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Members of the Wnt family of secreted glycoproteins regulate cell
migration through distinct canonical and noncanonical signaling
pathways. Studies of vertebrate development and disease have
shown that these pathways can have opposing effects on cell
migration, but the mechanism of this functional interplay is not
known. In the nematode Caenorhabditis elegans, a switch from
noncanonical to canonical Wnt signaling terminates the longrange migration of the QR neuroblast descendants, providing a
tractable system to study this mechanism in vivo. Here, we show
that noncanonical Wnt signaling acts through PIX-1/RhoGEF, while
canonical signaling directly activates the Slt–Robo pathway component EVA-1/EVA1C and the Rho GTPase–activating protein RGA9b/ARHGAP, which are required for migration inhibition. Our results support a model in which cross-talk between noncanonical
and canonical Wnt signaling occurs through antagonistic regulation of the Rho GTPases that drive cell migration.
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C

ell migration is a fundamental process in development and
adult tissue homeostasis. During embryogenesis, for example, neural crest cells migrate throughout the embryo to form cell
types like neurons, bone cells, and the melanocytes of the skin
(1). Once development is completed, cell migration remains
important, especially in tissue repair and immune functions,
while defects in cell migration are closely linked to disease.
Migration is regulated by specific membrane-bound or secreted guidance cues, most of which have been highly conserved
during evolution. Among these is the Wnt family of secreted
glycoproteins that can trigger different signaling pathways in
responding cells. In canonical Wnt signaling, binding of Wnt to
the receptors Frizzled and LRP6 leads to stabilization of
β-catenin, which in turn interacts with members of the TCF
family of transcription factors to coactivate the expression of
specific target genes (2). Wnt can also signal independently of
β-catenin through different noncanonical pathways. These are
activated by binding of Wnt to specific Frizzled members or alternative receptors such as the receptor tyrosine kinases Ror and
Ryk (3).
In neural crest cells, Wnt controls migration through a noncanonical pathway that regulates the activity of Rho family
GTPases. This polarizes the cell and ensures that protrusive
activity is restricted to the lamellipodium at the leading edge of
the cell (4). Interestingly, activation of canonical Wnt signaling
has been shown to inhibit neural crest cell migration (5), indicating that canonical and noncanonical Wnt signaling have opposing effects on migration. A similar antagonistic relationship
has been observed in melanoma progression, where canonical
Wnt signaling is associated with a proliferative but noninvasive
phenotype, while noncanonical Wnt signaling is correlated with
metastasis (6, 7). The mechanism of this functional interplay
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between canonical and noncanonical Wnt signaling in migration
is, however, still poorly understood.
The QR neuroblast lineage of the nematode Caenorhabditis
elegans provides a tractable model system to study this cross-talk
mechanism at the single-cell level in vivo. During the first stage
of larval development, the QR neuroblast divides into an anterior (QR.a) and a posterior (QR.p) daughter cell. Both cells
migrate toward the anterior and divide at stereotypic positions to
generate three functionally distinct neurons (SI Appendix, Fig.
S1A) (8). The migration of the QR descendants depends on Wnt
signaling (9–11), and detailed studies of the long-range migration
of the QR descendant QR.p revealed that this process is mediated through two parallel acting noncanonical Wnt pathways: an
EGL-20/Wnt and CAM-1/Ror–dependent pathway that is required for persistent anterior polarization, and a CWN-1/Wnt
and MOM-5/Frizzled–dependent pathway that regulates migration independent of polarity (12). Importantly, once the QR.p
daughter cell QR.pa reaches its final position, migration is
stopped through a cell intrinsically regulated switch to BAR-1/
β-catenin–dependent canonical Wnt signaling.
Here, we have investigated how activation of canonical Wnt
signaling stops QR descendant migration. We found that
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activation of canonical Wnt signaling inhibits migration without
affecting the ability of the cell to polarize toward the anterior.
Consistently, genetic analysis demonstrated that it counteracts
the CWN-1/Wnt–MOM-5/Frizzled–dependent migration pathway and its downstream effector, the Rho activating protein PIX1. Messenger RNA (mRNA) sequencing of isolated QR descendants showed that canonical Wnt signaling induces a specific
transcriptional program. We found that two direct target
genes—eva-1, which encodes an essential component of the
Slt–Robo pathway, and rga-9 (isoform b), a conserved Rho
GTPase activating domain containing protein—are required for
migration inhibition. These results show that termination of QR
descendant migration is mediated through activation of Slt–
Robo signaling and a shift in the balance between the migrationpromoting activity of PIX-1/RhoGEF and the migrationinhibiting activity of EVA-1/EVA1C and RGA-9b/ARHGAP.
Given the evolutionary conservation of these different signaling
components, we speculate that cross-talk at the level of Rho
GTPases may also be important in the interplay between canonical and noncanonical Wnt signaling in vertebrate cell
migration.
Results
Canonical Wnt/β-Catenin Signaling Inhibits QR.p Migration Cell
Autonomously. We have previously shown that a switch from

noncanonical to canonical Wnt signaling is necessary for terminating the anterior migration of QR.pa (12). QR.pa migrates
only a short distance and therefore offers limited possibilities for
studying migration dynamics and the mechanism of migration
inhibition. We therefore focused on the long-range anterior
migration of its precursor, QR.p, which was found to be similarly
inhibited by constitutive activation of canonical Wnt signaling
(12). In these experiments, canonical Wnt signaling was activated
using a mutation in pry-1, an ortholog of the β-catenin destruction complex component Axin (13). During early larval development, pry-1 is expressed in the QR lineage but also in other
tissues, including the hypodermal and dorsal body wall muscle
cells along which QR.p migrates. We therefore investigated
whether the effect of canonical Wnt signaling on QR.p migration
is fully cell autonomous. To specifically activate canonical Wnt
signaling in the Q cell lineage, we used the egl-17 promoter (14)
to express a constitutively active, N terminally truncated form of
BAR-1/β-catenin (ΔN-BAR-1 Q) (12, 15). Moreover, a
loss-of-function mutation in the Hox gene mab-5 was used to
prevent activation in the QR lineage of the posterior migration
pathway that is normally induced by canonical Wnt signaling in
the related QL lineage (16, 17). As previously observed (12, 16,
18), this did not significantly influence QR descendant migration
(Fig. 1C). We found that Q lineage specific expression of
ΔN-BAR-1 strongly reduced the speed and distance of QR.p
migration (Fig. 1 A–C). Furthermore, the decrease in QR.p
migration distance was similar to what has been reported in pry1/Axin mutants (12). We conclude that canonical Wnt signaling
acts cell autonomously in migration termination and that Q
lineage specific activation of this pathway inhibits QR.p
migration.
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Canonical Wnt/β-Catenin Signaling Inhibits the Dynamic Formation
and Collapse of Filopodia at the QR.p Membrane. At the onset of

