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Abstract Planar cell polarity (PCP) controls convergent extension and axis elongation in all

vertebrates. Although asymmetric localization of PCP proteins is central to their function, we

understand little about PCP protein localization during convergent extension. Here, we use

quantitative live imaging to simultaneously monitor cell intercalation behaviors and PCP protein

dynamics in the Xenopus laevis neural plate epithelium. We observed asymmetric enrichment of

PCP proteins, but more interestingly, we observed tight correlation of PCP protein enrichment with

actomyosin-driven contractile behavior of cell-cell junctions. Moreover, we found that the turnover

rates of junctional PCP proteins also correlated with the contractile behavior of individual junctions.

All these dynamic relationships were disrupted when PCP signaling was manipulated. Together,

these results provide a dynamic and quantitative view of PCP protein localization during

convergent extension and suggest a complex and intimate link between the dynamic localization of

core PCP proteins, actomyosin assembly, and polarized junction shrinking during cell intercalation

in the closing vertebrate neural tube.

DOI: https://doi.org/10.7554/eLife.36456.001

Introduction
Convergent extension (CE) is the evolutionarily conserved morphogenetic engine that drives elonga-

tion of the body axis in animals ranging from insects to mammals (Tada and Heisenberg, 2012).

Multiple cell behaviors can contribute to CE, but by far the most well-understood process is cell

intercalation, by which cells rearrange in a polarized manner (Walck-Shannon and Hardin, 2014).

Cell intercalation, in turn, is thought to be driven by multiple subcellular behaviors, including exten-

sion of mediolaterally directed cellular protrusions (e.g. [Keller and Hardin, 1987; Shih and Keller,

1992]) and active shrinkage of mediolaterally oriented cell-cell junctions (e.g. [Bertet et al., 2004;

Blankenship et al., 2006]). More recent data suggest that these two subcellular behaviors likely

work in concert (Sun et al., 2017; Williams et al., 2014). Understanding the molecular mechanisms

governing protrusive activity and junction shrinking during cell intercalation will be essential to

understanding convergent extension.

The junction shrinking mechanism for cell intercalation was initially described in Drosophila

(Bertet et al., 2004; Blankenship et al., 2006) and was subsequently identified in both epithelial

and mesenchymal cells in vertebrates (Lienkamp et al., 2012; Nishimura et al., 2012; Shindo and

Wallingford, 2014; Trichas et al., 2012; Williams et al., 2014). In all tissues examined by live imag-

ing, junction shrinkage is accompanied by pulsed actomyosin contractions that are restricted to or

enriched at mediolaterally oriented cell-cell junctions and absent from or less common at the junc-

tions perpendicular to the anterior-posterior axis (Bertet et al., 2004; Blankenship et al., 2006;

Shindo and Wallingford, 2014; Williams et al., 2014). A major unresolved question concerns the
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molecular mechanism by which actomyosin activity is restricted to specific cell-cell junctions during

intercalation.

In Drosophila, pair-rule genes and Toll receptors are crucial regulators of polarized actomyosin

(Paré et al., 2014; Zallen and Wieschaus, 2004), but homologous genes do not appear to be

involved in vertebrates. Instead, the most well-characterized regulator of mediolateral cell intercala-

tion in vertebrates is the Planar Cell Polarity (PCP) signaling system (Butler and Wallingford, 2017).

Indeed, PCP signaling controls cell intercalation during gastrulation and neural tube closure in frogs,

fish, and mice, and mutations in PCP genes are now a well-defined genetic risk factor for human neu-

ral tube birth defects (NTDs) (De Marco et al., 2014; Juriloff and Harris, 2012; Wallingford et al.,

2013). Understanding PCP signaling is therefore a critical challenge in developmental cell biology.

One fundamental principle of PCP signaling is that cell polarity is imparted by asymmetric enrich-

ment of the core PCP proteins (Butler and Wallingford, 2017; Strutt and Strutt, 2009). As shown

first in Drosophila, the Prickle (Pk) and Van Gogh (Vangl) proteins act in concert on one side of the

cell, and Dishevelled and Frizzled act on the complementary side (Axelrod, 2001; Bastock et al.,

2003; Strutt, 2001; Tree et al., 2002). Interestingly, FRAP studies in Drosophila have shown that

these patterns of enrichment are driven by planar polarization of the junctional turnover kinetics of

PCP proteins, underscoring the dynamic nature of the PCP signaling system (Strutt et al., 2011).

Similar patterns of enrichment and turnover have been reported in vertebrate epithelia (Butler and

Wallingford, 2015; Chien et al., 2015; Shi et al., 2016), but less is known about PCP protein locali-

zation dynamics during cell intercalation.

For example, complementary, asymmetric domains of PCP protein enrichment have been

described during vertebrate CE (Ciruna et al., 2006; Jiang et al., 2005; McGreevy et al., 2015;

Ossipova et al., 2015; Roszko et al., 2015; Yin et al., 2008), but how PCP protein enrichment is

coordinated in space and time with the subcellular behaviors that drive intercalation remains essen-

tially unexplored. This gap in our knowledge is critical, because recent work demonstrates that PCP

proteins are required for the junction shrinking behaviors that contribute critically to cell intercalation

(Lienkamp et al., 2012; Nishimura et al., 2012; Shindo and Wallingford, 2014). Thus, there is a

pressing need for a quantitative, dynamic picture of PCP protein localization as it relates both to

subcellular behaviors involved in cell intercalation and to the actomyosin machinery that drives them.

To this end, we established methods for robust quantification of PCP protein localization in a liv-

ing vertebrate neural plate as well as methods for correlating PCP protein dynamics with the subcel-

lular behaviors that drive epithelial cell intercalation. Strikingly, we find that in addition to expected

patterns of spatial asymmetry, PCP protein enrichment is tightly linked to cell-cell junction behavior:

Prickle2 (Pk2) and Vangl2 were dynamically enriched specifically at shrinking cell-cell junctions and

depleted from elongating junctions during cell intercalation. FRAP analysis revealed that these pat-

terns of enrichment reflected differences in the kinetics of protein turnover at these sites. Moreover,

Pk2 enrichment was temporally and spatially correlated with planar polarized oscillations of junc-

tional actomyosin enrichment. Importantly, all these dynamic relationships were disrupted when PCP

signaling was manipulated. Thus, our studies reveal an intimate link between the dynamic localiza-

tion of core PCP proteins, actomyosin assembly, and polarized junction shrinking during cell interca-

lation of the closing vertebrate neural tube.

Results
We characterized PCP protein dynamics in the neural plate of Xenopus, as studies in this animal con-

sistently prefigure similar results in mammalian systems yet provide exceptional views of dynamic

cell biological processes. Because Dishevelled and Frizzled function in both PCP and canonical Wnt

signaling, their roles are more difficult to interrogate, so we focused instead on Prickle and Vangl,

which act solely in PCP signaling and are required for CE and neural tube closure in vertebrates,

including Xenopus (Darken et al., 2002; Goto et al., 2005; Goto and Keller, 2002; Kibar et al.,

2001; Takeuchi et al., 2003). Previous work suggests that Prickle and Vangl localize to the anterior

face of cells in the Xenopus neural plate (Ossipova et al., 2015), but we sought to establish a more

robust quantification of this pattern as a foundation for the time-lapse studies described below.

We used mRNA injection to express fluorescent protein (FP) fusions to PCP proteins in Xenopus.

