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Wnt signaling establishes the microtubule polarity in
neurons through regulation of Kinesin-13
Dharmendra Puri1, Keerthana Ponniah1, Kasturi Biswas1, Atrayee Basu1, Swagata Dey1, Erik A. Lundquist2, and Anindya Ghosh-Roy1

Neuronal polarization is facilitated by the formation of axons with parallel arrays of plus-end-out and dendrites with the
nonuniform orientation of microtubules. In C. elegans, the posterior lateral microtubule (PLM) neuron is bipolar with its two
processes growing along the anterior–posterior axis under the guidance of Wnt signaling. Here we found that loss of the
Kinesin-13 family microtubule-depolymerizing enzyme KLP-7 led to the ectopic extension of axon-like processes from the PLM
cell body. Live imaging of the microtubules and axonal transport revealed mixed polarity of the microtubules in the short
posterior process, which is dependent on both KLP-7 and the minus-end binding protein PTRN-1. KLP-7 is positively regulated
in the posterior process by planar cell polarity components of Wnt involving rho-1/rock to induce mixed polarity of
microtubules, whereas it is negatively regulated in the anterior process by the unc-73/ced-10 cascade to establish a uniform
microtubule polarity. Our work elucidates how evolutionarily conserved Wnt signaling establishes the microtubule polarity
in neurons through Kinesin-13.

Introduction
Neurons are polarized cells compartmentalized into long axons
and relatively shorter dendrites. During the development of the
neural circuit, axons are specified by both extrinsic cues and
intrinsic programs (Yogev and Shen, 2017). The microtubule
cytoskeleton, assembled from α and β tubulin dimers, is the
building block of axons and dendrites (Komarova et al., 2002;
Kapitein andHoogenraad, 2015; van Beuningen andHoogenraad,
2016). Microtubule polymers are inherently dynamic in the cell,
undergoing polymerization and depolymerization (Mitchison
and Kirschner, 1984). During the initial stages of polarization,
microtubules are stabilized in one of the nascent neurites fated
to become an axon (Witte et al., 2008). However, shorter neu-
rites have microtubules of opposing polarity during the initial
stages of polarization, which remain unchanged even in the
mature dendrites (Yau et al., 2016; Baas et al., 1988).

How microtubule dynamics are regulated during and after
neuronal polarization is not understood in great detail. The
collapsin response mediator protein CRMP/UNC-33 is important
for microtubule assembly during the establishment of neuronal
polarity (Arimura et al., 2004; Yoshimura et al., 2005; Maniar
et al., 2012). The microtubule plus- and minus-end binding
proteins are also important in this process (Leterrier et al., 2011;
Yau et al., 2014). In the axon, TRIM46 promotes the cross-
linking of microtubules to enable the formation of a microtu-
bule array with plus-end-out polarity (van Beuningen et al.,
2015). Formation of parallel arrays of microtubules stimulates

directional vesicular trafficking into the axons, which helps the
growth of axons toward the target tissues (Yogev et al., 2016;
Nakata and Hirokawa, 2003; Rolls, 2011; Tas et al., 2017). A
question of fundamental interest is how microtubule polarity in
axons and dendrites is established and maintained. Similarly, it
has become imperative to understand how the extrinsic cues
regulate microtubule dynamics during neuronal polarization.

Caenorhabditis elegans mechanosensory neurons, responsible
for gentle touch sensation, have been used extensively to under-
stand the regulation of the microtubule cytoskeleton (Lumpkin
et al., 2010; Bounoutas and Chalfie, 2007; Chalfie and Thomson,
1982). Both the anterior lateral microtubule (ALM) and poste-
rior lateral microtubule (PLM) touch neurons bear a long an-
terior axon containing 15 microtubule protofilaments (Chalfie
and Thomson, 1982) and a shorter posterior neurite. Previous
reports have documented mutations in tubulin subunits, which
affect the development of touch neurons (Lockhead et al., 2016;
Zheng et al., 2017; Cueva et al., 2012). The polarity of these
neurons is established by the Wnt signaling (Hilliard and
Bargmann, 2006; Prasad and Clark, 2006; Zheng et al., 2015;
Ackley, 2014). However, it is unclear how Wnt signaling reg-
ulates the microtubule dynamics to establish the polarity of the
touch neurons.

In this study, we found that the Kinesin-13 familymicrotubule-
depolymerizing factor kinesin-like protein 7 (KLP-7) is important
for the proper polarization of touch neurons. Using live imaging
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of plus- and minus-end binding proteins (Ghosh-Roy et al., 2012;
Akhmanova and Hoogenraad, 2015), we found that the micro-
tubules in the posterior process are oriented in mixed polarity.
The minus-end binding protein Patronin-1 (PTRN-1) is required
for maintaining the minus-end-out population of microtubules
in the posterior process. The loss of KLP-7 makes the micro-
tubules unipolar in the posterior process and promotes bidi-
rectional transport, leading to its overextension. Conversely,
overexpression of KLP-7 makes the microtubules oriented ran-
domly even in the anterior process, leading to its shortening.
This process works downstream to Wnt signaling because loss
of klp-7 suppressed the reversal of microtubule polarity caused
by loss of Wnt ligand LIN-44 or its receptor LIN-17. Our data
suggest that downstream noncanonical components of the Wnt
signaling positively regulate KLP-7 in the posterior process and
negatively in the anterior process for proper organization of the
microtubule cytoskeleton.

Results
Loss of Kinesin-13 family microtubule-depolymerizing enzyme
KLP-7 leads to the formation of multiple axon-like projections
in touch neurons
In C. elegans, there are six mechanosensory neurons that are
responsible for sensing the gentle touch (Bounoutas and Chalfie,
2007). Among these, the ALM neuron and PLM neuron grow their
axons laterally toward the anterior side and connect to their re-
spective post-synaptic neurons through a ventral synaptic branch
(white arrows, Fig. 1 A). Additionally, the PLM neuron has a rel-
atively shorter posterior process (double-sided arrow, Fig. 1 A),
whose function is still unclear. In the anterior process of the PLM
neuron, synaptic protein GFP::RAB-3 gets transported toward the
ventral nerve cord, where it makes en passant synapses to the
AVA neuron (white arrowheads, Fig. 1 C; Bounoutas and Chalfie,
2007). Compared with the anterior process, the posterior process
contained fewer GFP::RAB-3 punctae (green arrowheads, Fig. 1 C).

Since the regulation of microtubule dynamics influences
neuronal polarity (Witte et al., 2008), we tested various mutants
with perturbed microtubule dynamics (Table S1) for the possible
phenotype in touch neuron polarity. Among the mutants we
tested, loss of Kinesin-13 family microtubule-depolymerizing
factor KLP-7 caused a strong morphological phenotype in ALM
and PLM neurons (Table S1; Fig. 1 A), which was briefly stated in
a previous report (Ghosh-Roy et al., 2012). In addition to the
anterior axon, which connects to the nerve ring (yellow ar-
rowhead, Fig. 1 A), the ALM neuron also had a long posterior
process (orange arrow, Fig. 1, A and C) in both tm2143 (820-bp
deletion) and a CRISPR-induced allele shr3 (Fig. 1 B). We also
noticed an overgrowth phenotype of the posterior process in the
PLM neuron (white double-sided arrow, Fig. 1 A). The WT
worms phenocopied the defect noticed in klp-7(0) upon Taxol
treatment (Fig. S1, A–C) that stabilizes the microtubule (Schiff
et al., 1979). Conversely, when the klp-7(0)wormswere grown in
plates containing colchicine, the ectopic growth was signifi-
cantly reduced in the ALM neuron (Fig. 1 B). We found that the
presynaptic reporters GFP::RAB-3 (green arrowheads, Fig. 1, C
and D) and TagRFP::ELKS-1 (magenta arrowheads, Fig. S1 E)

were visible in the ectopic processes as frequently as those in the
anterior process of the klp-7 mutant.

The phenotype of ALM was significantly rescued when a WT
copy of klp-7 was expressed under the control of either a touch
neuron (mec-4) or a neuronal (unc-86) promoter (Fig. 1 B). How-
ever, the klp-7b isoform was better able to rescue than the klp-7a
isoform (Fig. 1 B). Conversely, overexpression of klp-7 in a WT
background reduced the lengths of both the anterior and pos-
terior processes significantly (Fig. 1, A, E, and F). A similar
effect was seen in the worms upon colchicine treatment (Fig.
S1, C and D). Altogether, these data suggested that in the touch
neurons, the activity of KLP-7 as a microtubule-depolymerizing
enzyme is important to restrain the unwanted growth from the
cell body during neuronal polarization. This is further sup-
ported by the enrichment of KLP-7 in the touch neurons, as
observed (arrows, Fig. 1 G) by both Pklp-7–KLP-7::GFP reporter
(Sarov et al., 2012) and anti–KLP-7 immunostaining (Fig. S1 F,
arrows).

Similarly, in PVD neurons as well, we observed ectopic
neurites in klp-7(0) (arrow, Fig. S1 G). We noticed that synaptic
protein RAB-3 was mislocalized to the dendrites in klp-7(0) (ma-
genta arrowheads, Fig. S1, G and H). This indicated that dendritic
processes can take on an axon-like identity in the absence of KLP-7,
further supporting the role of KLP-7 in neuronal polarity.

KLP-7 is necessary and sufficient to maintain dynamic
microtubules in the posterior process of the PLM
To understand how microtubules are affected in klp-7(0), we
imaged the growing microtubules in the PLM (Video 1) using the
end binding protein 2 (EBP-2)::GFP reporter (Ghosh-Roy et al.,
2012). We determined the direction of microtubule growth from
the slopes of the diagonal tracks in the kymographs (Fig. 2 B)
from the regions of interest (ROIs) in the anterior and posterior
processes (Fig. 2 A). In the WT background, the anterior process
had the majority of the EBP-2 movements away from the cell
body (plus-end-out, green trace denoted as P), while in the
posterior process, we noticed comparable movements toward
(minus-end-out, magenta trace denoted as M) and away from
the cell body (Fig. 2 B). We quantified the fractions of micro-
tubule tracks with plus-end-out or minus-end-out orientation
(Fig. 2 C). In the anterior process, 88% of the microtubules had
plus-end-out orientation (Fig. 2 C). In the posterior process, the
percentages of plus-end-out and minus-end-out microtubules
were ∼50% each (Fig. 2 C). In addition, we noticed that the
overall number of tracks was higher in the posterior process
(Table S2). However, growth length and growth duration of
these tracks were significantly smaller than in the anterior
process (Fig. 2, E and F). This indicated an increasedmicrotubule
dynamics in the posterior process. In klp-7(0) (Video 1), we ob-
served relatively fewer EBP-2 tracks in the kymographs (Fig. 2 B;
Table S2) with longer growth lengths (Fig. 2 E), indicating an
increased stability of microtubules. In addition, themicrotubules
in the posterior process became uniformly oriented (Fig. 2 B)
with either plus-end-out (class 1; Fig. 2 B) or minus-end-out
(class 2; Fig. 2 B) orientation, with a high variation in the
fraction polarity values (Fig. 2 C, red arrowheads representing
segregation of values). The frequency distribution ofmicrotubule
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polarity in PLM processes (Fig. S2, A–D) made this dispersion
more evident. In the WT background, the fraction of micro-
tubules with plus-end-out polarity showed a normal distribution
with a modal value of 0.5 (asterisk, Fig. S2 C) for the posterior
processes, whereas in klp-7(0), there were two-mode values of

1 and 0. We classified processes with a fraction polarity value of
0.8 ormore as unipolar (gray shaded box, Fig. S2, A–D). Anything
below 0.8 is categorized as a process with mixed microtubule
polarity. On the basis of this criterion, inWT background, 83% of
the anterior and 16% of the posterior processes were unipolar