migration, QR.p and its sister cell QR.a polarize and form a
lamellipodium-like protrusive front at the anterior side that is
maintained until migration stops and the cell enters mitosis
(Fig. 1A). Time-lapse and static imaging showed that constitutive
activation of canonical Wnt signaling does not influence the
polarization of QR.p. Thus, we found that in ΔN-BAR-1–
expressing animals, QR.p still forms a major lamellipodium-like
protrusion at the anterior side of the cell (Fig. 1 A and E).
Moreover, the overall polarity—as measured by the ratio
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between the posterior and anterior sides of the cell—was similar
in wild type and ΔN-BAR-1–expressing animals (Fig. 1D).
Consistently, we found that the distribution of filamentous actin
and its enrichment at the protrusive front of QR.p was not affected by activation of canonical Wnt signaling (Fig. 1E). Taken
together, we conclude that the inhibitory effect of canonical Wnt
signaling on QR.p migration is independent of polarization and
protrusive front formation.
Time-lapse imaging of protrusive activity at the QR.p membrane showed that fewer filopodia-like protrusions were formed
when canonical Wnt signaling was activated (Fig. 2 A and B).
Furthermore, we found that these filopodia were more stable
and significantly longer than in wild-type animals (Fig. 2 A and
C). We hypothesize that this reduction in filopodial dynamics
contributes to the decrease in QR.p migration speed.
Canonical Wnt/β-Catenin Signaling Genetically Interacts with the
CWN-1/Wnt–MOM-5/Frizzled–Dependent Migration Pathway. Previ-

ous work has shown that QR.p migration is dependent on noncanonical Wnt signaling and a pathway defined by the Lrp12
ortholog MIG-13 (Fig. 3A) (10, 12, 19). However, these pathways
control distinct dynamic aspects of the migration process. On the
one hand, the anterior polarization of QR.p is dependent on
MIG-13 (19) as well as the Wnt ligand EGL-20 and the noncanonical Wnt receptor CAM-1/Ror (12). We found that MIG13 and CAM-1/Ror are part of distinct pathways, as double
mutants of mig-13 and cam-1 show an additive phenotype
(Fig. 3C and SI Appendix, Fig. S1B). On the other hand, migration itself is dependent on CWN-1/Wnt and the receptor
MOM-5/Frizzled, which are part of a noncanonical Wnt pathway
that controls the speed of QR.p migration without affecting its
polarity (12). To investigate whether canonical Wnt signaling
genetically interacts with these polarity and migration pathways
or inhibits QR.p migration through a different mechanism, we
combined expression of ΔN-BAR-1 with mutations in cam-1/
Ror, mig-13/Lrp12, or cwn-1/Wnt. We found that the ΔN-BAR1–induced defect in QR.p migration was strongly enhanced by
cam-1 (Fig. 3 B and C) and that there was also a clear synergistic
interaction between ΔN-BAR-1 and mig-13. Loss of cwn-1 in
ΔN-BAR-1–expressing animals, on the other hand, had only a
mild additional effect. This is consistent with the phenotypic
similarity between ΔN-BAR-1 and cwn-1/Wnt (and mom-5/
Frizzled) mutants, both of which inhibit QR.p migration without
affecting the ability of the cell to persistently polarize toward the
anterior. We did observe a mild but significant effect of
ΔN-BAR-1 in the cwn-1 background, which may result from
partial redundancy between CWN-1 and other Wnt ligands in
the MOM-5/Frizzled pathway (12). We conclude that canonical
Wnt signaling functions in the same genetic pathway as cwn-1 but
in parallel to the cam-1/Ror and mig-13/Lrp12 polarity pathways.
Activation of Canonical Wnt Signaling Induces a Specific Transcriptional
Program in the Q Cell Lineage. In canonical Wnt signaling, inter-

action of β-catenin with members of the TCF/Lef1 family of
transcription factors induces the expression of specific target
genes (2). To investigate whether the ΔN-BAR-1–induced inhibition of QR.p migration is dependent on POP-1—the single
C. elegans TCF/Lef1 ortholog—we combined ΔN-BAR-1 with
pop-1(hu9). This allele contains a mutation in the BAR-1 binding
domain that specifically inhibits canonical Wnt signaling (20). As
shown in Fig. 4A, pop-1(hu9) strongly rescued QR.p migration,
demonstrating that the effect of ΔN-BAR-1 on QR.p migration
is mediated through POP-1/TCF–dependent transcription.
To gain insight into the transcriptional changes that are induced by canonical Wnt signaling, we performed mRNA sequencing on Q cell descendants isolated from control and
ΔN-BAR-1–expressing animals. As detailed in Materials and
Methods, similar populations of early Q cell descendants
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Fig. 1. Activation of canonical Wnt signaling inhibits QR.p migration. (A) Time-lapse imaging of QR.p migration in wild type and animals specifically
expressing ΔN-BAR-1 in the Q lineage (ΔN-BAR-1 Q). The seam (V) cells and QR.a and QR.p are marked with nuclear (H2B) and membrane-localized (PH) GFP
(huIs63) (38). Anterior is left and dorsal is up (scale bar, 15 μm). (B) The average speed of QR.p during the first hour of migration. The bars represent mean ±
SEM (n > 50 for all genotypes). The statistical significance was calculated using an unpaired t test (***P < 0.001). (C) The position of QR.p division with respect
to the seam cells. Position at the anterior (a), middle (m), or posterior (p) side of the seam cell are indicated as percentiles of the total number of cells analyzed
(n > 50 for all genotypes). The statistical significance was calculated using Fisher’s exact test (n.s., P ≥ 0.05, ****P < 0.0001). (D) Quantification of QR.p polarity
as calculated by the ratio of the distance from the nucleus to the posterior and the anterior side of the cell. The black lines indicate mean ± SEM (n > 30 for all
genotypes). The statistical significance was calculated using an unpaired t test (n.s., P ≥ 0.05). (E) Representative images of filamentous actin (F-actin) localization in QR.p in wild type and ΔN-BAR-1 (Q)–expressing animals. A moesin actin binding domain fused to GFP (moeABD::GFP) was used to visualize
F-actin (44) and myristoylated mCherry as a marker for the Q cells. The ratio of moeABD::GFP along the anteroposterior and dorsoventral axes was quantified.
The bars represent mean ± SEM (n > 20 for all genotypes) (scale bar, 10 μm). The statistical significance was calculated using an unpaired t test (n.s., P ≥ 0.05).
The ΔN-BAR-1 (Q)–expressing strains contain mab-5(gk670).
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Fig. 2. Activation of canonical Wnt signaling influences filopodial dynamics. (A) Time-lapse imaging of QR.p in wild type and ΔN-BAR-1 (Q)–expressing
animals. Newly formed filopodia-like protrusions are indicated by pink arrowheads, and stable protrusions are indicated by yellow arrowheads. The seam (V)
cells and QR.p are marked with nuclear (H2B) and membrane-localized (PH) GFP (huIs63) (38). The ΔN-BAR-1 (Q)–expressing strain contains mab-5(gk670).
Anterior is left and dorsal is up (scale bar, 5 μm). (B) Quantification of protrusive activity, as measured by the number of filopodia-like protrusions formed per
minute. Data are represented as mean ± SEM (n = 8 for all genotypes). The statistical significance was calculated using an unpaired t test. (C) Length of
filopodia. Data are represented as mean ± SD (n > 245 for all genotypes). The statistical significance was calculated using an unpaired t test. ***P < 0.001.

