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A B S T R A C T

The asymmetric localization of planar cell polarity (PCP) proteins is essential for the establishment of many planar polarized cellular processes, but the mechanisms that
maintain these asymmetric distributions remain poorly understood. A body of evidence has tied oriented subapical microtubules (MTs) to the establishment of PCP
protein polarity, yet recent studies have suggested that the MT cytoskeleton is later dispensable for the maintenance of this asymmetry. As MTs underlie the vesicular
trafficking of membrane-bound proteins within cells, the requirement for MTs in the maintenance of PCP merited further investigation. We investigated the complex
interactions between PCP proteins and the MT cytoskeleton in the polarized context of the floorplate of the zebrafish neural tube. We demonstrated that the progressive
posterior polarization of the primary cilia of floorplate cells requires not only Vangl2 but also Fzd3a. We determined that GFP-Vangl2 asymmetrically localizes to anterior
membranes whereas Fzd3a-GFP does not polarize on anterior or posterior membranes but maintains a cytosolic enrichment at the base of the primary cilium. Vesicular
Fzd3a-GFP is rapidly trafficked along MTs primarily toward the apical membrane during a period of PCP maintenance, whereas vesicular GFP-Vangl2 is less frequently
observed. Nocodazole-induced loss of MT polymerization disrupts basal body positioning as well as GFP-Vangl2 localization and reduces cytosolic Fzd3a-GFP move-
ments. Removal of nocodazole after MT disruption restores MT polymerization but does not restore basal body polarity. Interestingly, GFP-Vangl2 repolarizes to anterior
membranes and vesicular Fzd3a-GFP dynamics recover after multiple hours of recovery, even in the context of unpolarized basal bodies. Together our findings challenge
previous work by revealing an ongoing role for MT-dependent transport of PCP proteins in maintaining both cellular and PCP protein asymmetry during development.
1. Introduction

Cellular polarization is a fundamental aspect of animal development
that enables epithelial cells to organize intracellularly to perform
specialized functions appropriate for their tissue context. Epithelia
exhibit two types of cellular polarity: apicobasal polarity, which defines
the axis between the apical and basal membranes, and planar polarity,
which is polarization in the plane of the epithelium, orthogonal to the
apicobasal axis. Drosophila mutants that displayed misoriented and su-
pernumerary actin-based hairs on the adult wing identified a core set of
proteins that define the Planar Cell Polarity signaling pathway (Gubb and
Garcia-Bellido, 1982). A highly conserved signaling pathway, PCP has
been implicated in a number of developmental processes including the
orientation of mammalian skin hair follicles (Devenport and Fuchs,
2008) and inner ear sensory hair cells (Etheridge et al., 2008; Mon-
tcouquiol et al., 2003); the directed migration of neurons and axons
(Davey and Moens, 2017) and the collective movements of cells during
gastrulation (Heisenberg et al., 2000; Tada and Smith, 2000; Wallingford
and Harland, 2001) and neural tube closure (Curtin et al., 2003; Wall-
ingford and Harland, 2001; Wang et al., 2006; Butler and Wallingford,
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2018) as well as cilia positioning and directional beating in trachea
(Vladar et al., 2012) oviducts (Shi et al., 2014, 2016) and in the central
nervous system (Borovina et al., 2010; Boutin et al., 2014).

The PCP signaling pathway functions at the protein level to polarize
subcellular information intracellularly and propagate this information
through direct cell-cell interactions, which result in locally coordinated
tissue polarity (Tree et al., 2002). The core PCP pathway in fly wing disc
cells is composed of two membrane-localized protein complexes: the
Frizzled (Fz or Fzd in vertebrates) complex consisting of Fz, Dishevelled
(Dsh or Dvl in vertebrates), and Diego (Dg, or Diversin in vertebrates);
and the Van Gogh (Vang, or Vangl in vertebrates) complex consisting of
Vang and Prickle (Pk) (for review see (Goodrich and Strutt, 2011)).
Through intracellular destabilizing interactions and intercellular stabi-
lizing interactions, these PCP protein complexes sort into complementary
membrane domains at the cell cortex, with the Fz complex localizing to
distal membranes and the Vang complex to proximal membranes (Strutt
et al., 2002; Strutt and Strutt, 2007). Flamingo (Fmi or Celsr in verte-
brates), localizes to both proximal and distal membranes and is essential
for mediating the intercellular interactions between the Fz and Vang
complexes (Shimada et al., 2001). This asymmetric localization of core
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PCP protein complexes, which can best be visualized using mosaically
expressed, fluorescently tagged PCP proteins, also underlies the planar
polarization of vertebrate epithelia including that of the neuroepithelium
and floorplate (Butler and Wallingford, 2015; Davey et al., 2016; Deans
et al., 2007; Devenport and Fuchs, 2008; Montcouquiol et al., 2006;
Vladar et al., 2012; Butler and Wallingford, 2018).