Figure 1. KLP-7 restricts neurite growth in TRNs. (A) Confocal images of ALM and PLM neurons expressing Pmec-7::GFP (muIs32) in WT, in klp-7(tm2143),
and in WT background expressing Pmec-4::klp-7b (shrEx93). Yellow arrowheads and white arrows indicate the position of the nerve ring and synaptic branch,
respectively. In klp-7(tm2143), the posterior process of the ALM shows ectopic growth (orange arrow), while the PLM posterior process is extended moderately
(double-sided arrow). In the Pmec-4::klp-7b[+] background, often the anterior process of the PLM is terminated prematurely (red arrowhead). (B)Quantification
of ectopic extension in the ALM in klp-7mutants. N = 4–6 independent replicates; n (number of neurons) = 80–194. (C and D) Confocal images and illustration
of the Pmec-7::GFP::RAB-3 (jsIs821) and Pmec-4-mCherry (tbIs222) reporters in the WT and klp-7(0) backgrounds. Yellow arrow indicates the ectopic process in
ALM. The green arrowheads indicate GFP::RAB-3 punctae along the processes of PLM and ALM neurons. The white arrowheads indicate the GFP::RAB-3
enrichment at the synaptic region of PLM. (E and F) The normalized length of PLM posterior and anterior processes due to either loss or overexpression of klp-7.
Normalized length = (actual length/distance between cell body and vulva for anterior process or distance between cell body to tail tip for posterior process).
N = 3–6 independent replicates; n (number of neurons) = 15–55. (G) Confocal image of TRNs (arrows) in worms expressing Pklp-7-KLP-7::GFP (ddIs145)
in Pmec-4-mScarlet (shrEx143) background. For B, ***, P < 0.001; Fisher’s exact test. For E and F, ***, P < 0.001; ANOVA with Tukey’s multiple comparison
test. Error bars represent SEM.
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Figure 2. KLP-7 is necessary and sufficient to maintain dynamic microtubules in the PLM neuron. (A) Illustration of the PLM neuron and kymographs of
EBP-2::GFP reporter. Red and orange ROIs were used for the analysis of time-lapse movies (Video 1) of the Pmec-4::EBP-2::GFP (juIs338) reporter. Green and
magenta arrows represent the microtubules of plus-end-out and minus-end-out polarity, respectively. (B) Representative kymographs (inverted grayscale) of
EBP-2::GFP dynamics (Video 1) obtained from the ROIs in A in WT, klp-7(0), and Pmec-4::KLP-7B (shrEx95)[+]. The green and magenta traces represent mi-
crotubule growth events away from the cell body/plus-end-out and toward the cell body/minus-end-out, respectively. In all kymographs, the length (x axis)
and time (y axis) scales are 10 µm and 10 s, respectively. (C) The histogram shows the fraction of microtubules with plus-end-out (P) or minus-end-out (M)
polarity. The red arrowheads represent the segregation of fraction polarity values in the posterior process into 1 and 0 in the klp-7mutant. N = 3–8 independent
replicates, n (number of neurons) = 28–63. Ant, anterior; Pst, posterior. (D) The percentage of PLM processes with microtubules oriented in either unipolar or
mixed manner. N = 3–8; n = 28–63. (E and F) Growth length and duration of the EBP-2::GFP tracks were measured from net pixel shift in the x and y axes,
respectively, as indicated by the double-headed arrows in B. N = 3–4 independent replicates; n (number of EBP-2 tracks) = 92–628. (G) Kymographs of
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(Fig. 2 D). However, in klp-7(0), the unipolar posterior processes
increased to 70%. Conversely, when the WT copy of klp-7 was
overexpressed, the number of EBP-2 tracks increased in both the
processes (Fig. 2 B; Table S2), indicating an increased instability.
Similarly, in the anterior process, the microtubules become
randomly oriented (Fig. 2 B). Approximately 78% of the anterior
processes were with mixed microtubule orientation (Fig. 2 D).
This indicated that KLP-7 is sufficient to induce mixed polarity of
microtubules in the PLM neuron. Imaging of the reporter for the
minus-end binding protein calmodulin-regulated spectrin-
associated protein 2 (CAMSAP2)/PTRN-1 (Akhmanova and
Hoogenraad, 2015; Chuang et al., 2014) revealed that there is a
small population of growing minus ends in the posterior process,
which wasmissing in klp-7(0) (Fig. 2, G andH). The total count of
GFP::PTRN-1 punctae was also significantly reduced in the poste-
rior process in klp-7(0) (Fig. S2, E and F). Overexpression of KLP-7
increased the number of growing minus ends in both the pro-
cesses (Fig. 2 H). This indicated that KLP-7 is required to maintain
a dynamic population of minus ends in the posterior process.

Imaging of the GFP::RAB-3 reporter (Mondal et al., 2011) in
the similar ROIs (Fig. 2 A; and Video 2) revealed that the number
of anterograde (green arrow, Fig. 2 I) and retrograde (blue ar-
row, Fig. 2 I) transport events in the anterior process was higher
(Fig. 2, I–K). Most of the particles in the posterior process were
static (white arrows, Fig. 2 I), with residual movement showing
a frequent reversal in direction (red arrowheads, Fig. 2, I and L). In
both the processes, there was a significant increase in the anter-
ograde transport events in klp-7(0) (Fig. 2, I–K; and Video 2). The
length and duration of the transport events were also significantly
higher in klp-7(0) (Fig. S2, G and H), along with reduced reversal
frequency (Fig. 2 L). Taken together, this indicated that in the
absence of KLP-7, microtubules tend to be stable and unipolar,
stimulating the transport of axonal cargo in all the neurites.

KLP-7 and PTRN-1 together establish mixed polarity
orientation of microtubules in the posterior process
We hypothesized that the minus-end-out population in the
posterior process of the PLM could bemaintained by the activity
of the minus-end binding protein PTRN-1 (Akhmanova and
Hoogenraad, 2015; Feng et al., 2019). Consistently, the micro-
tubules in the posterior process predominantly adopt plus-end-
out polarity in both ptrn-1(0) single mutant and klp-7(0);ptrn-1(0)
(Fig. 3, B–D). An overexpression of ptrn-1 makes the micro-
tubules in the posterior process mainly of minus-end-out po-
larity (Fig. 3, B and C). However, neither the loss nor the
overexpression of ptrn-1 could change the polarity of the mi-
crotubules in the anterior process (Fig. 3, B–D).

It is not clear why, in the posterior process, the microtubules
are exclusively either plus-end-out or minus-end-out in klp-7(0).

There could be one or a few microtubule nucleating centers in
the posterior process of the PLM, as reported in dendrite-like
processes (Liang et al., 2020; Harterink et al., 2018). During the
early stages of development, the nucleating center could be cap-
tured in random orientation in the posterior process, whichmight
generate either plus-end-out or minus-end-out microtubules. In
the presence of active KLP-7, microtubules will assume mixed
orientation. We observed only one puncta of centrosomal marker
GIP-2 (Liang et al., 2020) in the posterior process at the L1 as
well as the L4 stage (Fig. 3 E). Consistently, we found that at the
L1 larval stage, there were few EBP-2 tracks in the posterior
process (Fig. 3 F and Table S2), exclusively with either plus-
end-out or minus-end-out polarity (Fig. 3, F and G, red arrows).
From the L2 stage, we noticed a posterior process with mixed
microtubule polarity, with fraction polarity values centering on
0.5 (Fig. 3, G and H). In the L3 stage, microtubule polarity was
completely mixed (Fig. 3, F–H), whereas in klp-7(0), the dis-
tribution of the posterior process in terms of microtubule ar-
rangement remained the same, as seen in the L1 stage (Fig. 3,
F–H). This also strengthened the points that KLP-7 activity in
the early stages of development induces mixed polarity of mi-
crotubules in the posterior process and that the minus-end-out
population would be maintained by PTRN-1.

In the absence of Wnt signaling, microtubule polarity in the
PLM is reversed
Length of the anterior and posterior processes of the PLM
neuron is optimized by a high concentration of Wnt ligand LIN-
44 and its receptor LIN-17 in the tail region of the worm. In the
absence of either lin-17 or lin-44, the polarity of the PLM neuron
is reversed, with its small posterior process growing longer and
making ectopic synapses in the tail region (Hilliard and Bargmann,
2006; Prasad and Clark, 2006; Fig. 4 A). In lin-17(0), analysis of
the EBP-2::GFP movies showed that the microtubule orienta-
tion in the anterior process becamemixed (Video 1; and Fig. 4, B
and C), whereas in the posterior process, ∼89% of tracks were
oriented in plus-end-out manner, and the majority of these
processes were unipolar (Fig. 4 D). The number of tracks in the
anterior process was relatively higher in this mutant (Table
S2). Moreover, the growth length and duration of the micro-
tubules were significantly smaller in the anterior process in lin-
17(0) (Fig. 4, E and F). This indicated that microtubules are
relatively dynamic in the anterior process, which was also in-
dicated by an increased number of growing minus ends in the
anterior process in the lin-17(0) background (Fig. 4, G and H). A
similar effect on microtubule orientation and dynamics was
also observed in lin-44(0) (Fig. 4, C–F).

Thiswas further reinforced by the imaging of GFP::RAB-3 in lin-
17(0), which revealed a drastic reduction in both the anterograde

Pmec-4-GFP::PTRN-1 (juEx6455) reporter in WT and klp-7(0). (H) The number of growing minus ends in PLM processes as obtained from G. n = 3–5 in-
dependent replicates, n (number of neurons) = 16–25. (I) Kymographs obtained from the time-lapse movie (Video 2) of the Pmec-7-GFP::RAB-3 (jsIs821)
reporter show the events of anterograde (green arrow trace) and retrograde (magenta arrow trace) movement. The white arrows show the stationary
particles, whereas the red arrowheads represent RAB-3 particles frequently switching direction. (J and K)Quantification of the anterograde (Anter) and retrograde
(Retr) movement events of GFP::RAB-3 particles obtained from I. N = 3–8 independent replicates; n (number of neurons) = 31–56. (L) Reversal frequency as
measured by the number of reversal events divided by the total number of events. N = 3–5 independent replicates; n = 17–40 (number of neurons). For C, E, F, H,
and J–L, *, P < 0.05; **, P < 0.01; ***, P < 0.001; ANOVA with Tukey’s multiple comparison test. For D, **, P < 0.01; Fisher’s exact test. Error bars represent SEM.
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and retrograde movements in the anterior process (Video 2;
and Fig. 4, I–K). Instead, the posterior process in the lin-17(0)
background showed considerable movement in both directions
with an anterograde bias (Video 2; and Fig. 4, I and K). Overall,
these results showed that both microtubule polarity and axonal
transport are reversed in the absence of Wnt signaling.

Loss of klp-7 restores the polarity switch of microtubules in
Wnt mutants
We hypothesized that the increased microtubule instability and
shortening of the anterior process in Wnt mutants is due to the

abnormal activation of KLP-7 in the anterior process. We found
that loss of klp-7 can significantly suppress the neuronal polarity
reversal phenotype in both lin-17(0) and lin-44(0) backgrounds
(Fig. 5, A and B). A similar trend was also noticed in Dishevelled
mutant dsh-1(0);mig-5(0) acting downstream of LIN-17 (Zheng et al.,
2015; Fig. 5 B). However, neither the loss nor the overexpression of
ptrn-1 could change the phenotype in the lin-17(0) background (Fig. 5
B). This indicated that PTRN-1–mediatedmicrotubule stability is not
sufficient to reset the defects in Wnt mutants.