Because overexpression of PCP proteins has a well-documented effect on PCP signaling, we used

titration experiments to empirically determine the lowest possible dose of mRNA that allowed
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imaging in the Xenopus neural plate. Under these conditions, GFP-Vangl2 displayed a strong asym-

metric bias to anterior cell faces (Figure 1A), while at slightly higher doses of injected mRNA, low

levels of Vangl2 could be observed at the posterior faces as well (not shown), consistent with previ-

ous reports (Ossipova et al., 2015; Roszko et al., 2015). Core PCP proteins are encoded by multi-

gene families, and despite the reported role of Prickle1 in convergent extension, GFP-Pk1 did not

display asymmetric enrichment in our hands (not shown). However, GFP-Prickle2 (Butler and Wall-

ingford, 2015) was strongly enriched anteriorly (Figure 1A). GFP-Pk2 was also restricted to the api-

colateral cell junctional regions, as expected (Figure 1—figure supplement 1). Knockdown

experiments confirmed that Pk2 was physiologically relevant for convergent extension and neural

tube closure in Xenopus (Figure 1—figure supplement 2). In double-labeling experiments, GFP-

Vangl2 strongly co-localized with RFP-Pk2 (Figure 1A, Video 1).

We quantified these localization patterns at the population level by binning cell-cell junctions into

two groups based on their orientation. To maintain a consistent nomenclature with previous work on

cell intercalation, we refer to junctions aligned within 45 degrees of the mediolateral axis as ‘V-junc-

tions’ and the perpendicular junctions (between 45 and 90 degrees off the mediolateral axis) as ‘T-

junctions.’ An important subtlety to note here is that the V-junctions are mediolaterally aligned, but

actually separate cells that are anteroposterior neighbors. We found that GFP-Pk2 was significantly

enriched at V-junctions as compared to T-junctions (Figure 1B). In a more granular view of the data,

we observed a significant correlation between GFP-Pk2 pixel intensity and junction angle, with

higher enrichment along more mediolaterally oriented junctions (Figure 1C).

To test these quantification schemes, we took advantage of the fact that in many other systems,

disruption of any one core PCP protein leads to loss of polarized enrichment of the others. We used

targeted injection to co-express reagents for disrupting PCP signaling together with a nuclear RFP

lineage tracer, allowing us to compare normal and experimental cells in the same embryo

(Figure 1D,E). Xdd1 is a well-defined, PCP-specific dominant negative of Dvl2 (Sokol, 1996;

Wallingford et al., 2000) that disrupts convergent extension of the neural tube in Xenopus

(Wallingford and Harland, 2001; Wallingford and Harland, 2002); we found that Xdd1 expression

severely disrupted Prickle2 asymmetries in the neural plate using both ensemble and individual met-

rics (Figure 1B,C).

To extend this analysis, we explored Pk2 signaling by expressing a deletion construct lacking the

PET and LIM domains (Pk2-DPDL), as this construct disrupted PCP in Xenopus multiciliated cells and

an equivalent deletion of Pk1 disrupts CE (Butler and Wallingford, 2015; Takeuchi et al., 2003).

We found that Pk2-DPDL strongly disrupted axis elongation in Xenopus (Figure 1—figure supple-

ment 3) and also severely disrupted the planar asymmetry of co-expressed wild-type Pk2-GFP in the

neural plate (Figure 1B,C). These results establish the Xenopus neural plate as an effective, quantita-

tive platform for studies of PCP protein localization.

Epithelial convergent extension in the closing Xenopus neural tube
involves PCP-dependent polarized junction shrinking
Convergent extension is an inherently dynamic process, as cells constantly exchange neighbors. The

dynamic nature of tissues engaged in convergent extension differs markedly from the settings in

which PCP protein localization is most commonly studied. We therefore sought to exploit the

strengths of Xenopus embryos to image PCP protein dynamics together with the subcellular behav-

iors that drive convergent extension in the closing neural tube. Curiously, the neural plate of Xeno-

pus consists of two cell layers, an outer epithelial layer and a deeper mesenchymal layer

(Schroeder, 1970). While cell intercalation of the deep mesenchymal cells has been characterized

(Elul et al., 1997; Keller et al., 1992), the behaviors of the overlying epithelial cells have not. This

distinction is not trivial, because it is the outer epithelial cells that display the robust patterns of PCP

protein localization described above. To understand how PCP protein localization relates to conver-

gent extension cell behaviors, we had first to characterize cell behaviors in this epithelium.

Neural tube closure spans roughly 6 hr in Xenopus, starting with the shaping of the neural tube at

last gastrula stages, followed by the progressive elevation and apposition of the neural folds

(Figure 2A). We immobilized embryos on a confocal microscope stage (Kieserman et al., 2010) and

used image tiling to collect high-magnification images of the superficial neural plate across the

entirety of neural tube closure (Video 2). This approach allowed assessment of tissue-level morpho-

genetic changes in the neural plate, as well as individual cell trajectories, which closely resembled
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Figure 1. Planar polarized localization of Prickle2 and Vangl2 in the neural plate. (A) Neural epithelium mosaically labeled with GFP-Vangl2, RFP-Pk2,

and membraneBFP showing the overlapping localizations of Pk2 and Vangl2. Anterior is up, and scale = 10 mm. (B) Graph plotting GFP-Pk2 intensity

along V-junctions (0–45˚ relative to mediolateral axis) and T-junctions (46–90˚ relative to mediolateral axis) normalized as a ratio to the mean

cytoplasmic intensity in control cells and cells expressing Xdd1 and Pk2-DPDL. Error bars represent standard deviation. Ctrl V vs. T, p<0.0001***; Xdd1 V

vs. T, p=0.5799; Pk2-DPDL V vs. T, p=0.173; Ctrl V vs. Xdd1 T, p=0.5770; Ctrl T vs. Pk2-DPDL V, p=0.0268 (Mann Whitney test for significance). n = 101 V

and 71 T from three experiments, seven embryos (Ctrl); n = n = 171 V and 199 T from four experiments, five embryos (Xdd1); n = 128 V and 142 T from

three experiments, seven embryos (Pk2-DPDL). (C) Distributions of data shown in (B) plotted against the angle of the junction at which the intensity was

measured. Correlation coefficients for Xdd1 and Pk2-DPDL were significantly different from controls using the Fischer R-to-Z transformation. n = 172

Figure 1 continued on next page
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those of previous studies ((Figure 2B; Figure 2—figure supplement 1) and see [Keller et al.,

1992]). Moreover, our tiling approach provided sufficient magnification to quantify the discrete

behaviors of individual cells, and tracking of cell clusters revealed extensive intercalations that were

mediolaterally biased, resulting in convergence and extension (Figure 2C, Video 3).

Cell intercalations in the neural plate were associated with so-called T transitions, which are char-

acterized by preferential contraction of junctions aligned in the mediolateral axis (T1-T2

transition) (Figure 3A,a’), followed by elongation of new junctions perpendicularly along the antero-

posterior axis (T2-T3 transition)(Figure 3a’, a’’)(Bertet et al., 2004). As above, we first quantified

these behaviors at the ensemble level and found that mediolaterally oriented V-junctions preferen-

tially shrank, while the perpendicular T-junctions elongated (Figure 3B). Moreover, when we plotted

the change in the length of cell-cell junctions against the average angle of that junction for all cells

examined (n > 250), we observed a significantly positive correlation; V-junctions preferentially shrank

along the mediolateral axis and T-junctions elongated perpendicularly (Figure 3C). Importantly, the

orientation of shrinking and growing junctions in this analysis remained fairly constant, changing on

average only 5 (±4) degrees over the course of measurement, and no junctions shifted by more than

20 degrees. Thus, in general, V-junctions separate anteroposterior (AP) neighbors and T-junctions

separate mediolateral (ML neighbors). Finally, we also observed planar polarized formation and reso-

lution of multicellular rosettes (Figure 3D–F), as have been described in other epithelia

(Blankenship et al., 2006; Lienkamp et al., 2012; Trichas et al., 2012).