(predominantly Q.a and Q.p) were obtained by tightly synchronizing larvae before generating cell suspensions for fluorescenceactivated cell sorting (FACS) (SI Appendix, Fig. S2 A–C).
Moreover, since both strains contain a loss-of-function mutation
in mab-5, the related QL lineage adopts the same anterior migration program as the QR lineage (16, 17). The isolated cells
are therefore a mixture of QR descendants and functionally
transformed QL descendants. Three biological replicates were
obtained for both control and ΔN-BAR-1–expressing cells, and a
global analysis of transcriptional differences showed that these
datasets form distinct, nonoverlapping clusters in principal
component space (Fig. 4B). Differential gene expression analysis
of the two genotypes revealed 78 differentially expressed genes,
72 of which were significantly up-regulated in the ΔN-BAR-1–
expressing cells (false discovery rate [FDR] < 0.1) (Fig. 4C, SI
Appendix, Fig. S3A, and Dataset S1). Most of these genes (59/78)
contain at least one putative TCF binding motif (21) within a 1.5kb region upstream of the start codon, supporting the notion that
these represent direct Wnt target genes (Dataset S2). Gene
Ontology term analysis revealed an enrichment of genes involved
in neural development and neuronal function (SI Appendix, Fig.
S3B), including genes associated with the terminally differentiated state of the final Q cell descendants.
The Canonical Wnt Target Genes eva-1 and rga-9b Are Required for
Migration Inhibition. To identify potential mediators of ΔN-BAR-

1–induced migration inhibition, we manually selected genes
based on domain structure or previously reported roles in cell
migration. Among these genes were the following: 1) C02B10.3,
4 of 12 | PNAS
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an uncharacterized locus predicted to encode a secreted EGFlike repeat containing protein; 2) eva-1, which encodes a conserved transmembrane protein that functionally interacts with
the SAX-3/Robo and UNC-40/DCC migration pathways (22,
23); and 3) the isoform b of the uncharacterized gene 2RSSE.1,
which encodes a Rho GTPase-activating domain (GAP) containing protein that is related to Drosophila and mammalian
ARHGAP family members. This gene was named rga-9. Since
C02B10.3, eva-1, and rga-9 isoform b (rga-9b) were significantly
up-regulated in ΔN-BAR-1–expressing cells (Fig. 4 C and D), we
first investigated whether expression of these genes inhibits
QR.p migration. Q lineage–specific expression of C02B10.3 had
no effect on QR.p migration (SI Appendix, Fig. S1C). However,
we found that migration distance was strongly reduced when eva1 or rga-9b were expressed (Fig. 5 A and C). Furthermore, and
similar to ΔN-BAR-1, expression of eva-1 or rga-9b strongly
decreased the speed of QR.p migration (Fig. 5D) without affecting QR.p polarization (Fig. 5E).
Next, we tested whether eva-1 and rga-9b are required for the
ΔN-BAR-1–induced inhibition of QR.p migration. Because no
mutant allele of rga-9 was available, we used CRISPR/Cas9mediated genome editing and homologous recombination to
generate a predicted null allele (deletion of the complete coding
sequence, see Materials and Methods). Loss of eva-1, rga-9b, or
the combined loss of eva-1 and rga-9b did not affect the normal
migration of QR.p (SI Appendix, Fig. S1D). However, as shown
in Fig. 5C, loss of eva-1 or rga-9b strongly rescued QR.p migration in ΔN-BAR-1–expressing animals.
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Fig. 3. Canonical Wnt signaling counteracts the CWN-1/Wnt–MOM-5/Frizzled–dependent migration pathway. (A) A schematic representation of the parallel
Wnt pathways and the mig-13/Lrp12 pathway that control QR.p polarity and migration. (B) Time-lapse imaging of QR.p migration in wild type, ΔN-BAR-1 (Q),
and ΔN-BAR-1 (Q) combined with mutations in cwn-1, cam-1, or mig-13. The seam (V) cells and QR.a and QR.p are marked with nuclear (H2B) and membranelocalized (PH) GFP (huIs63) (38). The position of QR.p at time points 0 min and 120 min is indicated by white and yellow arrows, respectively. Anterior is left
and dorsal is up (scale bar, 15 μm). (C) Position of QR.p division with respect to the seam cells, indicated as percentiles of the total number of cells analyzed
(n ≥ 50 for all genotypes). The ΔN-BAR-1 (Q), cwn-1, cam-1, and mig-13 strains contain mab-5(gk670). The statistical significance was calculated using Fisher’s
exact test (n.s., P ≥ 0.05, ***P < 0.001, and ****P < 0.0001).

