3091) mom-35.
These results strongly support the conclusion that LIN-17 regulates the DTC production
in a Wnt-independent manner.

The results also suggest that MOM-5/Frizzled might be the receptor for Wnts
regulating DTC production, as /in-17 mom-5 double mutants completely lack DTCs.
Combining mutations in the other known Wnt receptor genes (mig-1/Frizzled, cfz-
2/Frizzled, cam-1/Ror and [lin-18/Derailed) with that of /in-17 did not significantly
affect the gonadal phenotype (Table 1). Additionally, mom-5 combined with triple Wnt
mutations did not induce the missing DTC phenotype in the absence of [lin-17
mutations. While other receptors might also play some roles, MOM-5 appears to be a

major receptor for Wnts regulating DTC production.

SGP polarity is redundantly regulated by LIN-17 and multiple Wnts

It has been reported that the absence of DTCs in mutants of intracellular components of
the Wnt signaling pathway (Wnt/B-catenin asymmetry pathway) is caused by the loss of
polarity of SGPs (Z1 and Z4) which is required for their asymmetric divisions
(Siegfried et al., 2004). To determine whether compound mutants of /in-17 and Wnt
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mutations also affect SGP polarity, we analyzed the localization of sys-/p::GFP::POP-1
(gls74) after SGP divisions (Figure 1 and 3). In the wild type, POP-1 is preferentially
localized to the nuclei of proximal SGP daughters (Z1.p and Z4.a) compared to the
distal ones (Z1.a and Z4.p), representing SGP polarity (LH and HL polarity in terms of
sys-1p::GFP::POP-1 localizations for Z1 and Z4, respectively). These asymmetries were
strongly disrupted and weakly affected in lin-17 mom-5 double and [lin-17 single
mutants, respectively, as described previously (Phillips et al., 2007; Siegfried et al.,
2004). In contrast, our previous finding demonstrated that SGP polarity was normal in
quintuple Wnt mutants (/lin-44, cwn-1; egl-20 cwn-2; mom-2) (Yamamoto et al., 2011).

To evaluate SGP polarity using sys-Ip::GFP::POP-1, we first quantified the
ratios of signal intensities (on a logarithmic scale) of sys-Ip::GFP (NLS) which
localizes symmetrically between the daughter cells, and calculated the 95% Confidence
Interval (CI) for symmetrically localized signals. Then, we quantified the ratios (on a
logarithmic scale) of sys-1p::GFP::POP-1 signal intensities proximal to distal daughter
cells in various genotypes (Figure 3A and Figure 3-Supplemental Figure 1) . Values
within the 95% CI (between the red lines in Figure 3B) indicate symmetric localization,
while values lower than the 95% CI (below the lower red line) indicate reversed
localization, respectively. Most compound mutants containing /in-/7 and cwn-2
mutations exhibited symmetric localization except for lin-17; egl-20 cwn-2, consistent
with their missing-DTC phenotype (Table 1). The results strongly suggest that the
missing-DTC phenotype of these mutants is caused by symmetric divisions of SGPs. On
the other hand, /in-17; egl-20 cwn-2 mutants that exhibited the Dpd phenotype showed
reversed Z1 polarity, suggesting a possible link between the polarity reversal of Z1 and
the Dpd phenotype (see below).

To understand the effects of each mutation on SGP polarity, we next
statistically compared the distributions of the POP-1 signal ratios among the compound
mutants (Statistical analyses in this chapter was done by Student t-test). To evaluate the
effects on SGP polarization irrespective of orientation, we compared the absolute ratios
(on a logarithmic scale) of signal intensities between proximal and distal daughter cells
(Figure 3-Supplemental Figure 2) rather than the signed ratios described in Figure 3B.
Symmetric POP-1 localization in the /in-/7 mutant was strongly and moderately
enhanced by the cwn-2 mutation for the Z1 and Z4 cells, respectively (p<0.0001 for Z1
and p=0.0108 for Z4 at 15°C; p=0.1400 for Z1 and p=0.4764 for Z4 at 22.5°C in
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comparison of absolute differences). In the /in-17; cwn-2 background, this symmetry
was further enhanced by the cwn-I mutation for the Z4 cell (Figure 3-Supplemental
Figure 2: p=0.0995 at 15°C; p=0.0088 at 22.5°C in comparison of absolute differences),
indicating that, in the absence of LIN-17, Z1 polarity is mostly controlled by CWN-2,
while Z4 polarity is regulated by both CWN-1 and CWN-2. In contrast to the effects of
cwn-1, the egl-20 mutation rescued the polarization defect in the [lin-17; cwn-2
background at least at 15°C (p<0.0001 for Z1 and p=0.0007 for Z4 in comparison of
absolute differences), indicating that eg/-20 has a negative role for SGP polarization.
SGP polarization in lin-17; egl-20 cwn-2 appears to depends on cwn-I at 22.5°C
(p=0.0592 for Z1 and p<0.0001 for Z4 in comparison of absolute differences).

In contrast to the rescue of polarization by egl-20 in the lin-17 cwn-2
background, comparison of signed but not absolute differences (Figure 3B) showed it
causes reversal of Z1 but not Z4 polarity (p<0.0001 at 15°C and p=0.0015 at 22.5°C).
Interestingly, in this triple mutant, especially at 15°C, Z1 and Z4 have the same HL
polarity orientation, indicating that the mirror-symmetry of SGP polarity is established
through the functions of /in-17, egl-20 and cwn-2.

Although the eg/-20 mutation suppressed the loss of polarity phenotype in the
lin-17; cwn-2 background, it did not in the /in-17; cwn-1 cwn-2 background (p=0.6327
and 0.5741 for symmetric Z1 and Z4 polarity, respectively, between lin-17; cwn-1; cwn-
2 and lin-17; cwn-1; egl-20 cwn-2 in comparison of absolute differences at 22.5°C:
Figure 3-Supplemental Figure 2), suggesting that eg/-20 represses cwn-1 function. One
possible explanation may be that egl-20 suppresses the expression of cwn-1. However,
the expression levels of cwn-I1p::CWN-1::GFP (Yamamoto et al., 2011) are similar
among wild type, lin-17; cwn-2, and lin-17; egl-20 cwn-2 animals (Figure 3-
Supplemental Figure 3).