Because PCP signaling is essential for neural convergent extension, we next assessed the effect

of PCP disruption specifically on junction shrinking behaviors in the neural epithelium. Using the

mosaic approach described above, we found that expression of Xdd1 elicited the expected tissue

level defect in the medially directed movement of the neural folds (Figure 4A, magenta nuclei indi-

cate Xdd1 expressing cells).

Analysis of individual cell behaviors in these embryos revealed that Xdd1 expression significantly

disrupted planar polarized junction shrinking,

eliminating the strong correlation between junc-

tion angle and junction shrinkage or growth

(Figure 4B, compare with Figure 3C). This

uncoupling of junction behavior from orientation

was associated with reduced junction shrinkage

generally, and a reduction in the number of pro-

ductive T transitions (Figure 4C). In fact, even

the few productive T transitions that were

observed were significantly slowed (Figure 4D).

Finally, these defects in cell intercalation

behavior had a profound impact on cell shape.

During neural plate shaping stages (12-14), the

majority of neural epithelial cells in control

embryos exhibited a shift from an anteroposte-

rior orientation to a mediolateral orientation

(Figure 4E, green), while Xdd1 expressing cells

maintain their alignment in the anteroposterior

Figure 1 continued

junctions (Control), n = 263 junctions (Xdd1) and n = 245 junctions (Pk2-DPDL) (D-E) Confocal images of Xenopus neural epithelia labeled evenly with

GFP-Pk2 and membraneBFP and mosaically with H2B-RFP, serving as a tracer for either Xdd1 (C) or Pk2-DPDL (D) expression. Scale = 10 mm.

DOI: https://doi.org/10.7554/eLife.36456.002

The following figure supplements are available for figure 1:

Figure supplement 1. GFP-Pk2 localizes to anterior apicolateral regions of cells in the Xenopus neural plate.

DOI: https://doi.org/10.7554/eLife.36456.003

Figure supplement 2. Pk2 knockdown results in embryonic convergent extension phenotypes.

DOI: https://doi.org/10.7554/eLife.36456.004

Figure supplement 3. A dominant negative Pk2 disrupts convergent extension.

DOI: https://doi.org/10.7554/eLife.36456.005

Video 1. Time-lapse confocal images of a Xenopus

laevis neural plate mosaically labeled with GFP-Vangl2

(left), RFP-Pk2 (middle), and memBFP (right, merged

with GFP-Vangl2, RFP-Pk2, and DIC channels). Still

images and scale are shown in Figure 1A.

DOI: https://doi.org/10.7554/eLife.36456.006
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axis (Figure 4E, blue). In fact, these cells actually increased their length-to-width ratios along the AP

axis (not shown), likely as a result of forces generated by other cell behaviors that shape the neural

plate at these stages (e.g. apical constriction, elongation of underlying mesoderm, etc.). Notably,

genetic mutation of PCP genes in zebrafish also elicits similar spectrum of cell shape and orientation

defects (Roszko et al., 2015). Finally, disruption of Prickle function by expression of the dominant-

negative Pk2-DPDL elicited the same spectrum of defects (Figure 4C,D, pink; Figure 4—figure sup-

plement 1). Together with our data on PCP protein localization (Figure 1, above), these results

establish the Xenopus neural plate as an effective platform with which to probe the relationship

between epithelial cell intercalation behaviors and core PCP protein dynamics.

c’ c’’ c’’’C

A a’ a’’ a’’’

b’ b’’ b’’’B membrane-GFP

Nuclear-RFP

t=0 +16’40” +38’20” +63’20”

t=0 +125’ +250’ +333’20”

Figure 2. High-magnification time-lapse imaging of convergent extension in the closing Xenopus neural tube. (A) Stereo image stills from a time-lapse

movie of Xenopus neural tube morphogenesis from stages 12 to 19. (B) Stills from time-lapse confocal imaging of the dorsal side of an embryo from

stages 12 to 16. Cells labeled with membraneGFP and nuclear H2B-RFP are merged with the DIC image of the same embryo. Images are shown ~2 hr.

apart (128 min. interval). Scale = 200 mm. (C) Higher magnification images of cell rearrangements in neural ectoderm from the time-lapse shown in (B).

Labeling of individual cells with colored dots across time points demonstrates the cellular rearrangements contributing to the narrowing and

lengthening of tissue and T transitions labeled with magenta for shrinking (T1-T2) and cyan for growing (T2-T3) junctions. Scale = approx. 20 mm.

DOI: https://doi.org/10.7554/eLife.36456.007

The following figure supplement is available for figure 2:

Figure supplement 1. In vivo imaging of cell trajectories in the closing neural tube.

DOI: https://doi.org/10.7554/eLife.36456.008
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Prickle2 and Vangl2 are
dynamically enriched specifically at
shrinking cell-cell junctions
With these imaging and analysis systems in place,

we performed time-lapse imaging with an eye

toward understanding the dynamic relationship

between PCP protein localization and epithelial

cell behaviors. This analysis revealed several

novel insights. First, we noted that the accumula-

tion of Pk2 was junction-specific, displaying overt

changes in intensity precisely at tricellular junc-

tions (Figure 5A). Moreover, we found that GFP-

Pk2 was dynamically enriched at shrinking junc-

tions but depleted from elongating junctions

(Figure 5A), suggesting that dynamic enrichment

of Pk2 might not simply reflect the junction’s spa-

tial orientation (e.g. to V- vs. T-junctions). This

notion was support by the observation that even

when adjacent junctions share a similar orienta-

tion, the GFP-Pk2 intensity at these junctions fre-

quently differed substantially (Videos 4 and

5). For example, the still images in Figure 5B

show three adjacent junctions sharing a roughly

similar mediolateral alignment; none deviates by

more than 20 degrees from the mediolateral at

any point in the movie. Nonetheless, two of the

junctions shrink during the movie (red brackets)

while the third one grows (yellow brackets). Even

among these similarly oriented junctions, shrink-

ing is associated with increasing levels of Pk2-GFP intensity, and elongation with decreasing Pk2-

GFP (Figure 5C). Similar results were obtained

for Vangl2 (Figure 5—figure supplement 1).

To quantify these observations, we plotted

the changes in GFP-Pk2 fluorescence intensity

against corresponding changes in junction

length, and we observed a strong and highly sig-

nificant correlation (Figure 6A). Similar results

were observed with Vangl2 (Figure 6B). We con-

sidered the possibility that these changes in

intensity could reflect density, increasing simply

if the amount of protein on a junction remains

constant as that junction shrinks. To explore this

idea, we examined a generic membrane marker

(FP-caax) and found that while it did show a ten-

dency to increase as junctions shrink, this

increase was modest and the correlation was far

weaker than that observed for PCP proteins

(Figure 6C). Importantly, even when normalized

against the membrane marker to account for

changes in membrane-FP in the same junctions,

the intensities of GFP-Vangl2 and GFP-Prickle2

still displayed strong and significant correlations

with junction shrinkage (Figure 6—figure sup-

plement 1).