Both the eva-1 and rga-9 loci contain consensus TCF binding
motifs with predicted adjacent helper sites, a hallmark of functional POP-1 binding sites (21). To investigate if eva-1 and rga-9b
are direct target genes of canonical Wnt signaling, we used
CRISPR-Cas9–mediated genome editing and oligonucleotide
mediated repair to specifically mutate these sites (positioned 869
base pairs [bp] upstream of eva-1 and 3,177 bp upstream of rga-9)
(Fig. 5B). In the case of eva-1, loss of the predicted POP-1
binding site (hu266) strongly suppressed the ΔN-BAR-1–induced
inhibition of QR.p migration (Fig. 5C). Indeed, the phenotype of
the TCF binding site mutation was similar to the eva-1 null
mutant. Mutation of the predicted TCF site of rga-9 (hu293)
weakly suppressed the ΔN-BAR-1–induced inhibition of QR.p
migration. Since the rga-9 locus contains two additional predicted TCF binding sites with consensus helper site sequences
(one upstream and one downstream with a lower prediction
value, Fig. 5B), we hypothesize that POP-1 may act through
multiple sites in the rga-9 promoter. Taken together, these results show that eva-1 and rga-9b are canonical Wnt target genes
required for inhibiting QR.p migration.
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EVA-1/EVA1C and the SLT-1/Slit-SAX-3/Robo Pathway Are Necessary
for Canonical Wnt Pathway–Dependent Inhibition of QR.p Migration.

eva-1 encodes an evolutionarily conserved transmembrane protein with predicted galactose-binding lectin domains that is
orthologous to human EVA1C (also known as C21ORF63) (22).
Previous studies have shown that EVA-1 functionally interacts
with both the UNC-40/DCC and SAX-3/Robo guidance pathways (22, 23). In combination with UNC-40, EVA-1 mediates the
response of growing axons to the ligand MADD-4 (23). Since
neither MADD-4 nor the canonical UNC-40 ligand UNC-6/
netrin is required for QR descendant migration (24, 25), we
focused on the role of EVA-1 in SAX-3/Robo signaling. EVA-1
physically interacts with SAX-3 and functions as a coreceptor
that confers specificity for the ligand SLT-1/Slit (22). Consistent
with a shared site of action, we found that sax-3 is expressed in
the QR descendants (see Fig. 7B) and that Q-lineage-specific
expression of sax-3 (Pegl-17::sax-3, abbreviated as sax-3 Q) rescues the sax-3(ky123) phenotype (see Fig. 7D). Moreover, the

ligand slt-1 is expressed in the dorsal body wall muscle cells along
which QR.p and QR.pa migrate (26). While a minor role for slt-1
and sax-3 has been reported for QR.ap (AQR) migration (27), a
function of these genes in the QR.p lineage has not been described. We found that loss of slt-1 strongly rescued QR.p migration in ΔN-BAR-1–expressing animals (Fig. 5C), a phenotype
similar to what we observed in eva-1 null mutants. A slight (but
statistically significant) suppression was also found with sax3(ky123). We hypothesize that this weaker phenotype may result
from residual sax-3 activity, as the ky123 allele shows an overall
milder phenotype than the deletion allele gk5367 that removes
most of the gene. Given the function of EVA-1 as a SLT-1
coreceptor and the similarity in phenotype of the eva-1 and slt-1
null mutants, we conclude that EVA-1–dependent activation of
SLT-1-SAX-3/Robo signaling is required for the ΔN-BAR-1–
induced inhibition of QR.p migration.
RGA-9b/ARHGAP and the CWN-1/Wnt–MOM-5/Frizzled Pathway
Component PIX-1/RhoGEF Have Opposing Activities in QR.p
Migration. rga-9b encodes a Rho GAP domain-containing pro-

tein that is related to Drosophila and mammalian ARHGAPs.
Rho family members—which include different forms of Rho,
Rac, and Cdc42—are small GTPases that play a central role in
cell polarity and migration (28). They are regulated by specific
binding partners that either promote (guanine nucleotide exchange factors [GEFs]) or inhibit (GAPs) their activity. Previous
studies have shown that the initial polarization and migration of
the Q neuroblasts, and the long-range migration of their descendants, are dependent on the redundantly acting Rho family
members MIG-2 and CED-10 (29). Polarization and migration
also require UNC-73, a GEF related to Drosophila Trio (25, 29).
In unc-73 mutants, the Q neuroblasts fail to form a major
lamellipodium-like protrusion, leading to a strong defect in QR
polarization (25, 29) and the subsequent migration of QR.p
(Fig. 6E). This function in lamellipodium formation and polarization is distinct from ΔN-BAR-1 and the CWN-1/Wnt–MOM5/Frizzled pathway, which do not influence QR.p polarity (Figs.
1D and 6D).
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Fig. 4. Canonical Wnt signaling activates a specific transcriptional program in the Q neuroblast lineage. (A) The position of QR.p division with respect to the
seam cells, indicated as percentiles of the total number of cells analyzed (n > 50 for all genotypes). The ΔN-BAR-1 (Q) strains contain mab-5(gk670). The
statistical significance was calculated using Fisher’s exact test (n.s., P ≥ 0.05, ****P < 0.0001). (B) Principal component analysis plot of transcriptome similarities
of mab-5(gk670) control (Control) and mab-5(gk670); ΔN-BAR-1 Q (ΔN-bar-1 Q). (C) Differentially expressed genes between mab-5(gk670) control and mab5(gk670); ΔN-BAR-1 (Q), using an adjusted P value threshold of 0.1 (Padj > 0.1). (D) The normalized expression levels detected by RNA-seq. The bars represent
mean ± SEM.

UNC-73 acts synergistically with another GEF, the p21activated kinase interacting exchange factor (PIX) ortholog
PIX-1 in QR and QR.ap/AQR migration (29). We found that
pix-1 null mutants also show a significant decrease in QR.p migration distance (Fig. 6 A and C). Furthermore, the speed of
QR.p migration was reduced, but there was no effect on lamellipodium formation and persistent anterior polarization
(Fig. 6 A, B, and D). Since this phenotype is comparable to that
of cwn-1 and mom-5 mutants (12), we tested if pix-1 is part of the
same pathway. As shown in Fig. 6 C and E, QR.p migration and
polarity was similar in cwn-1 single and cwn-1; pix-1 double
mutants, which is in agreement with a function of pix-1 in the
CWN-1/Wnt–MOM-5/Frizzled–dependent migration pathway.
Next, we investigated if RGA-9b/ARHGAP counteracts the
migration promoting activity of PIX-1. We found that the defect
caused by overexpression of rga-9b is similar to that of pix-1
(Fig. 6E). Moreover, overexpression of rga-9b did not further
decrease QR.p migration in a pix-1 mutant background, indicating that the inhibitory effect of RGA-9b depends on the Rho
activating function of PIX-1.
6 of 12 | PNAS
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eva-1 and rga-9b Are Also Necessary for the Canonical Wnt
Pathway–Dependent Termination of QR.pa Migration. Our previous