Microtubules (MTs) have been implicated in the establishment of
planar polarity. In the fly wing, a slight bias in plus-end MT orientation
toward the distal side of cells biases the kinesin-based trafficking of
vesicles containing Fmi, Fz, and Dsh distally, initiating an asymmetry
which is then amplified by the intracellular destabilizing and extracel-
lular stabilizing interactions between the core PCP complexes mentioned
above (Harumoto et al., 2010; Olofsson et al., 2014; Shimada et al.,
2006). This amplification process is also thought to involve MTs when
membrane-bound complexes are endocytosed and trafficked either back
to the membrane or to lysosomes for degradation in a process known as
“endocytic flux” (Classen et al., 2005; Mottola et al., 2010; Strutt and
Strutt, 2008) (for review see (Butler and Wallingford, 2017)). The
polarized distribution of PCP core components is only transient in
Drosophila epithelia, so the mechanisms that maintain stable planar
polarity have not been investigated in this model.

Multiple recent studies have suggested that a role for MT networks in
the establishment of PCP protein asymmetry is conserved in vertebrates,
yet this work also suggests that MTs are subsequently dispensable for the
maintenance of PCP protein asymmetry (Boutin et al., 2014; Chien et al.,
2015; Sepich et al., 2011; Shi et al., 2016; Vladar et al., 2012). This is
surprising, as endocytic flux of membrane-associated proteins is a ubiq-
uitous and ongoing process within living cells, and trafficking of
protein-containing vesicles alongMTs is expected to be an integral part of
this process (Butler and Wallingford, 2017). Maintenance of asymmetric
PCP protein localization may be essential for ongoing planar polarized
cellular processes including neuronal migration (Davey and Moens,
2017), but the mechanism by which any cell type maintains PCP asym-
metry is unknown. Our ability to visualize the in vivo dynamics of PCP
and MT fluorescent fusion proteins after cellular PCP has been estab-
lished makes the zebrafish floorplate an ideal model for the study of the
complex interactions between PCP proteins, the MT cytoskeleton, and
maintenance of polarized cellular architecture.

In this work we describe the progressive establishment and subse-
quent maintenance of planar cell polarity in the zebrafish floorplate as
detected by the posterior localization of the primary cilia and the
asymmetric localization of PCP proteins Vangl2 and Fzd3a. Although we
recognize that there are both cellular and molecular aspects to both
ciliary polarity and PCP protein polarity, for simplicity hereafter we refer
to the asymmetric localization of the primary cilium as “cellular polarity”
and the asymmetric distribution of PCP proteins as “molecular polarity”.
We find that GFP-Vangl2 protein asymmetrically localizes to anterior
membranes whereas Fzd3a-GFP is primarily detectable in dynamic ves-
icles that traffic along MTs toward the base of the primary cilium. Con-
trary to prior studies, we find that MTs are required to maintain both
cellular and molecular polarity after it is established in the floorplate.
Molecular but not cellular polarity is re-established after recovery of MTs,
demonstrating that in this system the asymmetric position of the MTOC
does not appear to feed back on the polarized localization of PCP proteins
as has been proposed in other planar polarized epithelia. Our findings
challenge previous work by revealing an ongoing role for MT-dependent
transport of PCP proteins in maintaining both cellular and molecular
asymmetry during development.