Video 2. Time-lapse confocal images of the dorsal side

of a Xenopus laevis embryo from stages 12 to 16. Cells

labeled with membraneGFP and nuclear H2B-RFP are

merged with the DIC image of the same embryo. Still

images and scale are shown in Figure 2B.

DOI: https://doi.org/10.7554/eLife.36456.009

Video 3. Time-lapse confocal images of the dorsal side

of a Xenopus laevis embryo from stages 12 to 16. Cells

labeled with membraneGFP and pseudo-colored to

help track cell rearrangements during neural

convergent extension. Still images and scale are shown

in Figure 2C.

DOI: https://doi.org/10.7554/eLife.36456.010
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Figure 3. Polarized apical junction dynamics facilitate mediolateral cell intercalations. (A) Confocal images of

junction dynamics in the Xenopus neural plate epithelium labeled with membraneGFP. Magenta lines mark the

shrinking of a V-junction during a T transition; after complete shrinkage mediolaterally (T1-T2) (a’), a new junction

(cyan) elongates perpendicularly along the AP axis (T2-T3) (a’’). Scale = approx. 20 mm. (B) Graph showing the

mean change (±s.d.) in junction length for V- and T-junctions. (C) Plot of the average angles of junctions over 1800

s against the change in junction length. Each dot represents on cell-cell junction. n = 267 junctions from three

embryos across three different experiments. (D) The simultaneous mediolateral shrinking of two neighboring

v-junctions (magenta) leads to formation of a multicellular rosette (d’), and new junctions (cyan) that emerge from

the resolving rosette are oriented along the AP axis (d’’). Scale = approx. 20 mm. (E) Rose diagram plotting the

orientation of shrinking junctions that lead to the formation of multicellular rosettes and the mean resultant vector

(arrow). n = 42 junctions from four embryos across three separate experiments. (F) Rose diagram plotting the

orientation of new junctions emerging from resolving rosettes and mean resultant vector (arrow). n = 36 new

junctions from 3 embryos across three separate experiments.

DOI: https://doi.org/10.7554/eLife.36456.011
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Figure 4. PCP function is required for polarized junction shrinking in the neural plate. (A) Confocal images from a Xenopus neural plate evenly labeled

with membraneBFP and Utrophin-RFP (actin biosensor), but mosaically co-expressing H2B-RFP (magenta nuclei) together with Xdd1 on one side (right).

The lateral boundaries of the neural plate are marked in each frame by yellow lines, demonstrating that Xdd1 expression disrupts the medial movement

of the right neural fold in comparison to the control fold on the left. Scale = 50 mm (B) Graph of average angle of junctions versus junction length

change for cells expressing Xdd1 to compare with control plot in Figure 3C. n = 187 junctions from four embryos across three experiments. (C) Graph

with the total number of T transition events expressed as transitions per hour per the number of cells examined, with each point representing a single

embryo. Error bars represent standard deviation. For statistical analysis, Control vs. Xdd1, and Control vs. Pk2-DPDL ML, p=0.0025** for both classes of

transitions (Mann-Whitney Test for significance). n = 4 experiments, seven embryos, 1167 cells (Control); three experiments, five embryos, 560 cells

(Xdd1); three experiments, five embryos, 841 cells (Pk2-DPDL). (D) The calculated rate of junction contraction for completed Type one to Type two

transition (T1-T2) (complete contraction of a V-junction, see Figure 3A–a’). Error bars represent standard deviation. Ctrl vs. Xdd1, p<0.0001****, Ctrl vs.

Pk2-DPDL, p<0.0001****, Xdd1 vs. Pk2-DPDL, p=0.2051. (Mann-Whitney statistical test). n = 24 junctions from four embryos across three experiments

(Ctrl), n = 19, 2, 2 (Xdd1), and n = 9, 3, 3 (Pk2-DPDL). (E) Plot of the angle of the long axis of control and Xdd1-expressing cells at Stages 12–12.5 (early)

and Stages 13–14 (late), with lines connecting angles of the same cell at the two different time points. All measurements are from different regions of

Figure 4 continued on next page
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These findings suggest that the strength of asymmetric Pk2 and Vangl2 enrichment at a particular

junction is at least as strongly tied to the dynamic behavior of that junction as it is to the junction’s

orientation. As a final test of this idea, we selected a subset of V-junctions which remained aligned

within 30 degrees of the ML axis for the entire movie and then plotted the average velocity of

shrinking or growth against the average intensity of GFP-Pk2 at that junction. Again, we found a

highly significant correlation (Figure 6—figure supplement 2). Together, these data suggest that

the enrichment of Pk2 and Vangl2 is governed both by the reciprocal interaction of each individual

pair of neighboring cells and is intricately linked to the behavior of the shared junction between

them.

Turnover of Prickle2 and Vangl2 at cell-cell junctions is planar polarized
during cell intercalation
Of the PCP protein dynamics we observed, we felt that the enrichment specifically at shrinking

V-junctions was the most significant. Our data with Caax-GFP (Figure 6C) suggest that simply reduc-

ing the junction length is not sufficient to increase density to the full extent observed for Pk2 and

Vangl2 at shrinking junctions. We reasoned, therefore, that PCP enrichment could also involve an

active process, for example in which regulated turnover kinetics are more dynamic at some junctions

and less so at others. FRAP studies have demonstrated that polarized PCP protein turnover is planar

polarized in other cell types (Butler and Wallingford, 2015; Chien et al., 2015; Shi et al., 2016;

Strutt et al., 2011), so we used this method to assess localization dynamics during cell intercalation

in the closing neural tube (Figure 7A).

Both Pk2 and Vangl2 displayed striking differences in turnover kinetics at shrinking versus non-

shrinking junctions, with significantly less recovery (i.e. higher stable fraction) for both Vangl2 and

Prickle2 at shrinking junctions compared to non-shrinking junctions (Figure 7B,C). Moreover, when

we integrated these FRAP data with time-lapse analysis of cell behaviors, we found that the stable

fraction of both proteins correlated significantly with changes in junction length: more rapidly shrink-

ing junctions displayed higher stable fractions of junctional PCP proteins (Figure 7D,E). Thus, the

overall accumulation of Prickle2 and Vangl2 at shrinking junctions parallels the increased stability of

these proteins at these sites, and together, these data suggest a key role for PCP protein trafficking

in the coordination of cell-cell junction shrinkage.

Planar polarization of actomyosin during junction shrinking in the neural
epithelium is PCP-dependent
We next sought to understand the link between PCP protein localization and the actomyosin

machinery known to drive cell-cell junction shrinkage. Time-lapse imaging in Drosophila first demon-

strated that cell intercalation by junction shrinkage is accompanied by pulsed accumulations of acto-

myosin at V-junctions (Bertet et al., 2004; Fernandez-Gonzalez et al., 2009; Rauzi et al., 2008).

While this process is independent of PCP signaling in Drosophila, similar actomyosin pulses have

been observed during PCP-dependent junction shrinking in mesenchymal cells of the Xenopus gas-

trula mesoderm (Shindo and Wallingford, 2014). Static analyses of Xenopus, chicks and mice also

indicate that actomyosin is enriched at mediolaterally oriented junctions (McGreevy et al., 2015;

Nishimura et al., 2012; Williams et al., 2014). However, the spatiotemporal relationship between

actomyosin dynamics and subcellular behaviors during cell intercalation in the vertebrate neural tube

remains poorly defined.