results show that canonical Wnt signaling is activated during the
transition from QR.p to QR.pa (Fig. 7A) (12). To investigate
whether the transcriptional program that is induced by
ΔN-BAR-1 reflects the physiological response to canonical Wnt
signaling in QR.pa, we examined normalized mRNA sequencing
data from different stages of Q lineage progression (30). As
before, we FACS isolated Q descendants from mab-5(gk670)
mutants in which the QL lineage adopts a QR-like fate (16, 17)
and refer to this mixture of QR and functionally transformed QL
cells as QR descendants. Focusing on samples enriched in early
Q cells (QR) and late Q cell descendants (QR.ap and QR.pa),
we found that 57 of the 78 genes (73%) that were significantly
up-regulated (fold change ≥2) by ΔN-BAR-1 were also upregulated (fold change ≥2) in the QR.pa enriched sample
(Fig. 7C), indicating that these genes are part of the endogenous
response to canonical Wnt signaling in the QR lineage. A total of
43 of the up-regulated genes have predicted TCF binding sites
within 1.5 kb of upstream sequence, but there were also 14 genes
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Fig. 5. eva-1/EVA1C and rga-9b/ARHGAP are required for the canonical Wnt pathway–induced inhibition of QR.p migration. (A) Time-lapse imaging of QR.p
migration in wild type and animals specifically expressing eva-1 or rga-9b in the Q neuroblast lineage using the egl-17 promoter. The seam (V) cells and QR.p
are marked with nuclear (H2B) and membrane-localized (PH) GFP (huIs63) (38) (scale bar, 15 μm). (B) A schematic representation of the eva-1 and rga-9 loci
and the predicted TCF binding sites (HMG motifs) that were mutated. Coordinates are bp from the translational start site of the gene. (C) The position of QR.p
division with respect to seam cells, indicated as percentiles of the total number of cells analyzed (n > 50 for all genotypes). The statistical significance was
calculated using Fisher’s exact test (n.s., P ≥ 0.05, *P < 0.05, ***P < 0.001, and ****P < 0.0001). (D) The average speed of QR.p during the first hour of
migration. The bars represent mean ± SEM (n ≥ 50 for all genotypes). The statistical significance was calculated using an unpaired t test (n.s., P ≥ 0.05, ***P <
0.001). (E) Quantification of QR.p polarity as calculated by the ratio of the distance from the nucleus to the posterior and the anterior side of the cell. The
black lines indicate mean ± SEM (n ≥ 19 for all genotypes). The statistical significance was calculated using an unpaired t test (n.s., P ≥ 0.05, ***P < 0.001).
ΔN-BAR-1 (Q), eva-1 (Q), and rga-9b (Q)–containing strains have mab-5(gk670).
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Fig. 6. The Rho activating protein PIX-1 is part of the CWN-1/Wnt–MOM-5/Frizzled pathway. (A) Time-lapse imaging of QR.p migration in wild type and pix1(ok982) animals. The seam (V) cells and QR.a and QR.p are marked with nuclear (H2B) and membrane-localized (PH) GFP (huIs63) (38). Anterior is left and
dorsal is up (scale bar, 15 μm). (B) The average speed of QR.p during the first hour of migration. The bars represent mean ± SEM (n > 50 for all genotypes). The
statistical significance was calculated using an unpaired t test (n.s., P ≥ 0.05, ***P < 0.001). cwn-1(ok546) data are from ref. 12. (C) The position of QR.p
division with respect to seam cells, indicated as percentiles of the total number of cells analyzed (n > 50 except pix-1, n = 33). The statistical significance was
calculated using Fisher’s exact test (*P < 0.05, ***P < 0.001, and ****P < 0.0001). cwn-1(ok546) data are from ref. 12. (D) Quantification of QR.p polarity as calculated by the ratio of the distance from the nucleus to the posterior and the anterior side of the cell. The black lines indicate mean ± SEM (n > 25 except cwn-1; pix1, n = 16). The statistical significance was calculated using an unpaired t test (n.s., P ≥ 0.05, ***P < 0.001). cwn-1(ok546) data are from ref. 12. (E) The position of
QR.p division with respect to the seam cells, indicated as percentiles of the total number of cells analyzed (n > 50 except unc-73(e936); rga-9b(Q); mab-5(gk670), n =
44). The pix-1 and rga-9b (Q)–containing strains have mab-5(gk670). The statistical significance was calculated using Fisher’s exact test (n.s., P ≥ 0.05).

8 of 12 | PNAS
https://doi.org/10.1073/pnas.2013239118

Rella et al.
A switch from noncanonical to canonical Wnt signaling stops neuroblast migration
through a Slt–Robo and RGA-9b/ARHGAP–dependent mechanism

A

B

D

DEVELOPMENTAL
BIOLOGY

C

E

Downloaded at Universiteitsbibliotheek Utrecht on March 22, 2021

Fig. 7. The Wnt target genes eva-1/EVA1C and rga-9b/ARHGAP are up-regulated during QR lineage progression and required for terminating the anterior migration of the final QR descendants. (A) A schematic representation of the QR lineage and the role of canonical Wnt signaling (BAR-1) in stopping the migration of
QR.pa. (B) The normalized RNA-seq expression levels in populations enriched for early (Q) and late (Q.pa and Q.ap, [Q.xx]) Q descendants in mab-5(gk670). The bars
represent mean ± SEM. (C) Fold change in expression of genes differentially expressed in ΔN-BAR-1 (FDR < 0.1) compared to fold change in expression between
populations enriched for Q and Q.xx. (D) The position of the final QR.p descendants QR.paa and QR.pap (QR.pax) with respect to seam cell nuclei, indicated as
percentiles of the total number of cells analyzed (n > 50 for all genotypes). The statistical significance (compared to wild type) was calculated using Fisher’s exact test
(**P < 0.01, ***P < 0.001, and ****P < 0.0001). (E) A model of cross-talk between noncanonical and canonical Wnt/BAR-1 signaling in QR descendant migration.

in which such sites could not be identified (Dataset S2). Moreover, there were 21 genes (including 16 genes with TCF binding
sites) that did not show increased expression. These may be highthreshold target genes that are only induced when canonical Wnt
signaling is constitutively activated.
eva-1 and isoform b of rga-9—but not isoform a—were upregulated in the QR.pa-enriched population (Fig. 7 B and C).
Given their essential role in the ΔN-BAR-1–induced inhibition of
QR.p migration, we investigated whether eva-1 and rga-9b are also