To further confirm the defects in SGP polarity in the compound mutants, we
also analyzed the localization of SYS-1/B-catenin (Figure 3C and D) which is regulated
independently of POP-1 localization (Phillips et al., 2007). In both wild type and /in-17
single mutants, Venus::SYS-1 is preferentially localized to the distal SGP daughters
than the proximal ones (Phillips et al., 2007). Consistent with the defects of POP-1
localization, we found that /in-17; cwn-2 exhibited symmetric SYS-1 localization for Z1
and less frequently for Z4, while it was reversed for Z1 in lin-17; egl-20 cwn-2 (Figure
3C and D). These results demonstrated that SGP polarity is regulated by the parallel
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functions of LIN-17/Fz and Wnts.

To understand how SGP polarity orientation is regulated, we examined
whether Wnt functions are instructive or permissive. We attempted to reverse Wnt
gradients by ectopically expressing CWN-1 and CWN-2 which are normally expressed
posteriorly and anteriorly relative to the gonad, respectively (Harterink et al., 2011). We
utilized 0sEx395 (ceh-22p::CWN-1::Venus expressed in the pharynx) and osEx402 (egl-
20p::CWN-2::Venus expressed near the anus) which have been demonstrated to provide
weak and strong rescue, respectively, of polarity defects in seam cells in the cwn-1; egl-
20 cwn-2 background (Yamamoto et al., 2011). However, these extrachromosomal
arrays failed to significantly affect the production of DTCs in lin-17; cwn-1; egl-20
cwn-2 (instead of 0osEx402, its integrant os/s93 was used) (Table 1) nor mis-migration of
DTCs in lin-17; egl-20 cwn-2 for osEx402 (Figure 2). Therefore, it remains unclear

whether these Wnts are instructive or permissive for SGP polarity.

Ectopically produced DTCs from Z1 can migrate posteriorly

In the wild type, the anterior and posterior DTCs are born and migrate on the right-
anterior and left-posterior sides of the body, respectively. In /lin-17; egl-20 cwn-2
mutants with the Dpd phenotype at the early L3 stage, the more posterior DTC among
the two DTCs was observed on the left side (left-DTC) at the tip of the gonadal arm
similar to the posterior DTC in the wild type. Meanwhile. the more anterior DTC was
on the right side (right-DTC) at the end of the right side gonad. The cup shape of this
right-DTC with the reversed orientation compared to that in the right-anterior DTC in
wild type suggests that it was migrating toward the posterior side (Figure 2B). At the
late L3 and early L4 stages, both left- and right-DTCs were present in the posterior
region. These results strongly suggest that the Dpd phenotype is caused by the reversed
migration of the DTC derived from Z1.

How are the migratory directions of DTCs controlled? Based on Z1 polarity
reversal and the Dpd phenotype in lin-17; egl-20 cwn-2 mutants, we initially examined
the possibility that the direction of DTC migration correlates with the polarity of the
DTC mother cell (DTC is a granddaughter of Z1/Z4) and that the Dpd phenotype is
caused by the polarity reversal of the DTC mother. Since Z1 polarity is completely
reversed in lin-17; egl-20 cwn-2 at 15°C, the DTC is likely to be produced from Z1.p

rather than Z1.a. To understand the relationship between Z1.p polarity and the directions
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of DTC migration derived from Z1.p, we first examined Z1.p polarity by GFP::POP-1
asymmetry between its daughter cells, and then observed DTC positions after the
recovery and growth of the animals. In the observed triple mutants, Z1.p polarity was
LH (n=5) and HL (n=5) polarity, indicating that Z1.pa and Z1.pp, respectively, became
DTCs. In both cases, the DTC migrated either anteriorly or posteriorly (Figure 4A),
suggesting that the migratory direction is not correlated with Z1.p polarity.

The results suggest that DTCs produced at the position of Z1.pa or Z1.pp can
migrate either anteriorly or posteriorly. To further confirm this, we identified DTCs after
the Z1.p division using /ag-2::GFP expression instead of GFP::POP-1. In the wild type,
the /ag-2 promoter::GFP is weakly expressed in the Z1/Z4 cell and its expression
becomes stronger in Z1.aa/Z4.pp (DTC) soon after they are born (Fujita et al., 2007;
Henderson et al., 1994). To unambiguously identify DTCs in lin-17; egl-20 cwn-2
mutants, we expressed the photo-convertible fluorescent protein mKikGR under the /ag-
2 promoter, converted it to red in Z1.p, and then, after the recovery and growth of the
animals until the Z1.p division, we identified DTCs by newly synthesized green
mKikGR. As shown in Figure 4B, when Z1.pp became a DTC, it migrated either
anteriorly or posteriorly. Although we observed only one animal in which Z1.pa became
a DTC, this animal showed the Dpd phenotype indicating posterior migration. Together
with the experiments using GFP::POP-1 described above, the results demonstrated that
when Z1.pa and Z1.pp become DTCs, they can migrate either anteriorly or posteriorly.

The results raised the possibility that ectopic positions of DTCs inside the
gonad rather than at the distal ends in /in-17; egl-20 cwn-2 mutants cause abnormal
migration. If so, when Z1.aa (canonical DTC) becomes a DTC in the triple mutants, it
should migrate anteriorly. To examine this, we isolated Z1.aa by sequential ablation of
Zl.p and Zl.ap in lin-17; egl-20 cwn-2 animals grown at 22.5°C. Since the reversal of
Z1 polarity is partial at 22.5°C (Figure 3B), we expected that Z1.aa could become a
DTC even in the triple mutants. However, all 10 animals we examined had one posterior
gonadal arm, suggesting that Z1.aa rarely becomes DTC in the triple mutants (Figure
4C). In contrast, when Z1.ap was isolated by sequential ablation of Z1.p and Z1.aa, 3
out of 15 animals had a normal anterior arm, and 3 out of 15 showed the Dpd
phenotype. Taken together, ectopic DTC produced at the positions of Z1.ap, Z1.pa and
Z1.pp migrate randomly, either anteriorly or posteriorly, at least in /in-17; egl-20 cwn-2

animals.
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Ectopic positions of DTCs cause abnormal migration