Using a GFP-fusion to the myosin regulatory light chain Myl9 (Shindo and Wallingford, 2014),

we observed a strong enrichment at V-junctions as compared to T-junctions. This enrichment was

Figure 4 continued

embryos that mosaically express Xdd1, similar to as shown in (A). n = 136 control cells and 114 Xdd1-expressing cells from four embryos across three

experiments.

DOI: https://doi.org/10.7554/eLife.36456.012

The following figure supplement is available for figure 4:

Figure supplement 1. A dominant negative Pk2 disrupts polarized cell rearrangements.

DOI: https://doi.org/10.7554/eLife.36456.013
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Figure 5. Pk2 is dynamically enriched at shrinking V-junctions. (A) Confocal images of neural epithelial cells

labeled with membraneRFP (pseudocolored blue) and GFP-Pk2 showing the change in length of shrinking

junctions (inward facing arrowheads) and growing junctions (outward facing arrows) along with the corresponding

change in GFP-Pk2 intensity at two different time points. Scale = 10 mm (B) Higher magnification view of the

Figure 5 continued on next page
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apparent at both the population level (Figure 8A–C, green) and in the significant correlation

between Myl9 intensity and junction angle for individual junctions (Figure 8D, green, n > 450). Con-

sistent with previous reports in other systems (Bertet et al., 2004; Shindo and Wallingford, 2014),

Myl9 intensity was elevated in shrinking junctions (Figure 8—figure supplement 1A). These correla-

tions are likely to be functionally relevant, because changes in myosin enrichment strongly correlated

with decreases in junction length. Similar results were obtained using the actin biosensor Utrophin-

RFP (Burkel et al., 2007), and the changes in myosin intensity were also strongly correlated to

changes in actin on individual junctions (Figure 8—figure supplement 1).

Expression of Xdd1 or Pk2-DPDL significantly disrupted the planar polarization of myosin enrich-

ment (Figure 8A–D). Interestingly, these reagents appear to act via converse mechanisms: Expres-

sion of Xdd1 elicited an elevation of myosin levels at T-junctions, while expression of Pk2-DPDL

elicited a reduction of myosin enrichment at V-junctions (Figure 8C). This result was strikingly similar

to the trend observed above for GFP-Pk2 intensities in these conditions (Figure 1B), further suggest-

ing that PCP and Myl9 enrichments are functionally related. Thus, disruption of PCP signaling dis-

rupts both asymmetric PCP protein localization and the planar polarization of actomyosin

contraction in the closing neural tube.

PCP proteins and actomyosin dynamics are spatiotemporally
coordinated with junction shrinkage
In light of observed spatiotemporal patterns of PCP protein localization (Figure 8), we more closely

examined Myl9 and Pk2 localization during time-lapse movies. As expected from results in other sys-

tems, Myl9-GFP displayed a pulsatile behavior at shrinking V-junctions (Figure 9A–B, Video 6). Myl9

also pulsed at T-junctions, although such pulses tended to involve larger fluctuations and failed to

persistently shrink the junction (Figure 9C). Strikingly, Pk2 intensity also displayed pulsatile enrich-

ment, and moreover, changes in Pk2 were

strongly correlated with similar changes in Myl9

intensity at cell-cell junctions (Figure 9A–D).

Finally, the pulses of Pk2 and Myl9 were also

strongly cross-correlated in time (Figure 9E).

Together, these data demonstrate shared

dynamic patterns of core PCP protein and acto-

myosin localization in space and time during cell

intercalation and suggest that these systems

work in close concert to drive junction shrinking

in the Xenopus neural epithelium.

Discussion
Here, we have used image tiling and time-lapse

microscopy in Xenopus embryos to generate

high magnification movies of the closing verte-

brate neural tube. These movies allowed us to

quantify core PCP protein localization and

Figure 5 continued

horizontal junctions shown in A, shown at 5-min intervals. Red brackets indicated shrinking junctions; yellow

brackets indicate growing junctions. Scale = 10 mm (C) Plots of intensity (red/yellow traces) and length (black

dashed traces) for each of the indicated junctions in Panel B. Plots show 30 min of junction dynamics ending in

either junction resolution or junction formation and expansion; gray area behind select data points indicate the

interval of the four frames shown in (B), which are offset due to different junctions appearing and resolving at

different times.

DOI: https://doi.org/10.7554/eLife.36456.014

The following figure supplement is available for figure 5:

Figure supplement 1. Distinct Vangl2 dynamics at adjacent growing and shrinking junctions.

DOI: https://doi.org/10.7554/eLife.36456.015

Video 4. Time-lapse confocal images of a Xenopus

laevis neural plate mosaically labeled with GFP-Pk2

(left) and memRFP (right, pseudo-colored blue and

merged with GFP-Pk2 and DIC channels). Still images

and scale are shown in Figure 5A and a magnified

view is shown in Video 5 and analysis of the

mediolaterally aligned junctions annotated in the

beginning of the movie are provided in Figure 5B,C.

DOI: https://doi.org/10.7554/eLife.36456.016
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dynamics as they relate to the cell behaviors

associated with convergent extension. We focus

here on junction shrinkage, which together with

mediolateral protrusions is an essential sub-cellu-

lar behavior contributing to cell intercalation. We

find that the Prickle2 and Vangl2 display a con-

sistent pattern of localization and turnover in

space and time during cell intercalation that is

strongly linked to actomyosin assembly at cell-

cell junctions. Directed, mechanistic studies will

be required to fully understand the relationships

reported here, but our data are nonetheless sig-

nificant for providing a comprehensive and

quantitative view of the spatial and temporal

patterns of PCP protein localization during verte-

brate collective cell movements.

PCP protein localization in time
and space during convergent
extension

The spatial asymmetry of core PCP proteins is fundamental to their function. In a wide array of cell

types, planar polarization is defined by Dvl and Frizzled enrichment to one region of the cell and

Vangl and Prickle in a reciprocal pattern. Feedback across cell membranes is thought to reinforce ini-

tially weak asymmetry, leading to the robust asymmetry at later stages (Butler and Wallingford,

2017; Strutt and Strutt, 2009).

Interestingly, while cell intercalation was the first setting in which vertebrate PCP was defined, the

first reports of asymmetric protein localization in vertebrates came instead from studies of cochlear

hair cells and later from ciliated cells of the node and airway (Rida and Chen, 2009; Walling-

ford, 2010). Indeed, even now we know little about the spatial patterns and almost nothing about

the temporal patterns of PCP protein localization in the context of convergent extension.

Currently, a consensus has emerged that PCP proteins spatially delineate an anterior-to-posterior

axis in cells undergoing cell intercalation. This consensus has support from studies of various PCP

proteins in diverse tissues, first in zebrafish and later in other animals (Ciruna et al., 2006;

McGreevy et al., 2015; Nishimura et al., 2012; Ossipova et al., 2015; Roszko et al., 2015;

Yin et al., 2008). This model is consistent with the similar pattern of anteroposterior localization for

PCP proteins in the orientation of directional ciliary beating in the embryonic node and spinal cord

(Antic et al., 2010; Borovina et al., 2010; Hashimoto et al., 2010). Moreover, this axis of polariza-

tion is consistent with embryological data suggesting that anteroposterior patterning is crucial to

convergent extension in Xenopus (Ninomiya et al., 2004). However, it should be noted that several

studies suggest additional regions of localization in the mediolateral ends of cells during cell interca-

lation (e.g. [Jiang et al., 2005; Kinoshita et al., 2003; Panousopoulou et al., 2013]).