necessary for the canonical Wnt pathway–dependent termination of
QR.pa migration. Using the position of QR.paa and QR.pap (abbreviated as QR.pax) as a proxy for the final position of QR.pa, we
found that—similar to bar-1/β-catenin null mutants—the QR.pax localized significantly more anterior in eva-1 and rga-9b single mutants.
This effect was enhanced in the double mutant (Fig. 7D), consistent
with a parallel function of eva-1 and rga-9b in migration regulation.
We conclude that eva-1 and rga-9b are key mediators of the canonical Wnt pathway–dependent inhibition of QR.pa migration.
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In agreement with the role of EVA-1 in SLT-1/Slit–SAX-3/
Robo signaling, loss of slt-1 and sax-3 also resulted in overmigration of the QR.pax, while Q-lineage-specific overexpression of sax-3 resulted in undermigration of these cells
(Fig. 7D). Furthermore, the QR.pax overmigration phenotype of
eva-1 and sax-3 was not enhanced in the double mutant, confirming their shared function in the Slit–Robo pathway.
A downstream effector of Slit–Robo signaling in mammalian
axon guidance is the Rho GTPase activating protein srGAP (31).
Given the role of rga-9b/ARHGAP in terminating QR descendant migration, we investigated whether the C. elegans srGAP
ortholog srgp-1 is also involved. We found that loss of srgp-1
induced significant QR.pax overmigration (Fig. 7D), which is
consistent with a role of srgp-1 in the Slit–Robo pathway–
dependent inhibition of QR.pa migration. However, unlike eva1, slt-1, or sax-3, loss of srgp-1 did not suppress the ΔN-BAR1–induced inhibition of QR.p migration (Fig. 5C). Therefore, it
is likely that other downstream effectors of SLT-1/Slit–SAX-3/
Robo signaling are required as well.
Discussion
The migration of the QR neuroblast descendants is regulated
through a complex interplay between canonical and noncanonical Wnt signaling (12). During the first phase of migration, in which the QR descendant QR.p moves a relatively long
distance toward the anterior, migration is dependent on two
noncanonical Wnt pathways that separately control polarity and
motility (12). In the second phase, when the QR.p daughter cell
QR.pa reaches its final anterior position, migration is stopped
through a cell intrinsically regulated switch to canonical Wnt/
β-catenin signaling. Here, we have investigated how activation of
canonical Wnt signaling inhibits migration. We focused on the
long-range anterior migration of QR.p, which offers a more
tractable system for studying migration dynamics than QR.pa.
Our results show that activation of canonical Wnt signaling,
through expression of a constitutively active form of BAR-1/
β-catenin (ΔN-BAR-1), inhibits migration without affecting the
ability of the cell to polarize or maintain an anteriorly directed
lamellipodium-like protrusion. Interestingly, ΔN-BAR-1 did induce a reduction in filopodial dynamics, which may be mechanistically linked to the decrease in migration speed.
To examine the transcriptional response to canonical Wnt
signaling, we isolated QR descendants from control and
ΔN-BAR-1–expressing animals and performed mRNA sequencing. This revealed a specific set of differentially expressed
genes, the majority of which were up-regulated by canonical Wnt
signaling. The bias toward up-regulated genes suggests that most
of the differentially expressed genes are direct targets of canonical Wnt signaling. This is consistent with the presence of
predicted TCF binding motifs in the upstream promoter regions
of the majority of the genes and the relatively short time period
between pathway activation and cell isolation, which likely precludes the detection of secondary transcriptional effects. Importantly, mRNA sequencing of temporally synchronized Q
descendants showed that the majority of these genes were also
up-regulated in QR.pa, indicating that the transcriptional program induced by ΔN-BAR-1 closely resembles the endogenous
response to canonical Wnt signaling.
Gene Ontology term analysis (SI Appendix, Fig. S3B) revealed
an enrichment of genes involved in neuronal development and
neuronal function, including genes associated with the terminally
differentiated fate of the final Q cell descendants (such as mec-1,
mec-3, mec-7, mec-12, and mec-18 for QR.paa/AVM, lad-2 for
QR.pap/SDQR, and gcy-32 for QR.ap/AQR). During their migration, the QR descendants transition from large motile neuroblasts into functionally specialized neurons. The up-regulation
of these neuronal markers indicates that besides a role in regulating migration, canonical Wnt signaling may also promote
10 of 12 | PNAS
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neuronal differentiation. However, expression of ΔN-BAR-1 in
the early QR descendants did not induce morphological changes
that are indicative of premature neuronal differentiation
(Fig. 1A). Moreover, in bar-1/β-catenin null mutants, a terminal
differentiation marker of the QR.paa/AVM neuron (mec-7) was
normally expressed (100% in wild type, 100% in bar-1(ga80), n =
30), and the AVM axon was correctly directed toward the ventral
midline (100% in wild type, 100% in bar-1(ga80), n = 30). These
results show that canonical Wnt signaling is not necessary for
neuronal differentiation but do not rule out the possibility that
activation of the pathway at the end of the migration phase may
enhance robustness of the neurogenesis process.
To identify potential mediators of the canonical Wnt
pathway–dependent inhibition of QR.p migration, candidate
genes were examined based on domain structure or previously
reported roles in cell migration. Among these genes was eva-1,
which encodes an evolutionarily conserved transmembrane
protein with extracellular galactose-binding lectin domains that
is similar to human EVA1C (also known as C21ORF63) (22).
We found that eva-1 is a direct target of canonical Wnt signaling
that is necessary for the ΔN-BAR-1–induced inhibition of QR.p
migration. Furthermore, eva-1 is also required for the canonical
Wnt pathway–dependent termination of QR.pa migration. Thus,
consistent with regulation by endogenous canonical Wnt signaling, mRNA sequencing showed that eva-1 expression was increased in samples enriched for QR.pa. Moreover, similar to loss
of bar-1/β-catenin, the final position of the QR descendants was
significantly more anterior in eva-1 mutants, while the position of
QR.p was unaffected. These results show that eva-1 is a mediator
of canonical Wnt pathway–dependent inhibition of cell migration and validate our approach of using QR.p as a proxy for
studying the endogenous response to canonical Wnt signaling in
QR.pa. Previous studies have shown that eva-1 interacts with two
of the major neuronal guidance pathways. It functions as a coreceptor of SAX-3/Robo that confers specificity to the ligand
SLT-1/Slt (22) and can also associate with the netrin receptor
UNC-40/DCC to promote MADD-4–dependent signaling (23).
Neither MADD-4 nor the canonical UNC-40 ligand UNC-6/
netrin are required for QR descendant migration (24, 25).
However, we found that slt-1/Slt and sax-3/Robo are necessary
for the ΔN-BAR-1–induced inhibition of QR.p migration. Furthermore, loss of slt-1 and sax-3/Robo induced significant overmigration of the final QR descendants. slt-1 is expressed in
dorsal body wall muscle cells (26), while sax-3 is expressed in the
QR descendants. However, given the essential role of EVA-1 as
a SLT-1 coreceptor (22), SLT-1–dependent SAX-3 signaling will
not be activated in the absence of EVA-1. We propose that the
Wnt-dependent induction of eva-1 expression functions as a
switch that specifically turns on SLT-1–SAX-3/Robo signaling
in QR.pa.
In addition to eva-1, the isoform b of the target gene rga-9
(abbreviated as rga-9b) is also required for ΔN-BAR-1 and endogenous canonical Wnt pathway–dependent inhibition of QR
descendant migration. rga-9b encodes a Rho GAP domain–
containing protein that is related to Drosophila and mammalian
ARHGAPs. Rho family members—small GTPases that include
Rho, Rac, and Cdc42—are key regulators of cell polarity and
migration (28). Their activity is stimulated by specific GEFs
(guanine nucleotide exchange factors that promote binding of
GTP) and inhibited by GAPs (GTPase-activating proteins that
induce hydrolysis of the bound GTP). In case of QR and its
descendants, polarization and migration are dependent on the
partially redundantly acting Rho family members MIG-2 and
CED-10 (29, 32), which are in turn regulated by the GEFs UNC73/Trio and PIX-1/Pix (25, 29). In the absence of unc-73, QR and
its descendants fail to form a major lamellipodium-like protrusion. Loss of pix-1, on the other hand, induces a defect in QR.p
migration that is similar to cwn-1 and mom-5 mutants, and
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Materials and Methods
C. elegans Strains and Culture. All C. elegans strains were grown at 20 °C
using standard culture conditions. The Bristol N2 strain was used as wild
type. The alleles and transgenes used in this work are LGI: mig-1(e1787),
pop-1(hu9), pry-1(mu38), eva-1(ok1133), eva-1(hu266), and unc-73(e936);
LGII: cam-1(gm122), cwn-1(ok546), rga-9(hu281), rga-9(hu293), and muIs32
[Pmec-7::gfp]; LGIII: mab-5(gk670); LGIV: huIs179[Pegl-17::ΔN-bar-1; Pmyo2::mCherry]; srgp-1(ok300), and srgp-1(hu294) LGV: heIs63[Pwrt-2::PH::gfp;
Pwrt-2::H2B::gfp; Plin-48::tdTomato] and ayIs9[Pegl-17::gfp; dpy-20(+)]; LGX:
bar-1(ga80), mig-13(mu225), huIs166[Pwrt-2::PH::mCherry; Pwrt-2::H2B::mCherry;
dpy-20(+)], sax-3(ky123), slt-1(eh15), and pix-1(ok982); and unassigned: casIs328