2. Methods

2.1. Ethics statement

The Fred Hutchinson Cancer Research Center Institutional Animal
Care and Use Committee (IACUC) follow the guidelines of the Office of
Laboratory Animal Welfare and set its policies according to The Guide for
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the Care and Use of Laboratory Animals. Fred Hutchinson Cancer
Research Center maintains full accreditation from the Association for
Assessment and Accreditation of Laboratory Animal Care (AAALAC) and
has letters of assurance on file with OLAW. The IACUC routinely evalu-
ates the Fred Hutchinson animal facilities and programs to assure
compliance with federal, state, local, and institution laws, regulations,
and policies. The OLAW Assurance number is D16-00142.

2.2. Zebrafish lines and maintenance

Zebrafish (Danio rerio) were raised at the Fred Hutchinson Cancer
Research Center, and animal care and experiments were approved by the
Institutional Animal Care and Use Committee. All animals were main-
tained according to standard procedures (Westerfield, 2000) and staged
as previously described (Kimmel et al., 1995). All mutant lines used were
previously described and are registered at The Zebrafish International
Resource Center (ZIRC): fzd3arw689 (oltrw689) (Wada et al., 2006) and
vangl2m209 (trim209) (Jessen et al., 2002).

2.3. Cloning and transgenic line generation

The following transgenic lines were generated for this study: Tg(shha-
gata2a:gal4-vp16)fh386 (Davey et al., 2016), Tg(uas:GFP-Vangl2)fh453,
Tg(uas:mkate2-Vangl2)fh496, Tg(uas:Fzd3a-GFP)fh447, Tg(uas:Fzd3a-
mEOS)fh499, Tg(uas:EB3-mkate2)fh500, Tg(uas:p50p2a-eGFPCAAX)
fh501. Transgenic elements were cloned using the Gateway (Life Tech-
nologies) system using the gene specific primer sequences listed in Supp.
Table 1. Final DNA constructs were assembled in the pDESTpBHR4R3
plasmid (gift from the Brockerhoff Lab). Transgenic embryos were
generated by Tol2 transposase RNA co-injection with each plasmid at the
single cell stage (Kawakami et al., 2000).

2.4. Drug treatments

Nocodazole treatments were done using a modified protocol from
(McFarland et al., 2017). Briefly, nocodazole (Sigma) solutions were
prepared fresh in DMSO and diluted in embryo media (Westerfield,
2000) with final concentrations of 5 ng/mL and placed on ice. Embryos
were anesthetized and placed in 60mm polystyrene petri dishes (Fisher
Scientific) on ice. Embryo media was removed from embryos and
replaced with 3mL ice cold nocodazole or DMSO solution for the dura-
tion of drug treatment. Embryos were removed from ice after treatment
and were either fixed immediately or washed at least 4x in
room-temperature embryo media. Embryo recovery periods occurred in
embryo media in a 28 �C incubator. Importantly, within minutes of
removal from ice, treated embryos fully recover from multiple hours on
ice based on motility and responsiveness to touch (data not shown).

2.5. Whole-mount immunohistochemistry

Anesthetized zebrafish embryos were fixed in 2% trichloroacetic
(TCA) acid for 3 h or 4% paraformaldehyde (PFA)/4% sucrose in PBS for
1 h at room temperature. Fixed tissue was washed in PBS þ 0.5% Tri-
tonX100, brain tissue was dissected and then blocked by standard anti-
body incubations. Following staining, tissue was cleared step-wise in a
25%, 50%, 75% glycerol series and mounted for confocal imaging. The
following antibodies were used: chicken anti-GFP (1:500, Abcam Cat#
ab13970); rabbit anti-ZO-1 (1:500, Zymed Cat# 61–7300); mouse anti-
Cc2d2a (1:100, (Bachmann-Gagescu et al., 2011)); rabbit anti-RFP
(1:1000, Abcam Cat# ab62341) (cross reacts with mkate2); mouse
anti-acetylated tubulin (1:2000, Sigma Aldrich Cat# T6793) and rabbit
anti-alpha tyrosinated tubulin (1:500, Millipore Cat# ABT171).