Our data here are consistent with the idea that anteroposterior localization of PCP proteins is crit-

ical for cell intercalation, although they do not exclude additional roles in mediolateral protrusions,

and disruption of PCP does disrupt the polarity and stability of mediolateral protrusions

(Wallingford et al., 2000). Significantly, recent work suggests that both mediolateral protrusions

and junction shrinking act together during convergent extension (Sun et al., 2017; Williams et al.,

2014), so it is clear that additional studies will be required.

In our view, the more important findings here relate to the temporal aspects of PCP protein local-

ization, as previous studies provided only static snapshots of what is a highly dynamic process. Our

time-lapse studies not only reveal that Prickle2 and Vangl2 are dynamically enriched at shrinking

junctions, but also suggest that the shrinking/growing status of a junction may be as important a

determinant of PCP protein enrichment as is its orientation along the mediolateral/anteroposterior

axes. In addition, our FRAP data reveal that turnover kinetics also differ with the dynamic behavior

of the junctions, with higher stable fractions associated with shrinking junctions. Thus, our study

reveals a new complexity to the pattern of PCP protein localization that likely reflects the dynamic

nature of the cells involved, as they are constantly exchanging neighbors as they intercalate.

Video 5. Time-lapse confocal images of a Xenopus

laevis neural plate mosaically labeled with GFP-Pk2 and

memRFP (pseudo-colored blue) merged with DIC.

Shrinking and growing junctions are annotated with red

and yellow lines, respectively, and analysis of these

junctions is provided in Figure 5C.

DOI: https://doi.org/10.7554/eLife.36456.017
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Figure 6. Pk2 and Vangl2 dynamics at shrinking and growing junctions. (A) Raw GFP-Pk2 pixel intensities strongly

correlate with junction length changes. Inset shows a magnified view of the core of the plot. n = 71 junctions from

five embryos across four experiments. (B) Raw GFP-Vangl2 pixel intensities strongly correlate with junction length

changes. n = 37 junctions from 2 embryos from two different experiments. (C) GFP-caax displays only a weak

Figure 6 continued on next page
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Finally, our data provide an interesting complement to previous studies linking turnover at cell

junctions to planar polarized PCP protein localization. In Drosophila, the enriched regions of PCP

protein localization display higher stable fractions than do non-enriched regions, and the loss of

Figure 6 continued

correlation with junction length changes. Inset shows a magnified view of the core of the plot. n = 108 junctions

from seven embryos across six experiments. Even when normalized against GFP-caax, Pk2 and Vangl2 levels show

a strong correlation to junction length changes, as shown in Figure 6—figure supplement 1 Figure 6

DOI: https://doi.org/10.7554/eLife.36456.018

The following figure supplements are available for figure 6:

Figure supplement 1. PCP protein localization is correlated with junctional behavior.

DOI: https://doi.org/10.7554/eLife.36456.019

Figure supplement 2. Pk2 is more highly enriched at shrinking mediolateral junctions.

DOI: https://doi.org/10.7554/eLife.36456.020
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Figure 7. Turnover of Pk2 and Vangl2 correlates with junction behavior. (A) Still images from time-lapse movies captured before and after

photobleaching a nonshrinking and shrinking junction of cells mosaically labeled with GFP-Pk2 in the neural plate, with a LUT applied for warmer colors

representing higher fluorescence intensities. Dashed red box marks the bleached region of interest. Note that the cell on the anterior side of the

junctions is unlabeled. Scale = 5 mm. (B, C) Graphs showing mean fluorescence recovery after photobleaching at shrinking and nonshrinking junctions

for GFP-Pk2 (n = 34 nonshrinking, n = 15 shrinking) and GFP-Vangl2 (n = 17 nonshriking, n = 16 shrinking). Shrinking junctions were defined as those

that were reduced by 0.5 mm or more in length over the course of bleaching and fluorescence intensity recovery. Error bars represent SEM. (D–E)

Graphs plotting the change in junction length during photobleaching and recovery against the calculated nonmobile fraction for the individual

junctions analyzed in (B) and (C) with associated linear regression model and correlation analysis statistics included. n = 49 (GFP-Prickle2); n = 33 (GFP-

Vangl2).

DOI: https://doi.org/10.7554/eLife.36456.021
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asymmetric protein localization after disrupting PCP signaling is accompanied by a loss of this asym-

metric turnover (Strutt et al., 2011). Similar results have been obtained in cells of the Xenopus epi-

dermis and in the mouse oviduct (Butler and Wallingford, 2015; Chien et al., 2015; Shi et al.,

2016). However, cell-cell neighbor exchange is minimal in those contexts, in contrast to CE, where

such neighbor exchanges are constant. We therefore find it interesting that we observed a similar

trend during cell intercalation, where enriched regions of PCP protein localization also display higher

stable fractions of PCP protein even as these junctions shrink dramatically. Interestingly, when we

calculated the mean stable fraction for PCP proteins (i.e. averaging all junctions), this value was sub-

stantially lower than what we previously observed using similar methods in Xenopus multiciliated

cells (Butler and Wallingford, 2015); this difference may represent an adaptation to the dynamic

nature of the junctions involved. Together with the previous studies, our data demonstrate that pla-

nar polarized junction turnover kinetics are a general feature of PCP protein localization, spanning a

broad spectrum of organisms and cell types.
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Figure 8. PCP function is required for polarization of actomyosin contractility during junction shrinking. (A–B). Confocal images of Xenopus neural

epithelia labeled evenly with Myl9-GFP and membraneBFP and mosaically with H2B-RFP serving as a tracer for either Xdd1 (A) or Pk2-DPDL (B)

expression. Scale = 10 mm (C) Graph plotting Myl9-GFP intensity along V-junctions (0–45˚ relative to mediolateral axis) and T-junctions (46–90˚ relative
to mediolateral axis) normalized as a ratio to the mean cytoplasmic intensity of the cells sharing the junction. Control cells (n = 91 V, 91T) and cells

expressing Xdd1 (n = 44 V, 53 T) and Pk2-DPDL (n = 45 V, 45 T). Ctrl V vs. T, p<0.0001****; Pk2-DPDL V vs. T, p=0.2304; Xdd1 V vs. T, p=0.0022**;

Control V vs. Xdd1 V, p=0.5826; Control T vs. Xdd1 T, p<0.0001****; Control T vs. Pk2-DPDL T, p<0.0001**** (Mann-Whitney Test for significance). Error

bars represent standard deviation. (D) Distributions of normalized Myl9-GFP intensity plotted against the angle of the junction at which intensity was

measured in control cells and cells expressing Xdd1 or Pk2-DPDL. Correlation coefficients for Xdd1 and Pk2-DPDL were shown to be significantly

different from controls using the Fischer R-to-Z transformation. n = 498 junctions (Control), n = 263 junctions (Xdd1) and n = 245 junctions (Pk2-DPDL)

from four experiments, five embryos (Xdd1); three experiments, seven embryos (Pk2-DPDL).

DOI: https://doi.org/10.7554/eLife.36456.022

The following figure supplement is available for figure 8:

Figure supplement 1.