Imaging of the EBP-2::GFP reporter revealed that the mi-
crotubule polarity defect was also significantly rectified in the

Figure 3. KLP-7 and PTRN-1 together maintain the mixed polarity state of microtubules in the posterior process. (A and B) The analysis of EBP-2::GFP
dynamics in ptrn-1-(0) and ptrn-1 (juEx5550)[+]. The green and magenta traces represent microtubules of plus-end-out and minus-end-out polarity, respec-
tively. (C) The histogram shows the fraction of plus-end-out (P) and minus-end-out (M) microtubules as obtained from the kymographs shown in B. Ant,
anterior; Pst, posterior. (D) The percentage of PLM processes with microtubules oriented in either a unipolar or mixed manner as derived from C. For C and D,
N = 3–5 independent replicates; n (number of neurons) = 23–63. (E) The punctae (magenta arrowheads) of centrosomal reporter Pmec-4::GIP-2::mCherry
(shrEx413) in the cell body and posterior process of the PLM neuron. (F) Kymographs of EBP-2::GFP movies in the posterior process from early developmental
stage L1 to L3. (G) The distribution of plus-end-out and minus-end-out microtubule populations in the posterior process as obtained from F. The red ar-
rowheads represent the segregation of fraction polarity values into 1 and 0. (H) The fraction of unipolar versus mixed-orientation posterior processes as
obtained from F and G. N = 3–4 independent replicates; n (number of neurons) = 28–60. For C and G, ***, P < 0.001; ANOVA with Tukey’s multiple comparison
test. For D and H, ***, P < 0.001; Fisher’s exact test. Error bars represent SEM.
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Figure 4. Microtubule polarity in the PLM neuron is reversed in wnt mutants. (A) Confocal image and illustration of neuronal polarity phenotype in lin-
17(0). The red arrowhead and the white arrow are indicating the short anterior process and long posterior process, respectively, in lin-17(0) background.
(B) Kymographs of EBP-2::GFP movie (Video 1) showing the microtubule growth events in lin-17(0). The green and magenta traces represent microtubules of plus-
end-out andminus-end-out polarity, respectively. (C and D) The histogram shows the fraction of plus-end-out (P) andminus-end-out (M) microtubules (C) and the
percentage of PLM processes with microtubules oriented in either a unipolar or mixedmanner (D). N = 5–8 independent replicates; n (number of neurons) = 33–63.
Ant, anterior; Pst, posterior. (E and F) Growth length and duration of microtubules measured from the EBP-2::GFP kymograph (B). N = 3 independent replicates; n
(number of EBP-2 tracks) = 170–455. (G and H) Kymographs (G) and the quantification of the dynamics (H) of GFP::PTRN-1 (juEx6455) reporter in lin17(0)mutant. N
= 3–5 independent replicates; n (number of neurons) = 20–27. (I) Kymographs obtained from the time-lapse movie of GFP::RAB-3 (jsIs821) reporter (Video 2) in lin-
17(0) showing the events of anterograde (green arrow trace) and retrograde (magenta arrow trace) movement. White arrows show the static RAB-3 particles. The
red arrowheads represent RAB-3 particles frequently switching direction. (J and K) The number of transport events of GFP::RAB-3 vesicles in anterograde (Anter)
and retrograde (Retr) directions. N = 3–7 independent replicates; n (number of neurons) = 18–42. For C, E, F, H, J, and K, ***, P < 0.001; ANOVA with Tukey’s
multiple comparison test. For D, ***, P < 0.001; Fisher’s exact test. Error bars represent SEM.
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anterior process due to loss of klp-7 in both lin-17(0) and lin-44(0)
backgrounds (Fig. 5, C–E). For example, the majority of the EBP-
2::GFP comets showed plus-end-out movement in the anterior
process of lin-17(0);klp-7(0) (Video 1; and Fig. 5, C and D). A
similar trend was also noticed in the lin-44(0);klp-7(0) double
mutant (Fig. 5 D). However, in the posterior process, the micro-
tubule orientation showed unipolar organization with a bimodal
distribution (red arrows showing the dispersion in Fig. 5 D)
more akin to klp-7(0) (Fig. S2, C and D). These observations
suggest the epistatic nature of klp-7 to Wnt signaling in the
posterior process. On the other hand, in the anterior process,

there might be a negative regulation of KLP-7 by Wnt signaling
to generate plus-end-out microtubules.

Live imaging of the GFP::RAB-3 reporter in the lin-17(0);klp-
7(0) background (Video 2) revealed an increased number of
anterograde and retrograde transport events in the anterior
process as compared with that in lin-17(0) (Fig. 5, F and G). On
the contrary, in the posterior process, transport events were
significantly lower (Fig. 5, F and H). This shows that loss of klp-7
not only suppresses the polarity defect in lin-17(0) but also is able
to restore the normal axonal transport process driving the
synaptic machinery to its correct destination.

Figure 5. Loss of klp-7 rectifies themicrotubule polarity switch phenotype in the lin-17mutant. (A) Confocal images and schematics of neuronal polarity
phenotype in lin-17(0) and lin-17(0);klp-7(0). (B) The percentage of PLM neurons with polarity reversal phenotype due to altered klp-7 or ptrn-1 levels in Wnt
mutants (lin-17, lin-44, dsh-1mig-5). N = 4–5 independent replicates; n (number of neurons) = 20–208. (C) Kymographs from EBP-2::GFP movies (Video 1)
showing the microtubule growth events in lin-17(0) and lin-17(0);klp-7(0). The green and magenta traces represent microtubules of plus-end-out and
minus-end-out polarity, respectively. (D and E) The histogram shows the fraction of plus-end-out (P) and minus-end-out (M) microtubules (D) obtained
from C and the percentage of PLM processes with microtubules oriented in either a unipolar or mixed manner (E). N = 7–8 independent replicates, n
(number of neurons) = 19–52. Ant, anterior; Pst, posterior. (F) Kymographs of GFP::RAB-3 reporter (jsIs821) in lin-17(0);klp-7(0) background showing the
events of anterograde (green arrow trace) and retrograde (magenta arrow trace) movement. The white arrows show the stationary particles. (G and H)
The number of movement events of GFP::RAB-3 vesicles as obtained from F. Anter, anterograde; Retr, retrograde. N = 3–4 independent replicates; n
(number of neurons) = 18–26. For B and E, ***, P < 0.001; Fisher’s exact test. For D, G, and H, *, P < 0.05; ***, P < 0.001; ANOVA with Tukey’s multiple
comparison test. Error bars represent SEM.
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Wnt/planar cell polarity (PCP) components involving
Dishevelled-associated activator of morphogenesis 1 (daam-
1)/rho-1/Rho-associated protein kinase (rock) act upstream of
klp-7 to restrain the length of the posterior process of PLM
TheWnt receptor LIN-17, which is localized in a gradientwith its
peak concentration at the posterior process of the PLM (Hilliard
and Bargmann, 2006), might influence the localization of KLP-7.
We found that the relative intensity of GFP::KLP-7 with respect
to a soluble marker mScarlet in the anterior and posterior pro-
cesses did not differ in any of the developmental stages (Fig. S3,
A and B), and this pattern remained unchanged in lin-17(0) (Fig.
S3, A and B), indicating that localization of KLP-7 is independent
of Wnt signaling.

Alternatively, Wnt signaling could be regulating the activity
of KLP-7 in a spatiotemporal manner in the PLM. The activity of
Kinesin-13 is highly regulated by phosphorylation in both mi-
totic cells (Ems-McClung et al., 2013; Ritter et al., 2015) and
neurons (Ogawa and Hirokawa, 2015). There are two kinds of
conserved phosphorylation sites in the motor domain (Fig. S3 C).
A-type phosphorylation increases the microtubule depolymer-
ase activity of mouse Kinesin-13/kinesin family member 2A
(KIF2A), and B-type phosphorylation inactivates the depoly-
merase (Ogawa and Hirokawa, 2015). A-type phosphorylation is
catalyzed by Rho kinase at the T549 residue (Fig. 6 A), which is a
downstream component of Wnt PCP signaling involving Dish-
evelled, DAAM-1, and Rho-1 (Schlessinger et al., 2009). Consis-
tently, the anti–LET-502/ROCK antibody (Piekny and Mains,
2002) showed localization in the PLM neuron (arrow, Fig.
S3 D). The GFP::LET-502 versus mCherry level was higher in
the posterior process (Fig. 6, B and C). Moreover, the reporter
NMY-2::GFP,which is a downstream effector of LET-502 (Michaux
et al., 2018; Wernike et al., 2016; Nance et al., 2003), showed a
distinct enrichment in the posterior process (arrowheads,
Fig. 6, D and E; and Fig. S3 E). This pattern was reversed in
lin-17(0) (Fig. 6, C and E).

The polarization of the PLM neuron is driven in part by re-
straining the growth of the posterior process by daam-1 (Zheng
et al., 2015). Neuron-specific RNAi of either daam-1 or rho-1 in-
creased the length of the posterior process significantly (Fig. 6, F
and G), leaving the length of the anterior process unchanged
(Fig. S3 F). Similarly, PLM-specific knockdown of let-502 using a
hairpin loop construct of let-502 increased the length of the
posterior process (Fig. 6 H). The extension of the posterior
process due to RNAi of let-502, daam-1, or rho-1 is similar to
what has been observed in the klp-7(0) or klp-7 RNAi back-
ground (Fig. 6, G and H). Further, RNAi of these molecules
could not enhance the phenotype in klp-7(0) (Fig. 6, G and H),
indicating a linear relationship between daam-1, rho-1, let-
502, and klp-7 in regulating the length of the posterior pro-
cess. Conversely, an activated version of RHO-1 (RHO-1G14V;
Alan and Lundquist, 2012) shortened the length of the pos-
terior process in the WT background, but not in the klp-7(0)
background (Fig. 6, F and I), whereas the anterior process
remained unaffected (Fig. S3 G), indicating that klp-7 is down-
stream to rho-1.

This relationship might involve enhancement of KLP-7 ac-
tivity through phosphorylation at the threonine-549 residue by

LET-502 (Fig. 6 A and Fig. S3 C). To test this possibility, we
expressed a constitutively phosphorylated version (A type) of
KLP-7 by substituting the threonine-549 with glutamic acid.
Expression of KLP-7T549E but not KLP-7T549A significantly
shortened the posterior process in the WT and lin-17(0) back-
grounds (Fig. S3, H and I; and Fig. 6, J and K). However, the
length of the anterior process remained unchanged in the lin-
17(0) (Fig. 6 L) orWT background (Fig. S3, H and J). These results
indicated that the regulation of KLP-7 activity by ROCK is re-
stricted to the posterior process of the PLM. However, we
noticed that in either the lin-17(0);KLP-7T549E[+] or the lin-
17(0);RHO-1G14V[+] background, when the posterior process
was very short, the anterior process grew longer (Fig. 6 J).
This hinted at the reciprocal regulation between the neurites
for differential growth (Shelly et al., 2010; Zheng et al., 2016).
Taken together, our data suggested that the PCP components
daam1/rho-1/rock act upstream of klp-7 to restrain the growth
of the posterior process (Fig. 6 M). Significant suppression of
the neuronal polarity reversal phenotype in lin-17(0) by klp-
7(0) indicates that negative regulation of KLP-7 by Wnt could
stimulate the growth of the anterior process. Expression of
KLP-7T549E completely extended the anterior process and short-
ened the posterior process in lin-17(0);klp-7(0) (Fig. 6, K and L).
89% of PLM neurons attain normal polarized anatomy in this
background (Fig. S3 K). This supports the theme that KLP-7
could be inhibited in the anterior process and simultaneously
activated in the posterior process for proper polarization of
the PLM.

unc-73/ced-10/p21-activated kinase 1 (pak-1) pathway
negatively regulates klp-7 in the anterior process
The phosphorylation of KIF2A by PAK-1 leads to the inactivation
of its depolymerase activity (Fig. 7 A; Ogawa and Hirokawa, 2015).
Using a translational reporter of pak-1 (Zhang et al., 2011), we
found that PAK-1::GFP is highly enriched in the anterior process
(arrows, Fig. S4 A; and Fig. 7, B and C). In the absence of LIN-17,
the PAK::GFP is enriched in the posterior process (Fig. 7, B and
C). A similar observation was made using the anti–phospho-PAK
(Thr423) antibody (Fig. S4, C–E). To find out the spatial distri-
bution of the interaction between KLP-7 and PAK-1::GFP, we
performed a proximity ligation assay (PLA; Chen et al., 2013; Day
et al., 2020) between anti–KLP-7 and anti-GFP antibodies. We
found that the PLA signal is specifically enriched in the anterior
process (arrowheads, Fig. 7, D and E). This indicated that PAK-
1 interacts with KLP-7 specifically in the anterior process of the
PLM. PAK-1 is known to be activated by the Rac GTPase CED-10
(Newsome et al., 2000; Chen et al., 2011). CED-10 and the up-
stream GTP exchange factor UNC-73 are important for axonal
growth of various neurons, including the PLM (Steven et al.,
1998; Norris et al., 2014; Zheng et al., 2016). The loss of klp-7
suppressed the short anterior axon phenotype seen in either
unc-73(0) or ced-10(0) (Fig. 7, F–H). We made a constitutively
phosphorylated version (B type) of KLP-7 at the substrate sites
for PAK-1 (Fig. 7 A) by substitution of the serine residues at
the 546th and 555th positions with glutamic acid. Expression
of KLP-7S546E S555E in unc-73(0) extended the length of the
anterior process significantly (Fig. 7 G). This suggested that
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unc-73/ced-10/pak-1 negatively regulates klp-7 for the extension
of the anterior process.