2.6. Imaging and data analysis

Imaging was performed using a Zeiss 700 confocal microscope with a
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40x C-Apochromat 1,2W-Korr UV–Vis-IR water immersion objective
with the Zen 2010 software package. BB Polarity indices were deter-
mined by dividing the distance between the anterior cell membrane and
the position of the BB by the distance between the anterior and posterior
membranes at the level of the BB. For time-lapse imaging, short Z-stack
images at 0.50 μm steps were captured every 5 s until photobleaching of
fluorescent proteins hindered image acquisition. Live lateral imaging was
limited to floorplate cells in the posterior halves of animals as the
increased body thickness of the anterior halves of embryos obscures
imaging of the medially located floorplate. Imaging of fluorescent fusion
proteins was performed in isolated expressing cells in mosaically
expressing embryos generated via plasmid injection or in stable trans-
genic lines that exhibited UAS silencing (Goll et al., 2009). Z-stacks of
whole cell fluorescence were obtained and analyzed for polarized
GFP-Vangl2 or Fzd3a-GFP localization. Anterior versus posterior asym-
metry of GFP-Vangl2 and Fzd3a-GFP localization was measured by
drawing ROIs on cell anterior and posterior halves and recording average
pixel intensity with the plot profile tool in ImageJ (schematic, Fig. 2c).
Anterior versus posterior membrane enrichment of GFP-Vangl2 and
Fzd3a-GFP was determined by measuring fluorescence intensities of
maximum intensity projections using a 1 μm wide trace along anterior
and posterior membranes in ImageJ (schematic, Fig. 2d). To visualize
Fzd3a localization in the context of p50-p2a-eGFPCAAX we photo-
converted Fzd3a-mEOS to red fluorescence. As p2a sequences are cleaved
during translation (Kim et al., 2011) we used eGFPCAAX localization to
determine the position of the primary cilia along the apical membranes of
floorplate cells co-expressing both transgenes. Fzd3a-GFP puncta dy-
namics were tracked and recorded using the MTrackJ plugin in ImageJ
(Meijering et al., 2012). Movies were corrected for bleaching and levels
were adjusted in ImageJ. All movies were exported as AVIs at 7 fra-
mes/sec. Graphs were generated and statistics were computed using
GraphPad Prism software. All statistical analyses were performed using a
95% confidence interval. Figure images and diagrams were created using
Zeiss Zen software, ImageJ, Adobe Photoshop CC, and Adobe Illustrator
CC.

2.7. Kymographs

Kymographs of Fzd3a-GFP vesicular trafficking along MT tracks were
generated in ImageJ from time-lapse movies by tracing 1 μm wide
segmented user-drawn lines along MTs that were then superimposed on
the corresponding fluorescently labeled PCP protein channel, straight-
ened, and then timepoints were combined into montages. Kymograph
traces were generated using the multi-kymograph overlay ImageJ plugin.

2.8. Rose-plots

Overall vesicle displacement directionality was determined by
measuring the angle between the first and last positions of tracked Fzd3a-
GFP vesicles. Rose plots were generated using the polarhistogram func-
tion in MatLab (https://www.mathworks.com/help/matlab/ref/po
larhistogram.html). Outer plot numbers reflect relative angle of
displacement while internal numbers indicate number of vesicles coun-
ted that were displaced at those relative angles, grouped into 15� bins.
Apical movement defined as displacement between 45 and 135�, anterior
defined as 135–225�, basal defined as 225–315�, and posterior defined as
315 to 45�.