These results suggest two possibilities explaining abnormal DTC migration in
lin-17; egl-20 cwn-2. Ectopically positioned DTCs can migrate randomly irrespective of
Wnt signaling mutations. Alternatively, migration of ectopic DTCs in addition to SGP
polarity is regulated by Wnt signaling, and abnormal migration occurs only in the
absence of some or all of /in-17, egl-20, or cwn-2 functions. To distinguish these
possibilities, we used a genetic background that produces ectopic DTCs without
mutations in Wnt signaling genes. It was reported that RNAi of cki-/ encoding a cyclin
inhibitor causes ectopic DTCs (Kosti¢ et al., 2003). However, the migratory direction of
such ectopic DTCs was not examined. We confirmed that cki-1(RNAi) causes ectopic
DTCs in addition to the loss of DTCs (Figure 5A). To determine the migratory direction
of Z1-derived ectopic DTCs, we ablated Z4 in cki-1(RNAi) animals. In 7 out of 22
animals, we observed posteriorly migrated DTCs (Figure 5B and 5C). The results show
that ectopic DTCs from Z1 can migrate either anteriorly or posteriorly irrespective of

mutations in the Wnt signaling genes.

DTCs can migrate independently of germ cells

It has been reported that DTCs are not self-propelled but rather pushed distally by
proliferating germ cells (Agarwal et al., 2022). However, the posterior migration of
DTCs produced from Z1 in lin-17; egl-20 cwn-2 mutants and Z4 ablated cki-1(RNAi)
animals can not be explained by the pushing mechanism of germ cells. Even in such
animals, Z1-derived DTCs should be born at the anterior side of germ cells, and some of
them migrate posteriorly. At the late L2 stage of /lin-17; egl-20 cwn-2 animals,
differentiated DTCs expressing mig-24::Venus can be observed in the center of the
gonad surrounded by germ cells expressing the germ cell marker xnSi/ in addition to
ZA-derived DTC at the posterior end of the gonad (Figure 6A and 6B). After the
recovery and growth of such animals, we found animals with the Dpd phenotype (2/5
and 3/4 without and with a germ cell marker xnSil, respectively), showing that Z1-
derived DTCs migrate through but are not pushed by germ cells. In addition, among
mes-1 animals that lack germ cells, we found 84% of DTCs (n = 90) were observed
outside of the central region near the developing vulva at the L3-L4 stages, suggesting

their distal migration to some extent (Figure 6C-E). We even found one animal (n=45)
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whose DTCs apparently underwent dorsal turn judged by the outline of the gonad
marked by /am-1::mCherry (Figure 6C). The results show that DTCs have the ability to
migrate independently of germ cells. We noticed that some mes-/ animals that lack
germ cells have both of the two DTCs on the anterior side (2/45) or on the posterior side
(5/45) (Figure 6D). This may be caused by polarity reversal of SGP (Yamamoto et al.,

2011) or DTC mother cells placing DTCs at ectopic positions in mes-/ mutants.

Discussion

Distinct functions of Wnts regulating SGP polarity

We have previously shown that the polarity of seam cells (V1-V5) is redundantly
regulated by cwn-1, cwn-2 and egl/-20 (Yamamoto et al., 2011), indicating that all three
of these Wnts induce the same polarity orientation (HL for high-low POP-1
concentration). In contrast, we show that these Wnts have distinct functions for SGP
polarity at least in the /in-17 mutant background (Figure 7). CWN-1 induces HL
polarity for both Z1 and Z4. CWN-2 induces the opposite polarity; LH for Z1 and HL
for Z4. EGL-20 inhibits the polarization of both Z1 and Z4. The distinct responses of Z1
and Z4 to CWN-2 appear to be a key for their opposite polarity orientation and mirror-
symmetric gonadogenesis. Since these cells have asymmetry in terms of their contacts
with germ cells on their proximal sides and those with the basement membrane on their
distal sides, CWN-2 may permissively facilitate this asymmetry to control POP-1
localization. Alternatively, Z1 and Z4 may have intrinsic differences in gene expression,
leading to distinct responses to CWN-2. The function of CWN-1 for SGP polarity
appears to be the same as for seam cell polarity, inducing HL polarity in both cases.
Since it was suggested that CWN-1 is a permissive signal for seam cell polarity
(Yamamoto et al., 2011), it may also permissively regulate SGP polarity.

In contrast to the role of EGL-20 in seam cells, where it induces HL polarity,
it inhibits cell polarization in SGPs. The loss of SGP polarity phenotype in the lin-17;
cwn-2 double mutant but not in the /in-17; cwn-1 cwn-2 triple mutants, was suppressed
by further mutating eg/-20. The recovered polarity in /in-17; egl-20 cwn-2 depends on
cwn-1, as lin-17; cwn-1; egl-20 cwn-2 mutants showed a strong loss of polarity
phenotype. However, cwn-1 can not efficiently polarize SGPs in lin-17; cwn-2 mutants

with normal eg/-20 function. Therefore, eg/-20 appears to inhibit the cwn-1 function but
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not its expression (Figure 3-Supplemental Figure 2). A similar antagonistic relationship
between cwn-1 and egl-20 was reported for later DTC migration when DTCs turn to
migrate centrally on the dorsal side (phase III) (Levy-Strumpf and Culotti, 2014). eg/-20
mutants show a reversal of phase III migration and this phenotype is suppressed by the
cwn-1 mutation. Further studies are necessary to elucidate distinct the functions of

CWN-1, CWN-2 and EGL-20.

Whnt-independent functions of Frizzled receptors

We have shown that /in-17/Fzd functions in a Wnt-independent manner to control SGP
polarity, since the missing DTC phenotype of lin-17; cwn-2 and lin-17 mom-5 was
completely rescued by ACRD-LIN-17. In addition, SGP polarity is normal in the
quintuple Wnt mutant that has mutations in all the Wnt genes (Yamamoto et al., 2011).
In seam cells, Wnt receptors including LIN-17/Fzd and MOM-5/Fzd appear to have
Whnt-independent functions for cell polarization, as seam cells are still mostly polarized
in the quintuple Wnt mutants, while they are strongly unpolarized in the triple receptor
mutants (/in-17 mom-5 cam-1/Ror) (Yamamoto et al., 2011). In Drosophila, Fz/Fzd has
been primarily considered to function Wnt-independently to coordinate planar cell
polarity (PCP) between neighboring cells (Lawrence et al., 2007), though Fz function
can still be regulated by Wnt, as PCP orientation can be directed by ectopically
expressed Wnt proteins (Wu et al., 2013).