Rac GTPases often are activated by Wnt signaling (Habas
et al., 2003). An active version of CED-10 caused an ectopic
extension in the ALM and PLM neurons in the WT background
(orange arrows, Fig. S4, F–J), which is similar to the klp-7 mu-
tant. It also extended the length of the anterior process in lin-
17(0) significantly (Fig. 7, I and J). This indicated that in response
to Wnt, CED-10 might inactivate KLP-7 through PAK-1 (Fig. 7, A

and L). Expression of the inactive version (B-type) KLP-7S546E
S555E in lin-17(0) led to a moderate extension of the anterior
process (Fig. 7, I–K). However, simultaneous expression of the
inactivated (B-type) version with the activated version (A-type)
KLP-7T549E increased the length of the anterior process signifi-
cantly as compared with the length in lin-17 mutant (Fig. 7 J and
Fig. S4 K). This again supported that the inactivation of KLP-7 in
the anterior process and simultaneous activation of the same in
the posterior process help in the polarization of PLM neuron.

Figure 6. Wnt PCP components act upstream of klp-7 to restrain the growth of the posterior process. (A) Phosphorylation site of ROCK on KLP-7.
(B) Confocal images of the PLM expressing Pmec-4-GFP::LET-502 (shrEx438) and Pmec-4-mCherry (tbIs222). Arrowheads are indicating the enrichment of GFP::
LET-502. (C) Relative intensity of GFP::LET-502 with respect to mCherry measured from the ROIs shown in B. Ant, anterior; Pst, posterior. (D) The processed
images of worms expressing Pnmy-2-NMY-2::GFP (zuIs45) and Pmec-4-mCherry (tbIs222) for seeing PLM-specific localization of NMY-2. Arrowheads are in-
dicating the enrichment of NMY-2::GFP. (E) Normalized fluorescence intensity of NMY-2::GFP with respect to mCherry from the ROIs shown in D. (Fa–c)
Images of the PLM neuron in RNAi-sensitive strain Pmec-18-sid-1(uIs71);lin15b(n744) grown on HT115 bacteria expressing control (L4440), daam-1, and rho-1
dsRNA. (Fd) Image of a PLM expressing an activated version of RHO-1. Arrowhead is pointing towards the short posterior process. (G–I) The change in
normalized length of the PLM posterior process due to RNAi of PCP genes (G), Pmec-4–driven expression of let-502 hairpin loop RNA (H), and activated version
of RHO-1 (I). For C, E, and G–I, N = 3–4 independent replicates; n (number of neurons) = 19–62. (J) Images of a PLM neuron in lin-17(0) expressing either the
constitutively phosphorylated version of KLP-7, Punc-86-KLP-7T549E (shrEx203), or an activated version of RHO-1, RHO-1G14V (shrEx284). (K and L) Normalized
posterior (K) and anterior (L) lengths of a PLM in a lin-17(0) background expressing Punc-86-KLP-7T549E (shrEx203) or RHO-1G14V (shrEx284). N = 3 independent
replicates; n (number of neurons) = 28–115. (M) Pathway showing how PCP genes regulate KLP-7. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ANOVAwith Tukey’s
multiple comparison test. Error bars represent SEM.
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rock/let-502 induces mixed polarity of microtubules in the
posterior process, and unc-73/ced-10 promotes unipolar
organization of microtubules in the anterior process
We speculated that the let-502 pathway might be required to
induce mixed polarity of microtubules in the posterior process.
Neuron-specific knockdown of daam-1, rho-1, or let-502 increased
the fraction of the posterior processes with a unipolar microtu-
bule (Fig. 8, B and C). Half of the processes had all plus-end-out
microtubule organization (class 1), and the rest had minus-end-
out microtubule organization (class 2; Fig. 8 B; Fig. S5 B). Con-
sistently, the frequency distribution of the posterior processes

with plus-end-out microtubules showed two-mode values of
0.8 and 0.2 (Fig. S5 B). Conversely, a constitutively active
version of RHO-1 or a phosphorylated version of KLP-7 (A
type) reduced the growth length of microtubules and in-
creased the number of EBP tracks (Table S2) specifically in the
posterior process (Fig. S5, C and D). When either of these
constructs was expressed in lin-17(0), the fraction of micro-
tubules with plus-end-out polarity was decreased in the pos-
terior process (Fig. S5 E). As a result, the fraction of posterior
processes with mixed microtubule polarity increased signifi-
cantly (Fig. 8 D). This strengthened the conclusion that the

Figure 7. unc-73 pathway negatively regulates klp-7 to promote the growth of the anterior process. (A) Phosphorylation sites of PAK on KLP-7. (B) The
processed images of a worm expressing Ppak-1-PAK-1::GFP (shrEx439) and Pmec-4-mCherry (tbIs222) for seeing PLM-specific localization of PAK-1. (C) The
relative intensity of PAK-1::GFP with respect to mCherry from the ROIs shown in B. Ant, anterior; Pst, posterior. (D) Image of the PLA between α-GFP and
α-KLP-7 antibodies in a worm expressing PAK-1::GFP. Arrowheads indicate the PLA foci in the PLM anterior process. (E) The count of PLA foci per micrometer
of PLM processes shown in D. (F) Confocal images of a PLM neuron in unc-73(0) and unc-73(0);klp-7(0). (G and H) Normalized anterior (G) and posterior (H)
lengths of the PLM in the single mutant of unc-73 pathway or combination with either klp-7(0) or a transgene shrEx266 (Punc-86-KLP-7S546E S555E) expressing a
B-type inactive version of KLP-7. For C, E, G, and H, N = 3–4 independent replicates; n (number of neurons) = 42–68. (I) Confocal images of a PLM neuron in lin-
17(0) coexpressing the A-type hyperactive Punc-86-KLP-7T549E and B-type inactive Punc-86-KLP-7S546E S555E versions of KLP-7 using shrEx197 or expressing the
activated version of CED-10, CED-10G12V (shrEx294). (J and K) Normalized anterior (J) and posterior (K) lengths of the PLM in lin-17(0) background expressing
various mutant forms of KLP-7 and CED-10. N = 3–4 independent replicates; n (number of neurons) = 32–115. (L) Pathway showing how UNC-73/CED-10
regulates KLP-7. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ANOVA with Tukey’s multiple comparison test. Error bars represent SEM.
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Figure 8. Downstream components of Wnt signaling regulate microtubule polarity. (A and B) Illustration of the ROIs and the kymographs showing the
EBP-2 tracks in control and let-502 hairpin loop (hp) RNAi-expressing neurons. (C and D) The quantification of the effect on microtubule arrangement in the
PLM processes due to Pmec-4–driven expression of let-502 (hp) RNA, due to RNAi of genes involving PCP (C), due to expression of the A-type active version of
KLP-7 Pmec-4-KLP-7T549E (shrEX303), and due to the activated version of RHO-1 Pmec-4-RHO-1G14V (shrEx332) in a lin-17(0) background (D). For C and D, N =
3–4 independent replicates; n (number of neurons) = 20–39. Ant, anterior; Pst, posterior. (E) Kymographs of EBP-2::GFP dynamics in unc-73(0) and unc-73(0);
klp-7(0) backgrounds. (F) The percentage of PLM processes with microtubules oriented in either a unipolar or mixed manner in unc-73(0) and unc-73(0);klp-7(0)
backgrounds. N = 3–5 independent replicates; n (number of neurons) = 19–46. (G) Kymographs of EBP-2::GFP in lin-17(0) background expressing the WT
(shrEx344) or activated version of CED-10 (shrEx346) in touch neurons. (H) Quantification of the percentage of PLMs with microtubules oriented in either a
unipolar or mixed manner. N = 3 independent replicates; n (number of neurons) = 28–33. For B, E, and G, the green and magenta traces represent microtubules
of plus-end-out and minus-end-out polarity, respectively. For C, D, F, and H, *, P < 0.05; ***, P < 0.001; Fisher’s exact test.
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rho1-rock pathway positively regulates klp-7 to induce mixed
polarity of microtubules in the posterior process.

Loss of unc-73 induced mixed polarity of microtubules in the
anterior process (Fig. 8, E and F; and Fig. S5 F). Growth length
and duration of the microtubules were significantly decreased in
the anterior process in unc-73(0) (Fig. S5, G and H), and the
number of EBP tracks was increased (Table S2). This indicated
that loss of unc-73 increases microtubule dynamics in the ante-
rior process probably due to the abnormal activation of KLP-7.
Consistent with this hypothesis, the fraction of the anterior
process with mixed microtubule polarity was suppressed by the
loss of klp-7 in unc-73(0) (Fig. 8, E and F). Since unc-73/ced-10–
mediated regulation of microtubule polarity might occur as a
downstream effect of the LIN-17 pathway, we tested whether the
parameters of microtubule dynamics in lin-17(0) can be changed
by activating CED-10. The expression of an activated version of
CED-10 (CED-10G12V) in lin-17(0) increased the fraction of mi-
crotubules with plus-end-out polarity in the anterior process
(Fig. 8 G; and Fig. S5, I–K). Therefore, it suppressed the value of
the percentage of anterior processeswithmixed polarity (Fig. 8 H).
Overall, we concluded that the unc-73 pathway negatively
regulates klp-7 to promote plus-end-out organization of mi-
crotubules in the anterior process.

UNC-73 and ROCK differentially regulate KLP-7 dynamics in
the anterior and posterior processes, respectively
To assay the differential regulation of KLP-7 in the anterior
versus posterior process, we performed time-lapse imaging of a
functional construct of GFP::KLP-7, which rescued the develop-
mental phenotype in klp-7(0) to 75% of the WT level. Live
imaging of GFP::KLP-7 revealed that KLP-7 shows bidirectional
short-range movement in both the processes of the PLM (Video
3 and Fig. 9 B). This is consistent with the biophysical analysis of
mitotic centromere-associated kinesin (MCAK)/KLP-7 bound to
microtubules that MCAK readily slides along the microtubules
in either direction to capture the ends (Oguchi et al., 2011;
Helenius et al., 2006). Therefore, these tracks in the kymograph
(Fig. 9 B) represent the active KLP-7 population onmicrotubules.
These movements were undetectable upon colchicine treatment
(Fig. 9 C), indicating that these are microtubule-related events.
The number of GFP::KLP-7 tracks in the posterior process was
significantly higher than that in the anterior process (Fig. 9, B
and C). This indicated that in the posterior process, there is a
greater number of microtubule ends being captured by KLP-7.
The length of the tracks was visually and quantitatively shorter
in the posterior process (Fig. 9, B and D). Loss of unc-73 specif-
ically increased the number of tracks in the anterior process
(Fig. 9, E and G). These tracks were relatively shorter than those
in the WT background (Fig. 9, E and H). Conversely, a consti-
tutively inactive version (B type), KLP-7S546E S555E, which is
phosphorylated at the substrate sites of PAK-1, shows an oppo-
site behavior. The number of tracks was less, and the tracks
were longer (Fig. 9, F–H).

The loss of Rho kinase-1/let-502 using a hairpin loop RNAi led
to a specific decrease in the track number in the posterior pro-
cess, leaving the dynamics of KLP-7 in the anterior process un-
changed (Fig. 9, I–K). These observations gave direct evidence

that KLP-7 is differentially regulated by UNC-73 and ROCK in the
anterior and posterior processes, respectively (Fig. 9 L).