3. Results

3.1. The floorplate is progressively planar polarized in a Vangl2 and
Fzd3a-dependent manner

Previous studies establish that the apically docked BB of the primary
cilium becomes asymmetrically localized toward the posterior side of
floorplate cells in zebrafish by two days post-fertilization (dpf), and that
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this polarity requires planar cell polarity (PCP) signaling (Borovina et al.,
2010; Davey et al., 2016; Walsh et al., 2011) (Fig. 1a–d). The position of
the primary cilium can be visualized in vivo through live lateral imaging
of floorplate cells expressing membrane-localized fluorescent proteins
using the Tg(shha-gata2a:gal4-vp16) transgenic driver, henceforth
referred to for simplicity as Tg(shh:gal4) (Fig. 1a,c, Supp Movie 1) (Davey
et al., 2016; Ertzer et al., 2007) The position of the BB can be precisely
determined in a ventral view of the fixed, dissected spinal cord using an
antibody to Cd2d2a which localizes ~100 nm distal to the BB in the
ciliary transition zone (Bachmann-Gagescu et al., 2011; Shi et al., 2017)
(Fig. 1d). For the purposes of this work we assume henceforth that the BB
lies at the base of the primary cilium and co-localizes with Cc2d2a. To
understand the timing during which the BB becomes posteriorly local-
ized, we assessed BB localization in fixed embryos at various stages of
development. As early as the 10-somite stage (ss), the initial timepoint at
which we can identify and image floorplate cells in the developing em-
bryo, BBs within floorplate cells have docked apically and are localized
posteriorly (Fig. 1e; polarity index: 0.72, n¼ 125 cells, 12 embryos; po-
larity index is the ratio of the distance from the anterior cell membrane to
the BB over the total anterior-posterior length of the cell along the same
line, averaged from ten floorplate cells per embryo; see methods). This
early appearance of planar polarity is not unexpected given that the
planar polarized distribution of PCP proteins is detectable in the neural
plate and is required for neural tube closure (Butler and Wallingford,
2018). The BB becomes progressively more posteriorly localized from the
10ss until 30 h-post-fertilization (hpf), at which point BBs display a po-
larity index of 0.84 (n¼ 206 cells, 12 embryos). After this time the po-
sition of the BB is maintained through the end of our analysis at 72hpf
(p> 0.9999, n¼ 100 cells, 10 embryos) (Fig. 1e). We thus define the
period between 30 and 72 hpf as the maintenance phase of floorplate
planar polarity.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.ydbio.2019.04.007.

Floorplate planar polarization is critically dependent on the core PCP
transmembrane protein Vangl2 as has been shown previously (Borovina
et al., 2010; Davey et al., 2016), and we quantified this requirement using
our polarity index measurement at 48 hpf (polarity index in vangl2m209

mutants is 0.47, p< 0.0001, n¼ 100 cells, 10 embryos) (Fig. 1g). We also
found that the opposing transmembrane core component, Fzd3a, is
required for floorplate planar polarization, although less dramatically,
suggesting a possible redundancy with other Fzd proteins in the floor-
plate (polarity index in fzd3arw689: 0.67, p¼ 0.0018, n¼ 198 cells, 19
embryos) (Fig. 1f and g). Taken together, we find that the zebrafish
floorplate becomes progressively polarized through a Fzd3a and
Vangl2-dependent mechanism that positions BBs near the posterior api-
cal membrane by 30hpf, and that this polarity is maintained at least until
72hpf.

3.2. Vangl2 and Fzd3a localization in the floorplate

One of the characteristics of the PCP pathway is that cellular asym-
metry, which in the floorplate is reflected in the position of the BB, is
underlain by molecular asymmetry of the PCP core components them-
selves. To understand how floorplate cellular asymmetry is established
and maintained, we examined the dynamics of Vangl2 and Fzd3a local-
ization in live zebrafish embryos using fluorescent fusion proteins. Use of
mosaic expression of fusion proteins to visualize PCP protein distribu-
tions in vertebrate epithelia enables anterior and posterior membranes of
irregularly shaped cells to be distinguished from the membranes of
adjacent non-expressing cells (Butler and Wallingford, 2015; Ciruna
et al., 2006; Davey et al., 2016; Devenport and Fuchs, 2008; Devenport
et al., 2011; Roszko et al., 2009). Furthermore, PCP protein expression is
widespread in the embryo, necessitating tissue-specific drivers to assess
their sub-cellular localization, particularly in deep tissues like the floor-
plate. We previously reported that within the floorplate, GFP-Vangl2
(corroborated by Vangl2 immunostaining) and Fzd3a-GFP are planar
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Fig. 1. The floorplate is progressively planar polarized in a Vangl2 and Fzd3a-dependent manner. (A) A 48hpf Tg:(shh:gal4); Tg(uas:Kaede) zebrafish embryo
expressing Kaede in the floorplate of the neural tube. (B) Schematic of a cross-section of the zebrafish neural tube at 48hpf (not to scale). (C) Single time point from a
time lapse of a Tg(shh:gal4); Tg(uas:mApple-CAAX) embryo at 48hpf in which two adjacent floorplate cells are expressing membrane-localized mApple-CAAX (green).
Posteriorly localized primary cilia (arrows) appear as squiggles due to their rapid motion. (D) Fixed ventral view of a 48hpf WT floorplate co-immunostained with ZO-
1 to mark sub-apical tight junctions (green) and Cc2d2a to mark BBs (red). (E) Quantitation of per embryo polarity index from the 10–12ss through 72hpf. Each dot
represents the average polarity index of at least 10 cells within a single embryo. Total N ¼ 62 embryos, 1130 cells. *p < 0.0001; significance was determined with a
Kruskal-Wallis test with Dunn's multiple comparison. (F) Fixed ventral view of a 48hpf fzd3a�/�

floorplate stained as in D. White dotted line indicates position of cell
boundaries, as determined by mApple-CAAX fluorescence (C) or ZO-1 staining (D,F), arrows indicate BB positions. (G) BB polarity indices of WT, vangl2�/� and
fzd3a�/� embryos at 48hpf. Each dot represents the average polarity index of at least 10 cells within a single embryo. Total N ¼ 54 embryos, 448 cells; **p < 0.0001;
*p ¼ 0.0018; significance was determined with a Kruskal-Wallis test with Dunn's multiple comparison. Anterior is to left in all images. Scale bars: 100 μm (A) or 5
μm (C,D,F).
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polarized to the anterior and posterior apical sides of floorplate cells,
respectively (Davey et al., 2016). We crossed Tg(shh:gal4) animals with
Tg(uas:mAppleCAAX) and Tg(uas:GFP-Vangl2) or Tg(uas:Fzd3a-GFP) to
generate embryos to visualize PCP protein localization (green) relative to
the membrane (red) in isolated expressing cells due to mosaic silencing of
the UAS-driven transgenes ((Goll et al., 2009); see methods). We found
that at 48 hpf GFP-Vangl2 is significantly polarized to the anterior half of
the cell (p¼ 0.0035, n¼ 54 cells, 12 embryos) whereas Fzd3a-GFP lo-
calizes to the posterior half (p¼ 0.0266, n¼ 59 cells, 25 embryos), when
compared to the non-polarized localization of mAppleCAAX
(n¼ 39 cells, 20 embryos) (Fig. 2a–c; mAppleCAAX channel not shown).
This asymmetry is even more dramatic for GFP-Vangl2 when we
considered 1 μm wide areas encompassing the anterior and posterior
membranes themselves (mean anterior/posterior (A/P) expression ratio
of 1.8 (p¼ 0.0154, n¼ 18 cells, 10 embryos) compared to mAppleCAAX:
average ratio of 1.1 (n¼ 29 cells, 13 embryos), Fig. 2d, see methods).
Surprisingly, given that Fzd3a is also a transmembrane protein, the
Fzd3a-GFP asymmetry we observed in the posterior half of floorplate
cells does not appear to be due to enrichment in the posterior membrane,
but rather represents an asymmetrically localized cytosolic pool of the
protein (Fig. 2d).

To examine the localization of this cytosolic pool of Fzd3a-GFP and to
correlate it with cellular planar polarity as detected by the position of the
primary cilium, we imaged the floorplate in live 48hpf Tg(shh:gal4);
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Tg(uas:Fzd3a-GFP); Tg(uas:mAppleCAAX) embryos (Fig. 2e). Measuring
pixel intensity in a 3 μm wide band along the apical surface of the cell
(Fig. 2f, see methods), we found that peak apical Fzd3a-GFP localization
is highly correlated with the position of the primary cilium at 48hpf
(r2¼ 0.79, n¼ 96 cells from 16 embryos) (Fig. 2f, Supp Movie 2). Pre-
vious studies have identified BB-related roles for core PCP components
that localize near the BB (Butler andWallingford, 2015; Hashimoto et al.,
2010; Park et al., 2008; Vladar et al., 2012; Werner and Mitchell, 2012),
suggesting that Fzd3a could be influencing primary cilia function within
floorplate cells.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.ydbio.2019.04.007.