In Drosophila, Fz regulates PCP by interacting with other PCP components
including Van Gogh (Vang). In C. elegans, we found that vang-1/Vang does not appear
to function with LIN-17/Fz, since most vang-1 single mutants and cwn-1 cwn-2 vang-1
triple mutants have two gonadal arms (215/216 and 58/58, respectively). As Fz interacts
with Disheveled (DSH) in Drosophila PCP regulation, in C. elegans, the Disheveled
homologs DSH-2 and MIG-5 regulate SGP polarity (Phillips et al., 2007). Therefore,
LIN-17 might regulate the DSH homologs in a Wnt-independent manner.

Control of DTC migration

We have shown that Z1-derived DTC can migrate posteriorly in cki-1(RNAi) as well as
lin-17; egl-20 cwn-2 animals, indicating that ectopically positioned DTCs can mis-
migrate passing through germ cells irrespective of mutations in Wnt signaling genes.

The results strongly suggest that DTCs at ectopic positions can self-migrate to the distal
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ends of the gonad, regardless of the pushing forces by germ cell proliferation. After
reaching the distal ends, further distal migration is likely guided by germ cell
proliferation and the degradation of the basement membrane at the distal sides (Agarwal
et al., 2022). However, the self-migration of ectopic DTCs to the distal ends suggest that
such migratory ability of DTCs may help their further distal migration.

While we were unable to observe migration of Zl.aa derived DTC in the
triple mutants, it is essential to note that Zl.aa derived DTCs consistently migrate
anteriorly in wild type animals and likely in other genetic backgrounds, giving the
absence of the Dpd phenotype in previous reports. Consequently, the regulation of SGP
polarity by Wnt signaling plays a crucial role in ensuring normal DTC migration and

mirror-symmetric organogenesis by positioning DTCs at the distal edge of the gonad.

Materials and Methods

Strains

N2 Bristol was used as the wild-type strain (Brenner, 1974). The following mutations
and transgenes were used: cwn-1(0k546) (deletion) (Zinovyeva and Forrester, 2005);
cwn-2(0k895) (deletion) (Zinovyeva and Forrester, 2005); egl-20(n585) (missense
behaving like null) (Maloof et al., 1999); lin-17(n3091) (nonsense) and lin-17(n671)
(nonsense) (Sawa et al., 1996); mig-1(el787) (nonsense) (Pan et al., 2006); mom-
5(nel2) (nonsense) (Rocheleau et al., 1997); cam-1(gm122) (nonsense) (Forrester et al.,
1999); cfz-2(0oki1201) (deletion) (Zinovyeva and Forrester, 2005); [lin-18(e620)
(nonsense) (Inoue et al., 2004); oslsi13 (ACRD-LIN-17); osEx395 (ceh-22p::CWN-
1::VENUS) (Yamamoto et al., 2011); osls93 (egl-20p::CWN-2::VENUS), a
spontaneous integration of osEx402 (Yamamoto et al., 2011); tkls12 (mig-24::Venus)
(Tamai and Nishiwaki, 2007); gls74 (sys-1p::GFP::POP-1) (Siegfried et al., 2004);
qls95 (VENUS::SYS-1) (Phillips et al., 2007); qyIsi127 (lam-1::mCherry) (Thara et al.,
2011); xnSil (mex-5::GFP::PH) (Chihara and Nance, 2012). cki-1(RNAi) was performed
as described previously (Fujita et al., 2007). /in-17(os2) was identified in a screen for
the Psa (phasmid socket absent) phenotype (Sawa et al., 2000). /in-17(os2) and lin-
17(mn589) (gifted by Mike Herman) carry mutations in the second and seventh cysteine
residues of the CRD domain (C36Y and C104Y), respectively. 0os2 and mn589 exhibit
38% and 47% Psa phenotype (indicating T cell polarity defects), respectively, while /in-
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17(n3091) shows 95% Psa phenotype (Goldstein et al., 2006). mes-1(bn7) is a
temperature sensitive allele with higher penetrance of the germless phenotype at 25°C
than at 15°C, and was grown at 22.5°C. The germless phenotype of mes-1(bn7) was
observed by the absence of the mex-5::GFP::PH signal through direct observation of

epifluorescence.

Plasmid construction

ACRD-LIN-17 (pMM39) contains a Skb Xhol genomic fragment upstream of the /in-17
start codon and a /in-17 cDNA fused to Venus at its C-terminus in the pPD49.26 vector
(gift of A. Fire). The CRD domain was precisely deleted from the /in-17 cDNA. sys-
1p::GFP(NLS) (pSS20) contains the sys-I promoter from the GFP-POP-1 plasmid
(pJK707) (Siegfried et al., 2004) inserted into pPD95.67 (gift of A. Fire). lag-
2p::NLS::mKikGR (pSN17.4) contains a 7.4Kb lag-2 promoter fragment and
NLS::mKikGR coding sequence (codon-optimized). pMM39, pSS20, pSN17.4 and mig-
24::Venus (Tamai and Nishiwaki, 2007) plasmids were injected into unc-76(e911)

animals along with the Unc-76 rescuing plasmid (Bloom and Horvitz, 1997) to obtain
0sEx576, osEx443, osEx509 and osEx283, respectively. Subsequently, osEx576 and
0osEx509 were integrated by UV-irradiation to generate osls//3 and oslsl68,

respectively.

Quantification of POP-1 asymmetry in the Z1 and Z4 division

Localization of POP-1 and SYS-1 was observed using confocal microscopy (Zeiss
LSM700) and signal intensities were quantified with ImageJ software. As SGP daughter
cells are situated in distinct focal planes, the signal ratios of GFP::POP-1 (sys-
1p::GFP::POP-1) [gls74] between SGP daughter cells were normalized using the levels
of sys-1p::GFP(NLS) [osEx443], which are considered to be the same between them.
First, in wild-type animals with osEx443 but not gls74, signal intensities in the SGP
daughter cells at focal planes showing maximum intensity in each cell were quantified.
Distances (Z1.p-Z1.a or Z4.a-Z4.p) along the Z axis were also recorded. Ratios of signal
intensities (Z1.p/Z1.a or Z4.a/Z4.p) on a logarithmic scale and distances were plotted on
the Y axis and X axis, respectively.