Discussion
Overall, our findings show that the microtubule-depolymerizing
motor protein KLP-7 maintains the dynamic state of the mi-
crotubules in touch neurons. The microtubule-depolymerizing
activity of KLP-7 gets boosted in the posterior process of the PLM
by the Wnt signaling, which generates more growing micro-
tubules with mixed polarity. The growing minus ends are cap-
tured and maintained by CAMSAP2/PTRN-1,whereas in the
anterior process, unc-73/ced-10 negatively regulates klp-7, gener-
ating plus-end-out microtubules and promoting vesicular trans-
port for the growth of the anterior process. This study provides
a mechanistic link between the Wnt signaling and Kinesin-13
for the proper organization of microtubule polarity (Fig. 10).

Kinesin-13 is an important determinant of microtubule
polarity in neurons
The organization of themicrotubule cytoskeletonwithin a neuron
is important for the polarized distribution of presynaptic and
post-synaptic organelles (Maeder et al., 2014). EBPs stabilize
microtubules in axons (Leterrier et al., 2011; Yau et al., 2014;
Maniar et al., 2012; van Beuningen et al., 2015). However, the role
of microtubule catastrophe factors is less explored in neuronal
polarization processes. Kinesin-13 is a critical determinant of
dynamic instability inmicrotubules (Desai et al., 1999; Trofimova
et al., 2018; Ogawa et al., 2017). In the mouse, knockdown of
Kinesin-13 homologue KIF2A causes abnormal brain devel-
opment (Homma et al., 2003). Our study revealed that the
Kinesin-13 homologue in C. elegans is necessary to maintain
the microtubules in the posterior process of the PLM neuron
in a mixed polarity state. In the dendrites of the PVD neuron,
we found an accumulation of axonal cargo in the klp-7mutant,
indicating that the dendrite takes on an axon-like identity.
This is consistent with the finding that conditional knockout
of KIF2A in the mouse dentate gyrus results in the conversion
of dendrites to the axon (Homma et al., 2018). In the presence
of active KLP-7, the microtubules can be short enough that
they can overcome cross-linking activity by proteins such as
TRIM46 (van Beuningen et al., 2015) and move around to
contribute to mixed polarity. Several reports have indicated
the role of Kinesin-13 in limiting the nucleation and length of
cellular microtubules (Vasudevan et al., 2015; Domnitz et al.,
2012; Srayko et al., 2005). In dendrites, the dynamic and ty-
rosinated population of microtubules adopts mixed polarity
(Tas et al., 2017). Coincidentally, the tyrosinated microtubules
are preferentially recognized by Kinesin-13 (Peris et al.,
2009). In our view, Kinesin-13–mediated microtubule depo-
lymerization generates the “microtubule seeds” for mixed
polarity organization in dendrites. Then the plus and minus
ends are maintained by plus tip proteins and CAMSAP2, re-
spectively. Many reports have recently indicated the role of
CAMSAP2 in maintenance of the minus ends in dendrites
(Cao et al., 2020; Feng et al., 2019; Yau et al., 2014; Wang
et al., 2019).
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Wnt signaling regulates microtubule polarity in neurons
through Kinesin-13
Anterior–posterior guidance of commissural axons in the spinal
cord is driven by the Wnt signaling (Lyuksyutova et al., 2003).
In the case of commissural axons, Wnt acts as an attractive
signal by binding to its receptor Frizzled present in the growth
cone (Lyuksyutova et al., 2003). However, for the growth of the
corticospinal tract, the protein Ryk acts as a repulsive receptor
ofWnt (Liu et al., 2005). The downstream component of theWnt
pathway is Dishevelled, which activates either the canonical
β-catenin pathway or the noncanonical PCP pathway (Schlessinger
et al., 2009). In PLM neurons, LIN-44 (ligand)/LIN-17 (receptor)
restrain the growth of the posterior process and promote the

growth of the anterior process (Hilliard and Bargmann, 2006;
Zheng et al., 2015). We found that the Wnt pathway keeps the
microtubules in a dynamic state in the posterior process and
that the anterior process is maintained in a stable form. This is
consistent with the previous findings that Wnt signaling can
both stabilize and destabilize the microtubule cytoskeleton
during axonal growth (Ciani et al., 2004; Purro et al., 2008;
Greer and Rubin, 2011; Stanganello et al., 2019).

We further showed that the PCP component of Wnt posi-
tively regulates klp-7 to keep the microtubules in a mixed po-
larity state in the posterior process. The activity of Kinesin-13/
KIF2A in neurons is enhanced by ROCK through phosphorylation
(Ogawa and Hirokawa, 2015). This agrees with our observation

Figure 9. Differential regulation of KLP-7 dynamics in the anterior and posterior processes of the PLM. (A–D) The ROI schematics (A), kymographs (B),
and analysis (C and D) of GFP::KLP-7 dynamics (Video 3) in control and colchicine-treated worms. The green traces of the GFP::KLP-7movements are illustrated
next to the kymographs. N = 4–8 independent replicates. For C, n (number of neurons) = 20–27; for D, n (number of GFP::KLP-7 tracks) = 132–618. Ant,
anterior; Pst, posterior. (E–K) Kymographs and analysis of GFP::KLP-7 dynamics in unc-73(0; E, G, and H), KLP-7S546E S555E[+] (F, G, and H) and let-502 RNAi (I, J,
and K) backgrounds. N = 4–6 independent replicates. For G and J, n (number of neurons) = 15–27. For H and K, n (number of GFP::KLP-7 tracks) = 383–675.
(L) Pathway showing the regulation of KLP-7 dynamics by PAK-1 and ROCK. For C, D, G, H, J, and K, ***, P < 0.001; ANOVA with Tukey’s multiple comparison
test. Error bars represent SEM.
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that loss of ROCK reduces the KLP-7 dynamics and stabilizes the
microtubules in the posterior process. This is also consistent
with the previous finding that the Rho1 pathway downstream
of Wnt3a restrains the growth of the dendrites by destabilizing
the microtubules (Purro et al., 2008). We found that CED-10
(RAC) negatively regulates KLP-7 to stabilize the microtubules
in the anterior process. This is consistent with the knowledge
that Rac is an effector of Wnt signaling (Levy-Strumpf et al.,
2015; Čajánek et al., 2013; Habas et al., 2003). The kinase that
acts downstream of CED-10 activity is PAK-1 (Newsome et al.,
2000; Chen et al., 2011). PAK-1 is shown to inhibit the micro-
tubule depolymerization activity of KIF2A in the neurons
(Ogawa and Hirokawa, 2015). We found that PAK-1 is enriched
in the anterior process in a Wnt-dependent manner. This fur-
ther supported that Wnt signaling might regulate KLP-7 in the
anterior process through the CED-10/PAK-1 pathway. In C. el-
egans, pak-1 is redundant with max-2 and pak-2 (Chen et al.,
2011), making it difficult to test the role of these redundant
kinases in PLM growth.

Materials and methods
C. elegans genetics
C. elegans strains were grown on nematode growth medium
(NGM) plates seeded with OP50 E. coli bacteria at 20°C using
standard methods (Brenner, 1974). All the loss-of-function al-
leles except the conditional mutants were denoted as 0. For
example, the klp-7(tm2143) mutant is presented as klp-7(0). All
the mutants and transgenic reporter strains used in this study

are mentioned in Table S4. All newly generated transgenic
strains carrying the extrachromosomal DNA used in this study
are mentioned in Table S5. Transgenes were introduced into the
mutant backgrounds by crossing. Homozygosity for all muta-
tions was confirmed by either PCR or sequencing. We used the
following published transgenes: Pmec-7-GFP (muIs32), Pmec-4-
mCherry (tbIs222; Basu et al., 2017), Pmec-4-EBP-2::GFP (juIs338;
Chuang et al., 2014), Pmec-7-GFP::RAB3 (jsIs821; Mondal et al.,
2011), and Pmec-7-TagRFP::ELKS-1 (jsIs1075; Zheng et al., 2014).

Generation of a new allele of klp-7 using CRISPR
We generated the klp-7(shr3) allele using the CRISPR/Cas9 pro-
tocol widely used by many laboratories (Friedland et al., 2013).
We cloned the sgRNA 59-AACCCATCACTCCAAGCACC-39 spe-
cific to the third exon of klp-7 into the pU6-sgRNA vector to
generate pU6-klp-7 sgRNA (pNBR2). We injected CRISPR/Cas9
Peft-3::cas-9::NLS (Friedland et al., 2013) and pU6-klp-7 sgRNA
and coinjection marker Pttx-3::RFP in the N2 background and
identified a 28-bp deletion (from 2,830 bp to 2,858 bp) in exon 3
of the klp-7 gene by genotyping the single-selfed filial 1 (F1)
progenies. For genotyping the shr3 allele, PCR was performed
using forward primer 59-AACCCATCACTCCAAGCACC-39 and
reverse primer 59-GCTCCACCAATCGCCAACAT-39 followed by a
restriction fragment length polymorphism using the TaqI re-
striction enzyme.

Molecular cloning and mutagenesis
For touch neuron–specific expression of klp-7, Gateway (Thermo
Fisher Scientific; K2500-20) entry clones of klp-7 cDNA were

Figure 10. Regulation of Kinesin-13 and microtubule
polarity in the PLM neuron. In the posterior process of
the PLM neuron, the components of Wnt signaling in-
duce mixed polarity of microtubules through the up-
regulation of KLP-7 activity, whereas in the anterior
process, KLP-7 is negatively regulated by the CED-10/
PAK-1 cascade in order to polarize the microtubules in a
plus-end-out manner.
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recombined with pCZGY553 (Pmec-4 destination vector) and
pCZGY61 (Punc-86 destination vector) using LR clonase (In-
vitrogen; 11791-020). The entry clones pCZGY1718 and pCZY1723
(Ghosh-Roy et al., 2012) were used for the expression of klp-7a
(747 aa) and klp-7b (689 aa) isoforms, respectively. To make
Pmec-4-GFP::KLP-7B, the entry clone pCZGY1723 corresponding
to klp-7b cDNA was recombined with pCZGY1867 (Pmec-4 GFP des-
tination vector). To make Pmec-4-GFP::LET-502 (pNBRGWY150),
we first made a PCR8 entry clone pNBRGWY86 by amplifying
let-502 using primers 59-GGCATGGAGCAGGATGAGCTGCGT
GATC-39 and 59-CTATTGATAGATTGTGGAAGAGTTTGACGA
TCC-39 from the YK31144p06 clone (Yuji Kohara collection).
Next, this entry clone was recombined with pCZGY1867 (Pmec-
4 GFP destination vector) to generate Pmec-4-GFP::LET-502.

We used the Q5 site-directed mutagenesis kit (E0554S; New
England Biolabs) on the entry clone pCZGY1723 (PCR8::klp-7b)
construct for generating hyperactive (class A, constitutively
phosphorylated at the substrate site for ROCK) and hypoactive
(class B, constitutively phosphorylated at the substrate site for
PAK-1) forms of KLP-7B. For class A mutation KLP-7T549E, we
changed the threonine residue at the 549th aa of KLP-7B to
glutamic acid. To make the phosphodead version KLP-7T549A in
the same position, threonine was replaced with alanine. We used
59-GTCGAAGCTCGAGATGGTTCTCC-39 and 59-TGTCTGAACGGG
ACATGT-39 primers to generate pNBRGWY61 (PCR8::KLP-7b
T549E), and to generate pNBRGWY75 (PCR8::KLP-7b T549A), we
used 59-GTCGAAGCTCGCTATGGTTCTCC-39 and 59-TGTCTGAAC
GGGACATGT-39 primers. To generate class B–type mutations, we
changed the serine residues at the 546th and 555th positions to
glutamic acid by overlapping PCR on pCZGY1723 (pCR8::KLP-7B)
as a template. We used 59-AATGCTTGTCGTCGGGATG-39 and 59-
CACCGATGAACTCGTCTCGGAGAACCATCGTGAGCTTCTCCT
GTCTGAAC-39 to generate a PCR fragment with a mutation cor-
responding to KLP-7S546E. Similarly, we used 59-GTTCAGACAGGA
GAAGCTCACGATGGTTCTCCGAGACGAGTTCATCGGTG-39
and 59-GTAGCATATCGTCGCGGGAATC-39 to generate another
fragment having a mutation corresponding to KLP-7S555E. Then
these two fragments were annealed by complementary homology
ends. The resultant annealed PCR product was cloned in a pCR8
vector (Thermo Fisher Scientific; K2500-20) to get pNBRGWY66
(PCR8::KLP-7bS546E S555E). Furthermore, we recombined the entry
clones of klp-7b having the mutations described above with
pCZGY61 (Punc-86-Gateway destination vector) and pCZGY553
(Pmec-4 destination vector) to obtain neuronal expression clones.
The plasmids were injected at the concentrations mentioned in
Table S5 with the coinjection marker Pttx-3::RFP or Pttx-3::GFP at
50 ng/µl. The total concentration of injected DNAwasmaintained
at 110–120 ng/µl by adding pBluescript SK plasmid to the injection
mixture.