DOI: https://doi.org/10.7554/eLife.36456.023
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Figure 9. Spatiotemporal coordination of Prickle2 and actomyosin accumulation at shrinking junctions. (A) Confocal images of a shrinking V-junction

mosaically labeled with Myl9-GFP, RFP-Pk2, and membraneBFP over the course of a 1600 s time lapse and associated intensity plot profile for each

fluorophore across the length of the junction. Scale = 10 mm. (B) Plot of mean intensities over time for the V-junction in (A) which shows the pulsed co-

accumulation of Pk2 (pink) and Myl9 (green) as junction length shrinks (black dashed line). The orange box marks the time points portrayed in (A) (C)

Plot of mean intensities over time for a mosaically labeled T-junction showing the pulsed co-accumulation of Pk2 (pink) and Myl9 (green) as junction

fluctuates between shrinking and growing (black dashed line). (D) Scatter plot of the change in RFP-Pk2 intensity against the change in GFP-Myl9

intensity and associated correlation; a magnified view of the core of this plot is shown in Panel c’. n = 96 junctions from three embryos across two

experiments. (E) Cross correlation analysis of changes in RFP-Pk2 and GFP-Myl9 intensities over time, with a mean cross correlation coefficient of 0.7 at

0 s time lag demonstrating synchronous accumulation dynamics. n = 22 junctions from three embryos; error bars represent SEM.
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PCP protein and myosin interplay
during convergent extension
Another interesting result in this study is the tight

spatiotemporal relationship between PCP pro-

teins and myosin at shrinking junctions. PCP pro-

teins have been shown to be required for the

phosphorylation of Myosin during cell intercala-

tion in Xenopus, chicks, and mice

(Lienkamp et al., 2012; McGreevy et al., 2015;

Nishimura et al., 2012; Shindo and Wallingford,

2014; Williams et al., 2014), as well as in the

cochlea of mice (Lee et al., 2012). The mecha-

nism by which PCP proteins act on Myosin

remains unclear, but of the PCP proteins, it is Dvl

that is most directly implicated. Dvl acts via the

formin Daam1, the PDZ-RhoGEF, and RhoA to

activate Rho Kinase (Habas et al., 2001;

Nishimura et al., 2012), which in turn is essential

for cell intercalation (Marlow et al., 2002; Ybot-

Gonzalez et al., 2007). Thus, our focus here on Prickle and Vangl (necessitated by the complexity of

Dvl/Fzd function) is a limitation, because the mechanisms by which Pk2 and Vangl2 impact myosin

activation are unknown.

Because mechanical feedback contributes to the oscillations of actomyosin at shrinking junctions

during PCP-independent cell intercalation in Drosophila (e.g. [Fernandez-Gonzalez et al., 2009]),

one attractive hypothesis involves Dvl/RhoA-mediated myosin accumulation on one cell face result-

ing in mechanically induced myosin accumulation on the opposing cell face. In this case, Pk2 and

Vangl2 function only to ensure Dvl/Fzd localization on the other side of the junction. Alternatively,

Pk2 and Vangl2 may also interact directly with actomyosin machinery by a yet to be described

mechanism.

Regardless of precise mechanism, it is clear that a functional PCP system is required to drive myo-

sin contraction, so it is interesting that two recent studies suggest that, conversely, myosin is

required for normal PCP protein localization. Disruption of myosin action disrupts the polarized

localization of Vangl2 in the Xenopus neural plate and of Pk in the ascidian notochord (Newman-

Smith et al., 2015; Ossipova et al., 2015). These data may suggest a ‘reciprocal’ relationship

between PCP proteins and myosin, an idea supported by our observations here of very tight tempo-

ral and spatial correlation between Myosin levels and Pk2 levels at cell-cell junctions. However,

because there is evidence that mechanical cues can impact PCP signaling in Drosophila, Xenopus,

and mice (Aigouy et al., 2010; Bosveld et al., 2012; Chien et al., 2015; Luxenburg et al., 2015), it

is important to consider that both the neural plate and the notochord are engaged in large-scale col-

lective cell movement. The broad application of myosin inhibitors would clearly disrupt global pat-

terns of cell movement and even the orientation and magnitude of tension exerted on cell-cell

junctions, so myosin inhibition might disrupt PCP protein localization secondarily. Future experi-

ments using acute, spatially resolved myosin inhibition will be required to adequately address this

issue.

Conclusions
In sum, the data here provide a quantitative, dynamic view of PCP protein localization as it relates to

a subcellular behavior that drives cell intercalation. This work provides new insights into the general

problem of how developmental signaling systems such as PCP interface with fundamental cellular

machines such as actomyosin. Finally, because defects in PCP signaling are strongly linked to human

neural tube defects, this work also lays a foundation for understanding the growing spectrum of

human disease-associated mutations in PCP genes.

Video 6. Time-lapse confocal images of a Xenopus

laevis neural plate mosaically labeled with Myl9-GFP

(top left), RFP-Pk2 (bottom left), and memBFP (top

right). The bottom right panel is a merge of the Myl9-

GFP and RFP-Pk2 channels. Still images and analysis of

these movies is provided in Figure 9A,B.
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Materials and methods

Xenopus manipulations
Eggs were and externally fertilized according to standard protocols (Sive et al., 2000). The jelly coat

was removed from embryos at the two-cell stage by bathing in a solution of 2% cysteine (pH 7.9).

The embryos were then washed in 1/3x Marc’s Modified Ringer’s (MMR) solution and microinjected

in a solution of 1/3x MMR with 2% Ficoll using an Oxford manipulator. The mRNAs coding for fluo-

rescent protein fusions were synthesized using mMessage mMachine kits (Ambion) and injected into

one of eight dorsal blastomeres for even labeling of the neural plate at the following concentrations:

50 pg membraneGFP, 60 pg of membraneRFP, 80 pg of membraneBFP, 200 pg for GFP- or RFP-

Pk2, 60 pg for GFP-Vangl2, 50 pg for H2B-RFP, and 30 pg for Myl9-GFP. For mosaically labeled tis-

sues, mRNAs were injected at the 16- or 32 cell stages with approximately 70% of the totals

amounts listed above. Dominant-negative Pk2 (Pk2-DPETDLIM) was injected at 700–800 pg for over-

expression, at the eight-cell stage, as was the dominant-negative Dvl (Xdd1), and both were similarly

reduced by 70% for later stage injections. For Pk2 morpholino treatments, 20–25 ng was injected

into one cell at the eight-cell stage, and 400 pg of GFP-Pk2 were used to rescue the morpholino

phenotypes. Developmental stages were determined according to (Nieuwkoop and Faber, 1994).