Using these plots, a regression line was calculated:

y =-0.034x + 0.0148
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To assess the variability of the predicted values, we calculated the predicted values of
the regression line and their Confidence Intervals (CI). First, the standard error (SE) of
the residuals was determined, which was 0.0613. Next, given a sample size of 97, the
degrees of freedom were 95. Based on these degrees of freedom, the z-value for a 95%
CI was calculated. Finally, the upper (eupper) and lower (ejower) bounds of the the 95% CI
for each predicted value y were calculated using the following formulas:
eupper =y +t X SE
Clower =y -t X SE
The deviations of the upper and lower bounds of the 95% confidence interval were
defined as follows:
Vupper = €upper = V
Viower = €lower - )
Subsequently, distances (Z1.p-Z1.a or Z4.a-Z4.p) along the Z-axis as well as fluorescent
intensities in both wild-type and mutant animals with sys-/p::GFP::POP-1 (qls74) were
recorded, and the distances were used as the x-values in the regression equation to
calculate theoretical ratios of fluorescence expressed equally between SGP daughter
cells. Then, the observed fluorescence ratios of sys-Ip::GFP::POP-1 on a logarithmic
scale were adjusted by subtracting these theoretical values calculated from the distances
(ri).
ri =yi-yi
Finally, the absolute and signed values of the results (absolute and signed differences)
were used to evaluate extent and orientation of SGP polarity, respectively. To evaluate
the absolute differences, cases where the residuals were greater than vy,per were assessed
as exhibiting polarity formation (7i>vypper). Conversely, for the signed differences, cases
where the residuals were greater than vyp,r were defined as having normal
polarity(7i>vypper), and cases where the residuals were less than vigwer were defined as

having reversed polarity (#i<vigwer).

The violin plot was created using the Seaborn library in Python. For
absolute differences (|ri| values were used), the parameter cut=0 was utilized in violin
plots to truncate the kernel density estimation at the minimum and maximum data

points, ensuring that the density tails did not extend beyond the actual data range. In
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contrast, for signed differences (#i values were used), the parameter cut=2 was used,
allowing the kernel density estimation to extend beyond the observed data range,
providing a smoother and more comprehensive visualization of the data distribution.
Additionally, to maintain a consistent bandwidth for kernel density estimation in the
violin plots, the parameter bw=0.2 was set for all plots. vypper and viower Were used as the
95% CI on the violin plot. We used the Student t-test to compare the differences in
fluorescence intensities between the two groups of interest. The statistical analysis was
performed using JMP9 software (SAS, USA).

Scoring the absence and migration of DTCs

The presence, absence and positions of DTCs were determined by direct observation of
the fluorescence of mig-24::Venus using epifluorescent microscopy. For animals lacking
mig-24::Venus, the assessment was made based on gonad arms under Nomarski
microscopy for animals that do not have mig-24::Venus. These observation was
performed at the L4 or young adult stages. Initial DTC migratory direction was judged
by considering the position and cup shape of the DTCs. Anterior and posterior positions
of DTCs indicated initial anterior and posterior migration, respectively. When DTCs
were observed in the center, their migratory direction (which is opposite to the initial

migratory direction) was judged by assessing their cup shape.

Cell ablation and photoconversion

The animals were immobilized on slide glasses using 10mM sodium azide. Laser
ablation was performed by a MicroPoint system (Photonic Instruments) equipped with a
2-mW pulsed nitrogen laser (model VL-337; Laser Science Inc.) exciting Coumarin 440
dye. Photoconversion was performed through irradiation with 405 nm laser on Zeiss

LSMS510 confocal microscope.

Data availability

All data generated or analysed during this study are included in the manuscript and

supporting files.



533
534
535
536
537
538
539
540
541

Acknowledgements

We thank Judith Kimble for pJK707 and communicating unpublished results, Mike
Herman for /in-17(mn589), Katsuyuki Tamai and Kiyoji Nishiwaki for tkls/2, Sohei
Nakayama and Misato Matsuo for technical helps, Takefumi Negishi for comments on
the manuscript. Some of the strains were provided by the CGC, which is funded by NIH
Office of Research Infrastructure Programs (P40 OD010440). This work was supported
by a JSPS KAKENHI grant (JP16H04797 to HS), a grant from Takeda Science
Foundation (to H.S.) and NIG-JOINT (88A2024 to SS).



542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574

References

Agarwal P, Shemesh T, Zaidel-Bar R. 2022. Directed cell invasion and asymmetric
adhesion drive tissue elongation and turning in C. elegans gonad
morphogenesis. Developmental Cell 57:2111-2126.e6.
doi:10.1016/j.devcel.2022.08.003

Bloom L, Horvitz HR. 1997. The Caenorhabditis elegans gene unc-76 and its
human homologs define a new gene family involved in axonal outgrowth
and fasciculation. PNAS 94:3414-3419. doi:10.1073/pnas.94.7.3414

Brenner S. 1974. The Genetics of Caenorhabditis Elegans. Genetics 77:71-94.