RNAi experiments
To knock down the genes controlling the PCP/Wnt signaling
pathway, we performed RNAi, since the mutants deleting these
genes are lethal. We used lin-15b(n744);tbIs222 (Pmec-4::mcherry);
uIs71[(pcFJ90)myo-2p::mcherry+mec-18p::sid-1], klp-7(tm2143);lin-
15b(n744);tbIs222; uIs71, and lin15b(n744);uIs71;juIs338 strains for
RNAi. We used HT115 E. coli bacteria expressing dsRNA of dhc-1

as a positive control because RNAi against dhc-1 produces dead
embryos (Gönczy et al., 1999). HT115 having the empty plasmid
L4440 was used as a negative control. The bacterial strains
carrying the dsRNA constructs used in this study are part of
Ahringer’s library (Kamath et al., 2001), which was purchased
from Source BioScience (3318_Cel_RNAi_complete). The pri-
mary bacterial culture was grown at 37°C in lysogeny broth (LB)
containing ampicillin (100 µg/µl), and tetracycline (12.5 µg/µl)
for 8 h. The secondary culture was prepared by inoculating 1 ml
of the primary culture to the 4 ml of LB containing 1 mM IPTG
and kept for 1 h to reach an OD600 value of 0.4. The culture was
pelleted and resuspended with 1 ml LB containing 1 mM IPTG
and the aforementioned antibiotics. The resuspended 200-µl
culture was spotted onto the NGM plates containing anti-
biotics and IPTG. The plates were dried for 7–10 h at 25°C. We
transferred three L1s to these plates and imaged their progenies
at the L4 stage. Bacteria expressing the dsRNA against klp-7,
daam-1, and rho-1 used are part of Ahringer’s library (Kamath
et al., 2001). Neuronal knockdown was verified by the obser-
vation that RNAi against klp-7 showed ectopic process outgrowth
from the cell bodies of touch neurons as noted in the genetic
mutant of klp-7.

Touch neuron–specific knockdown of let-502 using hairpin
loop dsRNA
For effective knockdown of let-502, we selected exon 3 of the let-
502 gene according to the region targeted in Ahringer’s library
(Kamath et al., 2001) and made a hairpin loop construct
pNBRGWY78 Pmec4::let-502(59-39 exon-3)-spacer-let-502(39-59 exon3).
We amplified the let-502(59-39 exon-3) using 59-CAAACGAGC
TGACTCTGCATTC-39 and 59-CTTCTCTGAGAGTGGCAAATG
TCC-39. We selected intron 2 of the klp-7 gene as a spacer. We
amplified the spacer using 59-GCCACTCTCAGAGAAGCGATCCCG
ACGCGAC-39 and 59-GCCACTCTCAGAGAAGAGTCGATTTACGGG
CTCGG-39 primers and let-502(39-59 exon3) using 59-CCGAGCCCG
TAAATCGACTCTTCTCTGAGAGTGGC-39 and 59-TTTTTTCGA
GCTGACTCTGCATTCTTC-39 primers. Then these two fragments
were annealed by complementary homology ends. Next, we
cloned the two fragments let-502(59-39 exon-3) and spacer-let-
502(39-59 exon3) in pCZGY553 (Pmec-4-GWY) using infusion
cloning (Takara Bio USA; 638916). The backbone pCZGY553
(Pmec-4-GWY) was amplified using 59-GAATGCAGAGTCAGC
TCGAAAAAACTTGTACAAAGTGGTGATGT-39 and 59-GCAGAG
TCAGCTCGTTTGAAACTTGTGATGTACCGTCG-39 primers. The
resultant plasmid pNBRGWY78 Pmec4::let-502(59-39 exon-3)-
spacer-let-502(39-59 exon3) was injected at 15 ng/µl along with
Pttx-3::GFP as a coinjection marker in the lin-15B(n744);
tbIs222(mec-7p::mcherry);uIs71[(pcFJ90)myo-2p::mcherry+mec-18p::
sid-1] background.

Immobilization of worm for imaging
L4 stage worms expressing fluorescent markers were mounted
in 10 mM levamisole (Sigma-Aldrich; L3008) on 5% agarose for
confocal scanning or widefield imaging. A 0.1-µm polystyrene
bead suspension (Polysciences; 00876-15) was used on 12.5%
agarose pads made in M9 buffer for live imaging of either the
EBP-2::GFP, GFP::PTRN-1, or GFP::KLP-7 reporter using the
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protocol described earlier (Ghosh-Roy et al., 2012). The mount-
ing conditions were varied for best immobilization and fluo-
rophore visualization. For live imaging of the GFP::RAB-3 reporter,
10 mM levamisole was used according to a previously discussed
method (Basu et al., 2017).

Widefield imaging of touch receptor neurons (TRNs) for
quantifying developmental defects
Phenotyping of TRNs was done at the L4 stage, unless otherwise
mentioned, using a Leica DM5000B microscope with a 40×
objective (NA 0.75). During imaging, worms were immobilized
using 0.05% sodium azide (Sigma-Aldrich; S2002) in a 5% aga-
rose (Sigma-Aldrich; A4718) pad. The presence of a long polar-
ized anterior process with ventral branch and the relatively
short posterior process in the PLM neuron was scored using this
approach. This allowed us to judge the polarity defects due to the
loss in Wnt signaling and interaction between klp-7(0) and lin-
17(0) (Fig. 5, A and B). Similarly, ectopic process outgrowth of
ALM due to loss of klp-7 was quantified using this approach
(Fig. 1, A and B).

Drug treatment
Worms were grown on NGM plates containing different con-
centrations of colchicine (Sigma-Aldrich; C9754) and Taxol
(Sigma-Aldrich; CAS33069-62-4) dissolved in ethanol and DMSO,
respectively, as described previously (Kirszenblat et al., 2013).
Animals grown on plates containing ethanol and DMSO were
used as a control for colchicine and Taxol treatment, respec-
tively. Parental (P0) worms were grown from the L4 stage on
plates containing drug, and their filial 1 (F1) progeny were
scored.

Image acquisition using a point-scanning confocal microscope
for the measurement of touch neuron length
Imaging of the neurons, including PLM/ALM and PVD, was
performed using a Zeiss Axio Observer LSM 510 Meta confocal
microscope. The Pmec-7-GFP (muIs32) reporter was imaged using
66% of a 488-nm laser, while the Pmec-4-mCherry (tbIs222) and
Pmec-4-mScarlet (shrEx143) reporters were imaged using 69% of
a 543-nm laser under a 40× oil objective (NA 1.3). PVD neurons
expressing PF49H12.4::GFP+unc-119 (wdIs52) were imaged using a
63× oil objective (NA 1.4). PLM or ALM neurons were imaged at
the L4 stage, and PVD neurons were imaged at day 1 adult. Other
acquisition parameters included scanning at 1 Airy unit with a
0.62-µm × 0.62-µm × 0.5-µm voxel size, 3.2-µs pixel dwell time,
and 4× Kalman averaging. For the normalization of neurite
length with respect to body growth, differential interference
contrast images were obtained simultaneously with the fluo-
rescence images.

Analysis of PLM process length
The absolute length of the anterior and posterior processes was
calculated using the length measurement tool in Zeiss LSM
Image Browser software. Segmented traces were drawn along
the length of the anterior or posterior process to get the value of
length. To avoid the artifact due to the possible defect in body
growth, we normalized the anterior process length with the

distance between the PLM cell body and the vulva of the
respective wormmeasured from the differential interference
contrast image (Fig. 1, A, E, and F). Similarly, we normalized
the posterior process length with respect to the distance
between the PLM cell body and the tip of the tail. This ap-
proach was used in earlier work on TRNs (Lockhead et al.,
2016).

Image acquisition and quantification of GFP::PTRN-1 punctae
The worms coexpressing Pmec-4-GFP::PTRN-1 (juEx6455) and
Pmec-4::mCherry (tbIs222) were immobilized using 10 mM lev-
amisole and imaged with 2% of 488-nm and 0.2% of 561-nm
lasers under a 60× oil objective (NA 1.4) of a Nikon A1HD25
confocal microscope. The ratio image was obtained from the
maximum intensity projection of GFP::PTRN-1 to mCherry.
Peaks in the line profile of the anterior and posterior processes
in the ratio image were quantified using the BAR plugin of
ImageJ. The amplitude of peaks above threshold 1 was repre-
sented as GFP-PTRN-1 punctae (arrowheads, Fig. S2 E). This
value was normalized by the length of the line profile (Fig. S2, E
and F).

Image acquisition using Nikon Ti-2 widefield epifluorescence
microscope
For the RNAi experiments, we imaged the PLM neuron using the
Nikon Ti-2 epifluorescence setup with a 60×/1.40 NA oil ob-
jective and an Andor Zyla VSC-02284 camera at gain 4 and
300–900-ms exposure. We collected both the fluorescence and
bright-field images (Fig. 6, Fa–c). We analyzed these images by
using FIJI ImageJ software for the length measurements (Fig. 6,
G and H; and Fig. S3, F and G) using the established approaches
(Lockhead et al., 2016).

Time-lapse acquisition of EBP-2::GFP, GFP::PTRN-1, GFP::KLP-
7, and GFP::RAB-3 using spinning disk confocal microscopy
Fast time-lapse image acquisition was performed using ZEN
2 Blue software on a Zeiss Observer Z1 microscope equipped
with a Yokogawa CSU-XA1 spinning disk confocal head and a
Photometric Evolve electron-multiplying charge-coupled device
camera. The images were captured in a frame of 120 × 120 µm2

(512 × 512 pixels2) using either a 100×/1.46 NA or a 63×/1.4 NA
objective at a rate of 2.64 frames per second for a total duration
of 2 min for EBP2::GFP, GFP::PTRN-1, and GFP::KLP-7 reporters.
For the GFP::RAB-3 reporter, the images were captured at 3.19
frames per second for 3 min. The best signal-to-noise ratio
during imaging of these reporters was obtained at 350-ms ex-
posure time with 70 EM gain of the camera. For EBP-2::GFP,
GFP::PTRN-1, and GFP::KLP-7 reporters, 8.75 mW of a 488-nm
excitation laser was used, while GFP::RAB-3 was imaged with
10-mW power.

Analysis of EBP-2::GFP, GFP::PTRN-1, and GFP::KLP-7 dynamics
Kymographs (Fig. 2 B) were generated using the Analyze/Multi
Kymograph tool in ImageJ software (https://imagej.nih.gov/ij/)
from 30-µm ROIs placed on the PLM process (Fig. 2 A). The
horizontal axis of the kymograph is the axon length in micro-
meters, and the vertical axis is the time in seconds. Typically,
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EBP-2::GFP tracks are displayed as diagonal tracks. The ROIs
were drawn in the distal-to-proximal direction (toward the cell
body). Diagonal tracks moving away from the cell body were
annotated as “plus-end-out” microtubules (P; green traces in
Fig. 2 B), and the tracks moving toward the cell body were an-
notated as “minus-end-out”microtubules (M; magenta traces in
Fig. 2 B). The fractional polarity of microtubules was quantified
from the relative number of plus-end-out tracks or minus-end-
out tracks to the total number of tracks in the EBP kymographs.
A similar method was also used for analyzing GFP::PTRN-1 and
GFP::KLP-7 kymographs (Figs. 2 G and 9 B). We obtained a net
pixel shift in the x and y axes to calculate the growth length and
duration, respectively, for the EBP-2::GFP tracks (Fig. 2, E and F).
For the presentation of the movement events of GFP-KLP-7
(Video 3), we drew traces on all the real tracks recognized in a
given kymograph and placed an illustrative version of the ky-
mograph next to the real kymograph (e.g., Fig. 9 B).