[Pegl-17::myri-mCherry; Pegl-17::mCherry-TEV-his-24, Pegl-17::gfp::moeABD],
huEx731 (subsequently integrated and named huIs214) [Pegl-17::eva-1; Plin32::tdTomato; rol-6(su1006)], huEx737 (subsequently integrated and named
huIs221) [Pegl-17::rga-9b; Plin-32::tdTomato; rol-6(su1006)], huEx740[Pegl17::C02B10.3; Plin-32::tdTomato; rol-6(su1006)], huEx743[Plin-32::tdTomato;
rol-6(su1006)], huEx829[Pegl-17::sax-3; Ptoe-2::gfp; Plin-48::tdTomato], and
huEx830[Pegl-17::sax-3; Ptoe-2::gfp; Plin-48::tdTomato].
C. elegans Expression Constructs and Transgenesis. Expression constructs
pKN576 [Pegl-17::C02B10.3 cds::unc-54 3′ untranslated region (UTR) in
pDESTR4-R3], pKN585 [Pegl-17::rga-9b cds::unc-54 3′ UTR in pDESTR4-R3],
and pKN597 [Pegl-17::eva-1 cds::unc-54 3′ UTR in pDESTR4-R3] were injected
into KN2591 [mab-5(gk670); heIs63] animals at 10 ng/μL. Coinjection markers
pRF4 and pKN611 [Plin-32::tdTomato::unc-54 3′ UTR in pDESTR4-R3] were
both injected at 5 ng/μL, and pBluescriptII was added for a total concentration
of 150 ng/μL. Expression construct pKN525 [Pegl-17::ΔN-bar-1::unc-54 3′ UTR in
pDESTR4-R3] was injected into N2 animals at 20 ng/μL with the coinjection
marker Pmyo-2::mCherry at 20 ng/μL, and pBluescriptII was added for a total
concentration of 150 ng/μL. Expression construct pKN708 [Pegl-17::sax-3
cds::unc-54 3′ UTR in pDESTR4-R3] was injected into sax-3(ky123) animals at
20 ng/μL with the coinjection markers pBC1565 [Ptoe-2::grp::unc-54 3′UTR] at
20 ng/μL and pKN641 [Plin-48::tdTomato::unc-54 3′UTR] at 10 ng/μL, and
pBluescriptII was added for a total concentration of 150 ng/μL. The rga-9b sequence cloned for overexpression is the longest transcript among the three rga9 isoforms and corresponds to 2RSSE.1b.1 on Wormbase. To clone the coding
sequences of the genes chosen for overexpression experiments, Gateway
compatible primers listed in SI Appendix, Table S1 were used. SI Appendix,
Table S2 lists the transgenic reporter strains used in this study.
CRISPR/Cas9-Mediated Genome Editing. The mutant alleles eva-1(hu266), rga9(hu281), rga-9(hu293), and srgp-1(hu294) were generated using dpy-10
coconversion and single-stranded DNA repair templates as previously described (36). PCR fragments containing the T7 promoter and the single guide
RNA (sgRNA) sequence of interest were used to produced sgRNAs via in vitro
transcription. Repair templates and sgRNAs were coinjected with recombinant SpCas9 (37). sgRNAs and repair template sequences are in SI Appendix,
Table S1. The sequence of the eva-1(hu266) and rga-9(hu293) mutations are
depicted in Fig. 7B. rga-9(hu281) is a deletion of the entire rga-9 coding
sequence (∼10-kb deletion). srgp-1(hu294) contains the same 1,406 bp deletion found in srgp-1(ok300).
Analysis of QR Descendant Migration. The position of QR.p was determined
relative to the seam cells V1 to V4 using the seam and Q neuroblast marker
heIs63 (38) as described (12). The speed of QR.p migration was measured in
synchronized larvae by determining the average distance of migration
during the first hour after QR division (12). The final position of the QR.pax
was determined with respect to the seam cell daughters V1.a to V6.p in late
stage L1 larvae using differential interference contrast microscopy (39).
Imaging. For static imaging and time-lapse live imaging of QR.p migration,
larvae synchronized at 4 to 6 h after hatching were mounted in 1 μL of
0.1-μm diameter polystyrene microspheres in aqueous suspension (Polysciences
00876 2.5% wt/vol aqueous suspension) on a 10% agarose pad (40). Animals
were imaged using a PerkinElmer Ultraview Vox spinning disk confocal microscope. Imaging was performed with a 63× objective at 1× zoom, 1× binning,
and 4% 488 nm laser power. Z-stacks (0.33 μm) were made every 2 min for a
duration of 3 h. Image acquisition was performed using Volocity software, and
movies were created using ImageJ software.
FACS Isolation of Q Neuroblast Descendants. Adult animals were lysed with
1 M NaOH and 5% NaClO for 5 to 7 min. The released eggs were washed two
times with sterile M9 and hatched overnight (12 to 15 h) in the same buffer at
room temperature. Starved L1 larvae were then fed for 7 h with NA22
bacteria, collected with sterile M9, and washed three times before further
processing. Cells were isolated based on a protocol optimized for Q lineage
cell isolation (41). Whole animal cell suspensions were collected in cold L-15/
fetal bovine serum (FBS) and passed through a 5 μm syringe filter prior to
sorting. Using a FACS Aria, green fluorescent protein (GFP), and mCherry,
double-positive cells were sorted directly into tubes containing TRIzol and
stored at −80 °C before subsequent processing.
Preparation of Sequencing Libraries and Data Analysis. Each Illumina sequencing library was prepared from a pool of 2,000 cells, according to the cell
expression by linear amplification and sequencing (CEL-seq) protocol (42).
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double-mutant analysis showed that cwn-1 and pix-1 are part of
the same genetic pathway. We found that pix-1 plays a central
role in the interaction with canonical Wnt signaling. Loss of pix-1
induces a similar decrease in QR.p migration as expression of