Chihara D, Nance J. 2012. An E-cadherin-mediated hitchhiking mechanism for C.
elegans germ cell internalization during gastrulation. Development
139:2547-2556. doi:10.1242/dev.079863

Deshpande R, Inoue T, Priess JR, Hill RJ. 2005. lin-17/Frizzled and /in-18 regulate
POP-1/TCF-1 localization and cell type specification during C. elegans
vulval development. Developmental Biology 278:118-129.
d0i:10.1016/j.ydbio.2004.10.020

Forrester WC, Dell M, Perens E, Garriga G. 1999. A C. elegans Ror receptor
tyrosine kinase regulates cell motility and asymmetric cell division. Nature
400:881-885. d0i:10.1038/23722

Fujita M, Takeshita H, Sawa H. 2007. Cyclin E and CDK2 Repress the Terminal
Differentiation of Quiescent Cells after Asymmetric Division in C. elegans.
PLoS ONE 2:e407. doi:10.1371/journal.pone.0000407

Goldstein B, Takeshita H, Mizumoto K, Sawa H. 2006. Wnt Signals Can Function
as Positional Cues in Establishing Cell Polarity. Developmental Cell 10:391—
396. doi:10.1016/j.devcel.2005.12.016

Green JL, Inoue T, Sternberg PW. 2008. Opposing Wnt Pathways Orient Cell
Polarity during Organogenesis. Cell 134:646—-656.
d0i:10.1016/j.cell.2008.06.026

Harterink M, Kim D h., Middelkoop TC, Doan TD, van Oudenaarden A,
Korswagen HC. 2011. Neuroblast migration along the anteroposterior axis
of C. elegans is controlled by opposing gradients of Wnts and a secreted
Frizzled-related protein. Development 138:2915-2924.
doi:10.1242/dev.064733



575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607

Henderson ST, Gao D, Lambie EJ, Kimble J. 1994. lag-2 may encode a signaling
ligand for the GLP-1 and LIN-12 receptors of C. elegans. Development
120:2913-2924.

Thara S, Hagedorn EJ, Morrissey MA, Chi Q, Motegi F, Kramer JM, Sherwood
DR. 2011. Basement membrane sliding and targeted adhesion remodels
tissue boundaries during uterine—vulval attachment in Caenorhabditis
elegans. Nat Cell Biol 13:641—651. do0i:10.1038/ncb2233

Inoue T, Oz HS, Wiland D, Gharib S, Deshpande R, Hill RJ, Katz WS, Sternberg
PW. 2004. C. elegans LIN-18 Is a Ryk Ortholog and Functions in Parallel to
LIN-17/Frizzled in Wnt Signaling. Cell 118:795-806.
d0i:10.1016/j.cell.2004.09.001

Kosti¢ I, Li S, Roy R. 2003. cki-1 links cell division and cell fate acquisition in the
C. elegans somatic gonad. Developmental Biology 263:242-252.
d0i:10.1016/j.ydbio.2003.07.001

Lawrence PA, Struhl G, Casal J. 2007. Planar cell polarity: one or two pathways?
Nat Rev Genet 8, 555-563. doi: 10.1038/nrg2125.

Levy-Strumpf N, Culotti JG. 2014. Netrins and Wnts Function Redundantly to
Regulate Antero-Posterior and Dorso-Ventral Guidance in C. elegans. PLoS
Genet 10:¢1004381. doi:10.1371/journal.pgen.1004381

Maloof JN, Whangbo J, Harris JM, Jongeward GD, Kenyon C. 1999. A Wnt
signaling pathway controls hox gene expression and neuroblast migration in
C. elegans. Development 126:37—49.

Mizumoto K, Sawa H. 2007. Two Ps or not two Ps: regulation of asymmetric
division by pB-catenin. Trends in Cell Biology 17:465-473.
d0i:10.1016/j.tcb.2007.08.004

Pan C-L, Howell JE, Clark SG, Hilliard M, Cordes S, Bargmann CI, Garriga G.
2006. Multiple Wnts and Frizzled Receptors Regulate Anteriorly Directed
Cell and Growth Cone Migrations in Caenorhabditis elegans. Developmental
Cell 10:367-377. d0i:10.1016/j.devcel.2006.02.010

Phillips BT, Kidd AR, King R, Hardin J, Kimble J. 2007. Reciprocal asymmetry of
SYS-1/p-catenin and POP-1/TCF controls asymmetric divisions in
Caenorhabditis elegans. Proceedings of the National Academy of Sciences

104:3231-3236. doi:10.1073/pnas.0611507104



608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640

Rawls AS, Guinto JB, Wolff T. 2002. The Cadherins Fat and Dachsous Regulate
Dorsal/Ventral Signaling in the Drosophila Eye. Current Biology 12:1021—
1026. doi:10.1016/S0960-9822(02)00893-X

Rocheleau CE, Downs WD, Lin R, Wittmann C, Bei Y, Cha Y-H, Ali M, Priess JR,
Mello CC. 1997. Wnt Signaling and an APC-Related Gene Specify
Endoderm in Early C. elegans Embryos. Cell 90:707-716.
d0i:10.1016/S0092-8674(00)80531-0

Sawa H. 2012. Control of Cell Polarity and Asymmetric Division in C. elegans.
Current Topics in Developmental Biology. FElsevier. pp. 55-76.
d0i:10.1016/B978-0-12-394592-1.00003-X

Sawa H, Kouike H, Okano H. 2000. Components of the SWI/SNF Complex Are
Required for Asymmetric Cell Division in C. elegans. Molecular Cell 6:617—
624. doi:10.1016/S1097-2765(00)00060-5

Sawa H, Lobel L, Horvitz HR. 1996. The Caenorhabditis elegans gene lin-17,
which is required for certain asymmetric cell divisions, encodes a putative
seven-transmembrane protein similar to the Drosophila frizzled protein.
Genes & Development 10:2189-2197. doi:10.1101/gad.10.17.2189

Siegfried KR, Kidd AR, Chesney MA, Kimble J. 2004. The sys-1 and sys-3 Genes
Cooperate With Wnt Signaling to Establish the Proximal-Distal Axis of the
Caenorhabditis elegans Gonad. Genetics 166:171-186.
doi:10.1534/genetics.166.1.171

Tamai KK, Nishiwaki K. 2007. bHLH Transcription factors regulate organ
morphogenesis via activation of an ADAMTS protease in C. elegans.
Developmental Biology 308:562—-571. doi:10.1016/j.ydbio.2007.05.024

Tawk M, Araya C, Lyons DA, Reugels AM, Girdler GC, Bayley PR, Hyde DR,
Tada M, Clarke JDW. 2007. A mirror-symmetric cell division that
orchestrates neuroepithelial morphogenesis. Nature 446:797-800.
d0i:10.1038/nature05722

Wu J, Roman AC, Carvajal-Gonzalez JM, Mlodzik M. 2013. Wg and Wnt4
provide long-range directional input to planar cell polarity orientation in
Drosophila. Nat Cell Biol 15, 1045-1055. doi: 10.1038/ncb2806.