Analysis of GFP::RAB3 dynamics
Kymographs for GFP::RAB-3movement (Fig. 2 I) were generated
in a similar manner from 30-µm ROIs placed on the PLM process
(Fig. 2 A). Typical GFP::RAB-3 tracks are displayed as diagonal
tracks (green dotted traces for anterograde tracks and magenta
dotted traces for retrograde tracks in Fig. 2 I). The ROIs were
drawn in the distal-to-proximal direction (toward the cell body).
From each kymograph, anterograde and retrograde RAB-3 par-
ticle movement was quantified by calculating a number of tracks
in either the anterograde or retrograde direction per 30-µm of
length (in micrometers) of axons during the 3 min of image
acquisition. The perpendicular tracks (white arrowheads in
Fig. 2 I) were considered to be particles that were static
during the course of imaging. In some cases, due to the
movement of the worm, the axon also moved during the span
of imaging. In such situations, we used the Registration/
StackReg plugin of ImageJ software to move the ROI along
with the axon in the frames when the movement was en-
countered. When large movement was noticed, we did not
consider those movies for further analysis. We obtained a net
pixel shift in the x and y axes to calculate the run length and
duration, respectively, in the anterograde or retrograde di-
rection. The velocity of the RAB-3 movements was calculated
by dividing the pixel shift in the x axis by that in the y axis
for a given track according to a method established previ-
ously (Mondal et al., 2011).

Intensity measurement and quantification of GFP::KLP-7
The worms coexpressing Pmec-4-GFP::KLP-7B (shrEX127) and
Pmec-4::mScarlet (shrEX143) were immobilized using 0.1-µm di-
ameter polystyrene beads (Polysciences; 00876-15). GFP::KLP-7B
and mScarlet (constitutive reporter) were imaged with 60.5% of
488-nm and 43.6% of 543-nm lasers, respectively, under a 63×
oil objective (NA 1.4) of a Zeiss LSM 510 Meta confocal mi-
croscope. Average GFP::KLP-7B and mScarlet intensities were
measured from a 30-µm ROI (Fig. S3, A and B) from anterior
and posterior processes. For background corrections, similar
ROIs were also placed outside the PLM neuron to get the in-
tensities of the background.

Image acquisition and quantification for NMY-2::GFP and Ppak-
1:PAK-1:GFP
The worms coexpressing either Ppak-1:PAK-1:GFP (ShrEx439) or
Pnmy-2:NMY-2::GFP (zuIs45) and Pmec-4::mCherry (tbIs222) were
immobilized using 10 mM levamisole and imaged with 7% of
488-nm and 0.3% of 561-nm lasers under a 60× oil objective
(NA 1.4) of a Nikon A1HD25 confocal microscope. Both PAK-1
and NMY-2 are expressed in multiple cells, including touch
neurons (Fig. S4, A and B; and Fig. S3 E), making it difficult to
see the spatial localization of the reporters within the PLM. To
observe PLM neuron-specific localization of PAK-1::GFP or
NMY-2::GFP, green channel images (PAK-1:GFP or NMY2::GFP)
are processed using the red channel (Pmec-4:mCherry). Using
ImageJ, the green and red channels were separated, and a bi-
nary mask of the red channel was created by thresholding. The
resultant image of the AND function between green and binary
red was subtracted from the green channel, and the resultant
image was again subtracted from the green channel. Repre-
sentative images are shown in Fig. 6 D for NMY-2GFP (raw
image in Fig. S3 E) and are shown for Ppak-1::PAK-1::GFP in
Fig. 7 B (raw image in Fig. S4, A and B). Line scan plots for GFP
andmCherry intensities were measured from 30-µm ROIs from
anterior and posterior processes (Figs. 6 D and 7 B). Similar
ROIs were also placed outside the PLM neuron to get the in-
tensities of the background.

Immunostaining and analysis
To observe the localization of KLP-7 and ROCK/LET-502, we
used the rabbit anti–KLP-7 antibody (Oegema et al., 2001; at 1:
500 dilution) and the rat anti–LET-502 antibody (Piekny and
Mains, 2002; at 1:500 dilution), respectively. For detecting ac-
tive PAK-1, we used the rabbit polyclonal antibody against phos-
pho-PAK-1(Thr423; 2601; Cell Signaling Technology; Verboon
et al., 2020) at 1:1,000 dilution. We detected the touch neu-
rons expressing Pmec-7:GFP using an anti-GFP primary anti-
body (mAb 3E6, A-11120; Thermo Fisher Scientific) at 1:1,000
dilution. Secondary antibodies were from Molecular Probes
(Alexa Fluor 488 [A11001, Texas Red [T6392], and Alexa Fluor
594 [A11012]). Whole-mount immunostaining of worms was
done as per a previously described method (Finney and Ruvkun,
1990). We fixed the worms using 1% PFA for 20 min at RT. We
incubated the fixed samples in 1% β-mercaptoethanol for 15 min
at RT to reduce cuticle cross-links. We performed imaging us-
ing a Nikon A1 HD25 laser scanning confocal microscope. Green
and red fluorescence was visualized using 1.5% of a 488-nm
laser and 0.9% of a 561-nm laser, respectively. Both KLP-7
and PAK-1 are localized in multiple cells, including touch
neurons (Figs. S1 F and S4 C), making it difficult to visualize the
spatial distribution of the antigens in the PLM neuron. For
TRN-specific visualization of the antigen in the immunostained
preparations, we processed the images with a TRN binary mask
as described in the previous Materials and methods subsection.

Sample preparation, imaging, and analysis of proximity
ligation assay (PLA)
We performed the PLA (Chen et al., 2013; Day et al., 2020) using
Duolink In Situ Red Starter Kit (Mouse/Rabbit DUO92101;
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Sigma-Aldrich) to analyze the in vivo interaction between KLP-7
and PAK-1::GFP in worms expressing the Ppak-1::pak-1::gfp re-
porter (Zhang et al., 2011). L4 stage worms were fixed using 1%
PFA for 1 h at RT. To reduce cuticle cross-links, the fixed samples
were incubated in 1% β-mercaptoethanol for 40 min at RT
(Finney and Ruvkun, 1990). Then the samples were incubated in
1.5% BSA, 1.5% normal goat serum, 0.5% Triton X-100, and
0.05% sodium azide for 1 h at RT for blocking. We used a rabbit
anti–KLP-7 antibody (Oegema et al., 2001) at 1:500 dilution and
mouse anti-GFP at 1:1,000 dilution (GFP mAb 3E6, A-11120; In-
vitrogen) for recognizing KLP-7 and PAK-1::GFP, respectively, in
the PLA reaction. The sample was incubated with primary an-
tibodies at 4°C overnight with gentle shaking. As per the man-
ufacturer’s instructions and a previously described protocol
(Day et al., 2020), PLA probes (PLUS and MINUS probes diluted
1:5 with antibody diluent; Sigma-Aldrich) was added to samples
and incubated for 1 h at 37°C. For ligation reactions, samples
were incubated in ligation solution for 30 min at 37°C, and to
detect protein interactions, an amplification solution containing
red fluorophores was added to the samples and incubated for 1 h
40 min at 37°C. Then the samples were covered with aluminum
foil to protect them from light until mounting using mounting
media provided in the PLA kit. We determined the antibody
dilutions for the PLA reaction on the basis of dilutions used in
the immunostaining experiments to detect KLP-7 (Fig. S1 F) and
PAK::GFP (Fig. 7 D) using anti–KLP-7 and anti-GFP, respectively.
The PLA samples were imaged in the same way as other im-
munostained preparations imaged in this study with PLA probe
(red) using a 561-nm laser and PAK-1::GFP (green) using a 488-
nm laser. As PAK-1::GFP was observable in PLM distinctly (Fig.
S4, A and B), we processed the PLA images (Fig. 7 D) using a
green channel binary mask as described earlier in the Materials
and methods section. Ratio images of the PLA channel to the
respective green channel were used to score these foci with the
Plot profile function of ImageJ at a threshold of 0.5 (Fig. 7 E). As a
control, we performed PLA reactions on worms expressing
Pmec-7-GFP (muIs32) with the same antibodies (anti–KLP-7 and
anti-GFP), which did not show any PLA signal (Fig. 7 E).

Statistical analysis
All the statistical analyses were performed using GraphPad
Prism software version 9.0.2. Each bar in the plots represented
the mean value and the SEM. For comparing the proportions, the
χ2 test (Fisher’s exact test) was used. For comparing more than
two groups, ANOVA was used with a post hoc Tukey’s multiple
comparisons test. Before proceeding with ANOVA, Bartlett’s test
for homogeneity of variances was used to test that variances
were equal for all samples. In the klp-7 mutant, the fraction
polarity values of microtubules did not follow a normal distri-
bution for the posterior process of the PLM neuron (Fig. 2 C, red
arrowheads representing segregation of values). In those cases,
the frequency distribution of microtubule polarity was pre-
sented (Fig. S2, A–D; Fig. S5, A and B; and Fig. S5, J and K), which
made this dispersion clear. In the WT background, the fraction
of microtubule with plus-end-out polarity showed a normal
distribution with a modal value of 0.5 (asterisk, Fig. S2 C) for the
posterior processes, whereas in klp-7(0), there were two mode

values of 1 and 0 (asterisk, Fig. S2 C). P values as a measure of
significance are represented in the image panels for the re-
spective compared groups. For each bar graph, the sample
number (n) is presented in the respective figure legend. The n
values for each bar are the total sample values accumulated
over the total number of biological replicates (N) in a given
experiment.