Live imaging and image quantification
Confocal imaging was done using live embryos submerged in 1/3x MMR in AttoFluor Cell Chambers

(Life Technologies A7816) and between coverglasses, using silicon grease as an adhesive spacer,

and carried out with a Zeiss LSM700 confocal microscope. Images were processed with the Fiji distri-

bution of ImageJ, Imaris (Bitplane) and Photoshop (Adobe) software suites, and figures were assem-

bled in Illustrator (Adobe). For junction length and protein enrichment measures, lines (3–6 pixels

wide, depending on image scale/zoom) were drawn over cell junctional regions (excluding the tricel-

lular junctional vertices), while cytoplasmic measures were taken using the freehand shapes tools

within the apicolateral cortical regions. Mean PCP and Myl9 fluorescence intensities along a cell-cell

junction were normalized to against the membrane label in analysis of changes in PCP vs. during

junction length changes (Supp. Figure 6) and against the average of cytoplasmic intensities of the

two cells sharing a junction in the analyses when cells are labeled.(Figures 1B and 8C). Statistical

analyses were carried out using Prism (Graphpad) software with Mann Whitney tests for significance

and Spearman non-parametric correlations. Extreme outliers with fluorescent intensities more than

three standard deviations away from the mean were removed from the analysis; in all datasets such

outliers were very rare (<6). These outliers likely represent non-specific contraction waves sometimes

observed in the Xenopus neural plate. For FRAP analysis, time-lapse movies were acquired after

photobleaching discrete domains of core PCP GFP fusions localization. Intensity measurements were

taken in Fiji, with recordings for each time point taken individually from each frame captured at

bleached regions and normalized as detailed in Goldman and Spector (2005). Statistical analysis

was performed in Prism (Graphpad) software with exponential decay functions. Angles of junctions

shrinking to form and emerging from rosettes were measured manually in Fiji, and rose diagrams

were plotted with Oriana software (Kovach Computing Services). Cross-correlation analysis was per-

formed using a free web-based statistics calculator at www.wessa.net. Stereo time-lapse imaging

was performed using a Zeiss AXIO Zoom.V16 Stereomicroscope and associated Zen software. Mov-

ies were exported from Fiji and processed in Adobe Photoshop, and cell tracking was performed

with the Fiji manual tracking plug-in.
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Aigouy B, Farhadifar R, Staple DB, Sagner A, Röper JC, Jülicher F, Eaton S. 2010. Cell flow reorients the axis of
planar polarity in the wing epithelium of Drosophila. Cell 142:773–786. DOI: https://doi.org/10.1016/j.cell.
2010.07.042, PMID: 20813263

Antic D, Stubbs JL, Suyama K, Kintner C, Scott MP, Axelrod JD. 2010. Planar cell polarity enables posterior
localization of nodal cilia and left-right axis determination during mouse and Xenopus embryogenesis. PLoS
One 5:e8999. DOI: https://doi.org/10.1371/journal.pone.0008999, PMID: 20126399

Axelrod JD. 2001. Unipolar membrane association of dishevelled mediates frizzled planar cell polarity signaling.
Genes & Development 15:1182–1187. DOI: https://doi.org/10.1101/gad.890501, PMID: 11358862

Bastock R, Strutt H, Strutt D. 2003. Strabismus is asymmetrically localised and binds to Prickle and Dishevelled
during Drosophila planar polarity patterning. Development 130:3007–3014. DOI: https://doi.org/10.1242/dev.
00526, PMID: 12756182

Bertet C, Sulak L, Lecuit T. 2004. Myosin-dependent junction remodelling controls planar cell intercalation and
axis elongation. Nature 429:667–671. DOI: https://doi.org/10.1038/nature02590, PMID: 15190355

Blankenship JT, Backovic ST, Sanny JS, Weitz O, Zallen JA. 2006. Multicellular rosette formation links planar cell
polarity to tissue morphogenesis. Developmental Cell 11:459–470. DOI: https://doi.org/10.1016/j.devcel.2006.
09.007, PMID: 17011486

Borovina A, Superina S, Voskas D, Ciruna B. 2010. Vangl2 directs the posterior tilting and asymmetric
localization of motile primary cilia. Nature Cell Biology 12:407–412. DOI: https://doi.org/10.1038/ncb2042,
PMID: 20305649

Bosveld F, Bonnet I, Guirao B, Tlili S, Wang Z, Petitalot A, Marchand R, Bardet PL, Marcq P, Graner F, Bellaı̈che
Y. 2012. Mechanical control of morphogenesis by Fat/Dachsous/Four-jointed planar cell polarity pathway.
Science 336:724–727. DOI: https://doi.org/10.1126/science.1221071, PMID: 22499807

Butler and Wallingford. eLife 2018;7:e36456. DOI: https://doi.org/10.7554/eLife.36456 20 of 23

Research article Cell Biology Developmental Biology

http://orcid.org/0000-0002-3130-1186
http://orcid.org/0000-0002-6280-8625
https://doi.org/10.7554/eLife.36456.028
https://doi.org/10.7554/eLife.36456.029
https://doi.org/10.7554/eLife.36456.026
https://doi.org/10.1016/j.cell.2010.07.042
https://doi.org/10.1016/j.cell.2010.07.042
http://www.ncbi.nlm.nih.gov/pubmed/20813263
https://doi.org/10.1371/journal.pone.0008999
http://www.ncbi.nlm.nih.gov/pubmed/20126399
https://doi.org/10.1101/gad.890501
http://www.ncbi.nlm.nih.gov/pubmed/11358862
https://doi.org/10.1242/dev.00526
https://doi.org/10.1242/dev.00526
http://www.ncbi.nlm.nih.gov/pubmed/12756182
https://doi.org/10.1038/nature02590
http://www.ncbi.nlm.nih.gov/pubmed/15190355
https://doi.org/10.1016/j.devcel.2006.09.007
https://doi.org/10.1016/j.devcel.2006.09.007
http://www.ncbi.nlm.nih.gov/pubmed/17011486
https://doi.org/10.1038/ncb2042
http://www.ncbi.nlm.nih.gov/pubmed/20305649
https://doi.org/10.1126/science.1221071
http://www.ncbi.nlm.nih.gov/pubmed/22499807
https://doi.org/10.7554/eLife.36456


Burkel BM, von Dassow G, Bement WM. 2007. Versatile fluorescent probes for actin filaments based on the
actin-binding domain of utrophin. Cell Motility and the Cytoskeleton 64:822–832. DOI: https://doi.org/10.
1002/cm.20226, PMID: 17685442

Butler MT, Wallingford JB. 2015. Control of vertebrate core planar cell polarity protein localization and dynamics
by Prickle 2. Development 142:3429–3439. DOI: https://doi.org/10.1242/dev.121384, PMID: 26293301

Butler MT, Wallingford JB. 2017. Planar cell polarity in development and disease. Nature Reviews Molecular Cell
Biology 18:375–388. DOI: https://doi.org/10.1038/nrm.2017.11, PMID: 28293032

Chien YH, Keller R, Kintner C, Shook DR. 2015. Mechanical strain determines the axis of planar polarity in ciliated
epithelia. Current Biology 25:2774–2784. DOI: https://doi.org/10.1016/j.cub.2015.09.015, PMID: 26441348

Ciruna B, Jenny A, Lee D, Mlodzik M, Schier AF. 2006. Planar cell polarity signalling couples cell division and
morphogenesis during neurulation. Nature 439:220–224. DOI: https://doi.org/10.1038/nature04375,
PMID: 16407953

Darken RS, Scola AM, Rakeman AS, Das G, Mlodzik M, Wilson PA. 2002. The planar polarity gene strabismus
regulates convergent extension movements in Xenopus. The EMBO Journal 21:976–985. DOI: https://doi.org/
10.1093/emboj/21.5.976, PMID: 11867525

De Marco P, Merello E, Piatelli G, Cama A, Kibar Z, Capra V. 2014. Planar cell polarity gene mutations contribute
to the etiology of human neural tube defects in our population. Birth Defects Research Part A: Clinical and
Molecular Teratology 100:633–641. DOI: https://doi.org/10.1002/bdra.23255, PMID: 24838524

Elul T, Koehl MA, Keller R. 1997. Cellular mechanism underlying neural convergent extension in Xenopus laevis
embryos. Developmental Biology 191:243–258. DOI: https://doi.org/10.1006/dbio.1997.8711, PMID: 9398438
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