Yamamoto Y, Takeshita H, Sawa H. 2011. Multiple Wnts Redundantly Control
Polarity Orientation in Caenorhabditis elegans Epithelial Stem Cells. PLoS



641
642
643
644
645
646

Genet 7:¢1002308. doi:10.1371/journal.pgen.1002308
Zinovyeva AY, Forrester WC. 2005. The C. elegans Frizzled CFZ-2 is required for
cell migration and interacts with multiple Wnt signaling pathways.

Developmental Biology 285:447—-461. doi:10.1016/j.ydbio.2005.07.014



647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679

Figure legend

Figure 1. Cell lineage of somatic gonad and asymmetric localizations of POP-1/TCF
between SGP daughter cells.

(A) After hatching, L1 animals have two somatic gonad precursors (SGPs; Z1 and Z4)
and primordium germ cells (Z2 and Z3). SGPs undergo mirror-symmetric divisions
along the proximal-distal axis, and their distal granddaughters Z1.aa and Z4.pp become
distal tip cells (DTCs) that migrate anteriorly and posteriorly, respectively. The U-shape
of gonad arms is established through the migration of DTCs. (B) Examples of POP-1
localizations in wild-type animals using GFP::POP-1 (g/s74). Animals were cultured at

22.5°C. Anterior is to the left. Scale bars indicate 2 pum.

Figure 2. The Dpd phenotype of /in-17; egl-20 cwn-2 animals.

Merged images of DIC and GFP of lin-17; egl-20 cwn-2 animals at the L2 stage (A) and
the L3 stage (B) are presented. Arrows highlight Z4-derived left and Z1-derived right
DTCs expressing mig-24::Venus. The gonad is delineated with dashed lines. The
anterior is up. Left and right images in each panel are correspond to the same area with
different focal planes in the same animals. (C) The table compiles the direction of gonad
arms extension. These experiments were conducted with animals grown at 15°C. Ant.

and Post. indicate anterior and posterior, respectively. Scale bars indicate 10 pm.

Figure 3. POP-1 and SYS-1 asymmetry is redundantly regulated by /in-17 and multiple
Whnts.

(A) Examples of sys-1p::GFP::POP-1 (gls74) localizations in the indicated genotypes.
Animals were cultured at 22.5°C, except for lin-17; egl-20 cwn-2, which was cultured at
15°C. (B) Violin plots illustrate the distribution of signed ratios on a logarithmic scale
of GFP::POP-1 signals proximal to distal daughters. The violin plots show the
distribution of experimental data at two temperatures 22.5°C (22 in the figure) and
15°C, represented on the left and right halves of each violin, respectively. The black
dashed lines represent the zero residual lines (where the predicted values equal the
observed values), and the red dashed lines indicate the 95% confidence interval (CI)

calculated from signals of symmetrically localizing sys-Ip::GFP(NLS). Values within
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the 95% CI (between the red lines; light green regions) indicate symmetric localization.
Values below the lower red line (light blue regions) indicate reversed localization, while
values above the upper red line (light red regions) indicate normal localization. See
Materials and Methods for details. For the strains indicated by asterisks, homozygous
progeny from balanced heterozygotes (see Supplementary File 1) was analyzed. (C)
Examples of SYS-1 localizations in the indicated genotypes were observed using
VENUS::SYS-1 (¢gls95). Animals were cultured at 22.5°C, except for lin-17; egl-20
cwn-2, which was cultured at 15°C. (D) Abnormal SYS-1 localization in compound
mutants. SYS-1 localizations was analyzed using ¢/s95 (Venus::SYS-1). Sym: the
fluorescence was observed in both daughter cells. Rev: the fluorescence was observed
in the proximal daughter cells. n: number of animals scored. Since SGP daughter cells
are often present at distinct focal planes, we normalized the depth effects on
fluorescence intensities (see Materials and Methods for details) for the quantification
shown in (B). The images in (A) and (C) are from animals with SGP daughters at

similar depths. Scale bars indicate 2 pm. Source data is available (Figure 3—Source Data

1)

Figure 4. Abnormal positions of DTCs in /lin-17; cwn-2 egl-20 mutant cause the Dpd
phenotype.

(A) POP-1 asymmetry in Z1.p daughter cells was observed at the late L1 stage. LH
(normal) POP-1 polarity (left panel) and HL (reversed) POP-1 polarity (right panel)
indicate that Zl.pa and Zl.pp become DTCs, respectively. After the recovery and
growth of the animals, the migratory directions of DTCs were evaluated at the L4 stage
by extending gonad arms.

(B) Green fluorescence of lag-2p::mkikGR (osIs168) in Z1.p of lin-17; cwn-2 egl-20
animals was photoconverted to red by irradiation with a 405 nm light laser. After the
recovery and 10 hours of growth of the animals, Z1.p daughter cells were observed for
the presence of newly synthesized green mkikGR fluorescence indicating the DTC fate.
Subsequently, following the recovery and growth of the animals, the Dpd phenotype
was assessed at the L3-L4 stages based on the positions of DTCs expressing green
mkikGR fluorescence.

(C) The Z1.p cells of lin-17; egl-20 cwn-2; tkls12 animals were laser-ablated at the late
L1 stage. After the recovery and growth of the animals, either Z1.ap (left) or Z1.aa
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(right) cell was laser ablated. The migratory directions of DTCs derived from Z1.aa
(left) or Zl.ap (right) were evaluated at the L4 stage by the positions of DTCs
expressing mig-24::Venus. The animals were grown at 15°C (A-B) or 22.5°C (C). Scale

bars indicate 2 pm. Source data is available (Figure 4—Source Data 1)

Figure 5. Ectopic positions of DTCs cause the Dpd phenotype.

Migratory directions and numbers of DTCs in cki-1(RNAi) (A) and Z4 cell-ablated cki-
1(RNAi) (B) animals grown at 15°C judged by mig-24::Venus at the L4 or young adult
stages. Each arrow represents the migratory direction of an individual DTC. (C) An
example of Z4 cell-ablated cki-1(RNAi) animal carrying anteriorly and posteriorly

migrated DTCs (arrow heads) expressing mig-24::Venus. Scale bars indicate 10 pum.

Figure 6. Germ cell-independent migration of DTCs.