ΔN-BAR-1 or rga-9b. Furthermore, we found that pix-1 is required for the ability of rga-9b to inhibit QR.p migration. These
results suggest that cross-talk between the CWN-1/Wnt–MOM5/Frizzled pathway and canonical Wnt signaling occurs at the
level of Rho activation by PIX-1 and Rho inhibition by RGA-9b.
We found that the Rho GAP SRGP-1, which has been shown
to negatively regulate CED-10 (33), also plays a role in terminating QR.pa migration. In mammalian neurons, the SRGP-1
ortholog srGAP functions as a downstream effector of Slt–Robo
signaling. Although SRGP-1 lacks the SH3 domain that is required
for direct physical interaction with Robo (34), the similar phenotype of slt-1/Slt, sax-3/Robo, and srgp-1 in endogenous canonical
Wnt pathway induced migration inhibition indicates that they are
part of the same pathway. This suggests that migration is inhibited
through the combined GAP activity of RGA-9b and SRGP-1.
However, it should be noted that srgp-1 has a weaker phenotype
than slt-1 and sax-3 (loss of srgp-1 is insufficient to suppress the
ΔN-BAR-1–induced inhibition of QR.p migration), indicating that
SLT-1/Slit–SAX-3/Robo signaling may also inhibit migration
through other downstream mechanisms, including Rho-independent
effects on migration or adhesion.
Taken together, we propose that QR descendant migration is
regulated by a balance between noncanonical Wnt pathway–
induced Rho GEF activity, and canonical Wnt pathway induced
up-regulation of Rho GAP activity (Fig. 7E). During the longrange anterior migration phase, signaling of CWN-1/Wnt
through MOM-5/Frizzled promotes migration through PIX1–dependent activation of Rho family GTPases, most likely including CED-10 and MIG-2. Once QR.p nears its final position
and during the early stage of QR.pa migration, canonical Wnt
signaling is activated, leading to the expression of rga-9b and eva1. RGA-9b may directly inhibit the activity of MIG-2 and CED10. In addition, expression of eva-1 will trigger SLT-1/Slit–SAX3/Robo signaling, which may contribute to the inhibition of
CED-10 through SRGP-1 and other as yet to be determined
downstream mechanisms involved in migration inhibition.
Noncanonical and canonical Wnt signaling also have opposing
roles in vertebrate cell migration. For example, activation of
canonical Wnt signaling inhibits the Wnt-dependent migration of
neural crest cells during Xenopus development (5). Interestingly,
and similar to the C. elegans QR neuroblast descendants, neural
crest cell migration is inhibited by Slit–Robo signaling (35), indicating that an analogous link between canonical Wnt signaling
and Slit–Robo pathway activity may be involved here as well.
Another example of the antagonism between canonical and
noncanonical Wnt signaling is observed in melanoma progression, where β-catenin signaling is associated with a proliferative
but noninvasive phenotype, whereas noncanonical Wnt signaling
is correlated with invasion, metastasis, and poor patient survival
(6, 7). Future studies will determine whether a similar convergence on Rho family GTPases underlies the antagonistic role of
canonical and noncanonical Wnt signaling in vertebrate development and cancer cell migration.
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These libraries were sequenced paired end at 50 bp read length on Illumina
HiSEq 2500. The Illumina sequencing reads were aligned to the C. elegans
reference genome WS249. Count data were analyzed using R (version 3.3.2).
Cosmid IDs were converted to gene names. For genes whose gene names
were not available, cosmid ID was used. Only data sets with more than 7,000
genes and 100,000 total transcripts detected were used for differential gene
expression analysis. Differential gene expression analysis was done with
DESeq2 R-package using an FDR based on adjusted P < 0.1. ggplot2 and
pheatmap R-packages were used for data visualization.

Promoter Motif Analysis. For each of the differentially expressed genes, sequences of 1,500 bp upstream of the first annotated translation starting site
were retrieved from Wormbase. Identification of putative TCF binding sites
was done with FIMO (version 5.0.5) (43) by using the TBYTTTGAW consensus
motif (21) applying a threshold of P < 0.0001.
Data Availability. The data discussed in this publication have been deposited
in NCBI’s Gene Expression Omnibus and are accessible through GEO Series
accession no. GSE151216 (45).

Statistical Analysis. Prior to statistical analysis, QR.p division position measurements were binned into 28 equisized and nonoverlapping bins. Statistical
analysis of QR.p division position and final QR.pax position was performed
using Fisher’s exact test. A Monte Carlo approximation, iterated 10,000 times
using R statistical computing software, was used to estimate significance.
Note that for representation purposes, QR.p division position and final
QR.pax position were further binned into 14 and 12 bins, respectively.
Analysis of differences in QR.p polarization variability was performed using
Levene’s test for equal variance. In all other cases, statistical analysis was
examined using the unpaired, two-tailed Student’s t test. Results were
deemed significant at P < 0.05.
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