Online supplemental material
Fig. S1 shows a neuronal phenotype due to microtubule drug
treatment or loss of klp-7, related to Fig. 1. Fig. S2 shows the
changes in microtubule organization and axonal transport in the
klp-7 mutant, related to Fig. 2. Fig. S3 shows the regulation of
klp-7 by the PCP components of Wnt signaling in the PLM
neuron, related to Fig. 6. Fig. S4 shows that the unc-73/ced-10
pathway negatively regulates klp-7 for the extension of the an-
terior process of the PLM, related to Fig. 7. Fig. S5 shows regu-
lation of microtubule polarity through Wnt PCP components,
related to Fig. 8. Video 1 shows EBP-2::GFP in various genetic
backgrounds and is related to Figs. 2, 4, and 5. Video 2 shows
GFP::RAB-3 in various genetic backgrounds and is related to
Figs. 2, 4, and 5. Video 3 shows the dynamics of the GFP-tagged
version of WT KLP-7 and mutant KLP-7S546E S555E and is related
to Fig. 9. Table S1 shows the phenotype in TRNs in mutants
affecting microtubule dynamics. Table S2 shows the results of
analysis of the number of EBP-2::GFP tracks in various experi-
ments. Table S3 shows the results of analysis of the growth rate
of EBP-2::GFP tracks in PLM neurons. Table S4 lists the C. elegans
strains used in this study. Table S5 lists strains carrying newly
generated extrachromosomal transgenes.
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Figure S1. Neuronal phenotype due to microtubule drug treatment or loss of klp-7, related to Fig. 1. (A) Confocal images of GFP-labeled (Pmec-7-GFP,
muIs32) ALM neuron in untreated and 1 µM Taxol–treated worms. (B) The percentage of ALM neurons having ectopic growth due to treatment with different
concentrations of Taxol. N = 3 independent replicates; n (number of neurons) = 65–142. (C) Representative images of PLM neurons in the untreated, 1 µM
Taxol–treated, and 1 mM colchicine-treated worms showing the change in the length of the posterior process (double-sided arrow). Red arrowheads show
ectopic branches. (D) Length of the posterior process of the PLM in worms grown in various concentrations of Taxol and colchicine. N = 3–5 independent
replicates; n (number of neurons) = 45–95. (E) Confocal images of WT and klp-7(0)worms expressing Pmec-7-TagRFP::ELKS-1 (jsIs1075) + Pmec-7-GFP (muIs32).
ELKS-1 puncta (magenta arrowheads) were noticed in the axonal and ectopic processes of the ALM. The white arrowheads indicate the enrichment of TagRFP::
ELKS-1 at the synaptic region of PLM. (F) Confocal images of worms expressing Pmec-7-GFP (muIs32). Worms were immunostained using anti-GFP (shown in
green) and anti–KLP-7 (shown in magenta) antibodies. The processed image to visualize the PLM-specific localization of KLP-7 is also presented separately,
which is labeled as “α-KLP-7 (Only PLM).” (G) Confocal images and schematic of PVD neuron expressing Pdes-2::mCherry::RAB-3 (kyIs445) and PF49H124::GFP
(wdIs52) reporters. Ectopic outgrowths (arrow) from the cell body and RAB-3 punctae (magenta arrowheads) in the dendrites were noticed in the klp-7(0)
mutant. (H) The percentage of PVD neurons showing ectopic accumulation of mCherry::RAB-3 in dendrites. N = 4–5 independent replicates; n (number of
neurons) = 25–30. Error bars represent SEM. Statistical comparison was done using the χ2 (Fisher’s exact) test for B and G. ANOVA with Tukey’s multiple
comparison test was used for D. *, P < 0.05; ***, P < 0.001.
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Figure S2. The changes in microtubule organization and axonal transport in the klp-7 mutant, related to Fig. 2. (A–D) Frequency distribution of the
fraction polarity values of microtubules with plus-end-out (A and C) or minus-end-out (B and D) polarity in anterior (A and B) and posterior (C and D) processes
of the PLM. Asterisks indicate the mode value for each distribution, and the gray shaded areas represent the population of the microtubules having fraction
polarity value 0.8 or above. N = 3–8 independent replicates; n (number of neurons) = 28–63. (E) Confocal images of Pmec-4-GFP::PTRN-1 (juEx6455). Ar-
rowheads indicate the minus end–related enrichment of PTRN-1. (F) Quantification of GFP::PTRN-1 punctae per unit length of ROI of the anterior (Ant) and
posterior (Pst) processes of the PLM. N = 3–5 independent replicates; n (number of neurons) = 37–49. (G and H) Histograms depicting length (G) and duration
(H) of the GFP::RAB-3 movement events as shown in Fig. 2 I. Anter, anterograde; Retr, retrograde. N = 3–8 independent replicates; n (number of GFP::RAB-3
tracks) = 122–452. Error bars represent SEM. Statistical comparisons were done using ANOVAwith Tukey’s multiple comparison test (F–H). *, P < 0.05; ***, P <
0.001.
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Figure S3. Regulation of klp-7 by the PCP components of Wnt signaling in the PLM neuron, related to Fig. 6. (A) Confocal images of PLM neurons
expressing a constitutive marker Pmec-4::mScarlet (shrEx143; magenta) and Pmec-4-GFP::KLP-7B (shrEx127; green) in WT and lin-17(0) at the L4 stage.
(B) Histogram showing the normalized GFP::KLP-7 measured from the 30-µm ROIs placed on the anterior (A) and posterior (P) processes of the PLM as shown
in A from L1 to L4 stages. N = 3–4 independent replicates; n (number of neurons) = 13–25. (C) Sequence alignment of the consensus amino acid stretch known
to undergo phosphorylation in the neuron in the motor domain of Kinesin-13 homologues in various species. Sites of A-type phosphorylation catalyzed by
ROCK (amino acid 549) and B-type phosphorylation catalyzed either by PAK-1 (aa 546 and 555) are highlighted. (D) Localization of LET-502 in the PLM (white
arrows) using a rat anti–LET-502 antibody (magenta). TRN expressing GFP is stained using an anti-GFP mAb (green). (E) Representative image of worms
expressing Pnmy-2:NMY-2::GFP. Touch neurons are labeled by tbIs222 (Pmec-4:mCherry), and enrichment of NMY-2::GFP in the PLM posterior process is
indicated by white arrowheads. (F) The normalized length of the anterior process (length of anterior process/distance between PLM cell body and vulva) due to
RNAi of daam-1 or rho-1. (G) The change in the normalized length of the anterior process due to the overexpression of Pmec-4-RHO-1WT (shrEx265) or a
constitutively activated form of RHO-1, Pmec-4-RHO-1G14V (shrEx259). N = 3–8 independent replicates; n (number of neurons) = 20–49. (H) Overexpression of
the A-type phosphorylated version of KLP-7 using Punc-86-KLP-7T549E (shrEx181) makes a longer anterior process (orange arrow) and shorter posterior process
(yellow arrow). (I and J) Normalized posterior (I) and anterior (J) lengths of a PLM expressing various mutant forms of KLP-7 in the WT background. Punc-86-
KLP-7T549E (shrEx181) and Punc-86-4-KLP-7T549A (shrEx216) transgenes were used to express the constitutively phosphorylated and phosphodead versions of
KLP-7, respectively. N = 3 independent replicates; n (number of neurons) = 22–55. (K) Bar chart showing the percentage of PLM neurons with polarity reversal
phenotype when various mutant forms of KLP-7 and RHO-1 are overexpressed in lin-17(0) or lin-17(0);klp-7(0) background. N = 3–4 independent replicates; n
(number of neurons) = 28–63. Error bars represent SEM. Statistical comparisons were done using ANOVAwith Tukey’s multiple comparison test (B, D, E, G, and
H) or Fisher’s exact test (I). *, P < 0.05; ***, P < 0.001.
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Figure S4. unc-73/ced-10 pathway negatively regulates klp-7 for the extension of the anterior process of the PLM, related to Fig. 7. (A and B) Confocal
images of worms expressing Ppak-1:PAK-1::GFP (shrEx439) and Pmec-4:mCherry in WT (A) and lin-17(0; B). (C and D) Confocal images of worms expressing
Pmec-7-GFP (muIs32). Worms were immunostained using anti–phospho-PAK-1(Thr423; magenta) and anti-GFP (green) antibodies in WT (C) and lin-17(0; D).
The processed image obtained to visualize the PLM-specific localization of PAK-1 is also presented separately, which is labeled as “α-Phospho-PAK-1(Thr423)
(Only PLM).” (E) Quantification of fluorescence intensity corresponding to the anti–PAK-1 immunohistochemistry shown in C and D. Ant, anterior; Pst,
posterior. (F) Confocal images of worms expressing Pmec-7-GFP (muIs32) reporter show that an activated version of CED-10 (CED-10G12V) leads to ectopic
extensions from ALM and PLM cell bodies (orange arrows). Pmec-4-CED-10WT (shrEx262) and Pmec-4-CED-10G12V (shrEx256) transgenes were used in this
experiment. (G and H) The percentage of worms showing ectopic extension phenotype in ALM (G) and PLM (H) neurons. N = 3–4 independent replicates; n
(number of neurons) = 23–65. (I and J) Normalized lengths of anterior (I) and posterior (J) processes of the PLM due to the expression of Pmec-4-CED-10G12V

(shrEx256) at various concentrations in the WT background. N = 3–4 independent replicates; n (number of neurons) = 20–62. (K) The change in the percentage
of PLM neurons with polarity reversal phenotype due to expression of either an inactive (B-type) version of KLP-7 (KLP-7S546E S555E) or an activated version of
CED-10 (CED-10G12V) in lin-17(0) background. N = 3–4 independent replicates; n (number of neurons) = 32–115. Error bars represent SEM. Statistical com-
parisons were made using the χ2 (Fisher’s exact) test (G, H, and K) and ANOVA with Tukey’s multiple comparison test (E, I, and J). *, P < 0.05; **, P < 0.01; ***,
P < 0.001.
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Figure S5. Regulation of microtubule polarity through Wnt PCP components, related to Fig. 8. (A and B) Relative frequency distribution of the fraction
of microtubules with plus-end-out polarity in anterior (A) and posterior (B) processes due to the RNAi of klp-7, daam-1, and rho-1. Asterisks indicate the mode
value for each distribution, and the gray shaded areas cover the population of the microtubules having fraction polarity value 0.8 or above. N = 3–4 inde-
pendent replicates; n (number of neurons) = 23–29. (C) Change in the percentage of PLM processes with microtubules oriented either in unipolar (lighter gray)
or mixed (darker gray) manner due to expression of KLP-7WT and active version (A-type) of KLP-7 (KLP-7T549E) in WT worms. N = 3 independent replicates; n
(number of neurons) = 25–31. Ant, anterior; Pst, posterior. (D) Growth length of the EBP-2 tracks due to the expression of either an activated version of KLP-7
(KLP-7T549E) or RHO-1G14V. N = 3 independent replicates; n (number of tracks) = 170–530. (E) The effect on fraction polarity values of microtubules due to the
expression of RHO-1G14V or KLP-7T549E in a lin-17(0) background. N = 3 independent replicates; n (number of neurons) = 20–38. (F) The fraction polarity values
of microtubules in unc-73(0) and unc-73(0);klp-7(0) backgrounds. N = 3–4 independent replicates; n (number of neurons) = 19–46. (G and H) Growth length (G)
and duration (H) of the EBP-2 tracks, respectively, in unc-73(0). N = 3–4 independent replicates; n (number of tracks) = 170–400. (I) The effect on fraction
polarity values of microtubules due to the expression of WT (CED-10WT) or activated CED-10 (CED-10G12V). N = 3 independent replicates; n (number of neurons)
= 28–33. (J and K) The change in the frequency distribution of the fraction of microtubules with plus-end-out polarity due to the expression of Pmec-4:CED-
10G12V in the anterior (J) and posterior (K) processes of PLM in lin-17(0).N = 3 independent replicates; n (number of neurons) = 26–33. Datasets were compared
by χ2 (Fisher’s exact) test (C) and ANOVA with Tukey’s multiple comparison test (D–I). Error bars represent SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Video 1. EBP-2::GFP in various genetic backgrounds, related to Figs. 2, 4, and 5. The time-lapse video shows the events of microtubule growth at the plus
ends visualized using the EBP-2::GFP reporter in PLM neurons of various genotypes [WT, klp-7(0), lin-17(0), and lin-17(0);klp-7(0)]. EBP-2::GFP comets moving
away from the cell body represent plus-end-out microtubules, which are highlighted with green arrows. The comets moving toward the cell body depict minus-
end-out microtubules, which are marked with blue arrows. Videos were captured using a spinning disk confocal microscope at a speed of 2.64 frames per
second and played at 15 frames per second.

Video 2. GFP::RAB-3 in various genetic backgrounds, related to Figs. 2, 4, and 5. The time-lapse video depicts the axonal transport of GFP::RAB-3–labeled
synaptic vesicles in the anterograde and retrograde directions in PLM neurons of various genotypes [WT, klp-7(0), lin-17(0), and lin-17(0);klp-7(0)]. The an-
terograde moving particles are marked with green arrowheads, while the retrograde moving particles are marked with magenta arrowheads. The red ar-
rowheads represent the stationary vesicles. Videos were captured using a spinning disk confocal microscope at a speed of 3.19 frames per second and played at
15 frames per second.

Video 3. Dynamics of the GFP-tagged version of WT KLP-7 and mutant KLP-7S546E S555E, related to Fig. 9. The time-lapse video shows the movement of
GFP::KLP-7 in PLM neurons of WT, unc-73(0), and let502 RNAi. Similarly, a GFP-tagged version of the B-type phosphomutant KLP-7S546E S555E was also imaged.
The movements are indicated by green arrows. Videos were captured using a spinning disk confocal microscope at a speed of 2.64 frames per second and
played at 15 frames per second.

Provided online are five tables. Table S1 shows the phenotype in TRNs in mutants affecting microtubule dynamics. Table S2 shows
the results of analysis of the number of EBP-2::GFP tracks in various experiments. Table S3 shows the results of analysis of the
growth rate of EBP-2::GFP tracks in PLM neurons. Table S4 lists the C. elegans strains used in this study. Table S5 lists strains
carrying newly generated extrachromosomal transgenes.
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