(A-B) lin-17; egl-20 cwn-2 and (C-E) germless mes-1 animals carrying /am-1::mCherry
(gvIs127) and mex-5::GFP::PH (xnSil) and mig-24::Venus (tkls12 in (A) and osEx283
in (B-E)) were grown at 15°C (A-B) or 22.5°C (C-E). The signals of mex-5::GFP::PH
and mig-24::Venus can be distinguished by membrane and cytoplasmic fluorescence,
respectively. Germless mes-1 phenotype was confirmed by the absence of the mex-
5::GFP::PH signal in the gonad. Merged images are shown in (A-B). In (C-E), merged
images of DIC and green channels, red channel and those of all channels are shown. In
(E), merged images of two different focal planes are shown. Scale bars indicate 20 pm.
Arrows indicate DTCs, and a dotted arrow in (B) indicates a DTC out of focus.

Asterisks in (C-E) indicate positions of vulval investigation.

Figure 7. A model of SGP polarity regulation.

LIN-17 regulates SGP polarity in a Wnt-independent manner. CWN-2 promotes LH and
HL polarity in Z1 and Z4, respectively, while CWN-1 promotes HL polarity in both Z1
and Z4. EGL-20 inhibits the function of CWN-1. MOM-5 might serve as the receptor
for both CWN-1 and CWN-2.

Figure 3-Supplemental Figure 1.
Examples of POP-1 localizations in the indicated genotypes observed using sys-

1p::GFP::POP-1 (qls74). Asterisk indicates germ cell. Animals were cultured at 22.5°C.
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Scale bars indicate 5 pm.

Figure 3-Supplemental Figure 2

Comparison of Absolute Differences in POP-1 Asymmetry Regulated by /in-17 and
Multiple Wnts.

Violin plots illustrate the distribution of absolute ratios on a logarithmic scale of
GFP::POP-1 signals between proximal and distal daughters. The violin plots show the
distribution of experimental data at two temperatures 22.5°C (22 in the figure) and
15°C, represented on the left and right halves of each violin, respectively. The black
dashed lines represent the zero residual lines (where the predicted values equal the
observed values), and the red dashed line indicates the 95% confidence interval (CI)
calculated from signals of symmetrically localizing sys-1p::GFP(NLS). Values between
the black lines and the red lines indicate symmetric localization (light green regions),
while values upper than the 95% CI indicate polarization (light blue regions). See
Materials and Methods for details. For the strains indicated by asterisks, homozygous
progeny from balanced heterozygotes (see Supplementary File 1) was analyzed. Source

data is available (Figure 3—Source Data 1).

Figure 3-Supplemental Figure 3. CWN-1 expression is not affected in lin-17; egl-20
cwn-2 animals.

Merged confocal images of L1 animals expression cwn-I promoter::CWN-1::Venus
(osls22) are shown. The animals were grown at 15°C. osls22 is an UV-induced
integration of an extrachromosomal array containing cwn-/ promoter::CWN-1::Venus
(Yamamoto et al., 2011). The fluorescence was observed by confocal microscopy (Zeiss
LSM510).

Figure 3—Source Data 1

Data utilized to generate the graph in Figure 3B and D

Figure 4-Source Data 1

Source data for abnormal migration of DTCs in /in-17; cwn-2 egl-20 mutants in Figure

4



779



780  Table 1. Missing DTC phenotype of compound mutants

Genotype Anterior Posterior n
WT N2 0.0% 0.0% 100
Wnt receptors /in-17(n3091)2 4.7% 2.8% 107

Iin-17at 15°C a 11.1% 1.9% 54

mom-51 0.0% 0.0% 54

Ilin-17 mom-54 100% 100% 30

+0sls113 (A CRD-LIN-17)ad 0.0% 0.0% 34

1in-17(0s2) mom-5 4 2.0% 1.0% 100

lin-17(mn589) mom-54 0.0% 0.0% 50

mig-11lin-17(n671) 9.0% 9.0% 67

lin-17; cfz-2 9.4% 4.7% 64

Ilin-17; lin-18 4 7.6% 3.8% 53

lin-17; cam-1" 5.7% 0.0% 300
Fz + Wnt Iin-17; ewn-1b 7.2% 0.9% 111

Iin-17; cwn-22 45.8% 4.3% 94

+ 0sls113 (A CRD-LIN-17) 2 0.0% 0.0% 40

Ilin-17; cwn-2at 15°C 2 88.5% 54.1% 61

+ 0sls113 (A CRD-LIN-17) at 15°C 2 0.0% 0.0% 45

lin-17(n671); cwn-22 48.8%  7.3% 41

Ilin-17; egl-20" 4.4% 0.0% 340

Ilin-17; egl-20 cwn-2 < 2.9% 0.0% 70

1lin-17; egl-20 cwn-2 at 15°C ac 0.3% 3.0% 332

Iin-17; cwn-1; egl-20* 5.8% 1.5% 69

lin-17; cwn-1; egl-20 at 15°C 2 1.3% 1.3% 78

Iin-17; ewn-1; cwn-2 a4 89.1% 78.3% 46

Iin-17; ewn-1; ewn-2 at 15°C ad 100% 97.6% 42

Iin-17; ewn-1; egl-20 cwn-2 24 86.8% 84.9% 53

Ilin-17; ewn-1; egl-20 cwn-2 at 15°C ad 97.8% 95.7% 46

+ 0sEx395 (ceh-22p-:CWN-1::Venus) at 15°C 96.0% 100% 25

a,d

+ 051593 (egl-20p::=CWN-2::Venus) at 15°Cad  88.9% 74.1% 27

mom-b; cewn-1, egl-20 cwn-2 bd 0.0% 0.0% 22

781 n3091 was used as a /in-17 mutation unless otherwise indicated.

782 The strains were grown at 22.5°C unless otherwise indicated.

783 *The strains had tkls12 encoding the mig-24p::Venus that expresses in DTCs.

784 ®The strain had vpIs! encoding elt-3::GFP that was used to observe hypodermal defects.
785  °Dpd animals were considered to have both anterior and posterior DTCs.

786  YHomozygous progeny from balanced heterozygotes (see Supplementary File 1).

787  n: number of animals scored.

788
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