3.3. Planar polarized Fzd3a and Vangl2 exhibit different dynamics in the
floorplate

Live imaging also showed that cytosolic Fzd3a-GFP localizes to highly
dynamic puncta (1 punctum defined as a point of local signal intensity
ranging from 0.4 to 0.7 μm in diameter that can be traced across multiple
timepoints) that congregate around the base of the primary cilium (Supp
Movies 2 & 3). We hypothesized that these puncta were Fzd3a-GFP-
containing vesicles undergoing MT-based transport during the endocy-
tosis, recycling, and degradation processes of ongoing endocytic flux
(Strutt et al., 2011). Therefore, we generated Tg(shh:gal4);
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Fig. 2. Vangl2 and Fzd3a localization in the floorplate. (A–B) Live lateral views of 48hpf (A) Tg(shh:gal4); Tg(uas:GFP-Vangl2) and (B) Tg(shh:gal4); Tg(uas:Fzd3a-GFP)
single expressing floorplate cells. Asterisks indicate positions of fusion protein (green) concentration along the apical membrane. (C) Schematic: diagram indicating
how total fusion protein localization was measured on anterior vs. posterior cell halves. Graph: quantitation of anterior vs. posterior fusion protein localization in
isolated expressing cells. Each dot represents the ratio of the mean fluorescence level within a single cell anterior half divided by the mean fluorescence level of its
posterior half. N ¼ 57 embryos, 152 cells; **p ¼ 0.0035; *p ¼ 0.0266; significance was determined with a Kruskal-Wallis test with Dunn's multiple comparison. (D)
Schematic: diagram indicating how fusion protein localization was measured on anterior vs. posterior membranes. Graph: quantitation of anterior vs. posterior fusion
protein membrane localization in isolated expressing cells. Each dot represents the ratio of the mean fluorescence level along the anterior membrane a single cell
divided by the mean fluorescence level along its posterior membrane. N ¼ 39 embryos, 106 cells; *p ¼ 0.0154; significance was determined with a Kruskal-Wallis test
with Dunn's multiple comparison. (E) Live lateral views of a 48hpf Tg(shh:gal4); Tg(uas:Fzd3a-GFP); Tg(uas:mAppleCAAX) dual transgene expressing floorplate cell.
Inset: magnified view of the posterior apical cellular membrane where Fzd3a-GFP (green, asterisk) is concentrated near the base of the primary cilia (red apical
extension, arrow). Approximate cell boundaries, as determined by mAppleCAAX expression, indicated by white dotted lines. (F) Schematic: diagram indicating how
apically localized cytosolic Fzd3a-GFP levels were quantified (see methods) Graph: correspondence of Fzd3a-GFP peak localization with primary cilium position. Each
point corresponds to measurements from a single cell. r2¼ 0.79. Anterior to left in all images. Scale bars: 5 μm.
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Tg(uas:mApple-Rab5c); Tg(uas:Fzd3a-GFP) and Tg(shh:gal4); Tg(uas:-
mAppleRab7); Tg(uas:Fzd3a-GFP) embryos and found that Fzd3a-GFP
puncta colocalize with both Rab5c- and Rab7-bound vesicles (Supp
Movies 4 & 5). As Rab5 is a marker of early endosomes and Rab7 is
associated with late endosomes destined for lysosomal degradation, and
both have been found to colocalize with PCP proteins in other contexts,
these data are consistent with the model that maintenance of core PCP
protein asymmetry requires ongoing endocytic flux (Mottola et al., 2010;
Strutt and Strutt, 2008) (Strutt et al., 2011).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.ydbio.2019.04.007.

Given the role of the BB as a cellular microtubule organizing center
(Badano et al., 2005), and given the role that MTs play in the estab-
lishment of PCP via directional trafficking of PCP proteins including Fzd
(Harumoto et al., 2010; Matis et al., 2014; Olofsson et al., 2014; Shimada
et al., 2006), we examined the organization of MTs in floorplate cells to
discover their role in floorplate planar polarization. MTs are composed of
αβ-tubulin heterodimers that are modified post-translationally to influ-
ence MT stability and function (Westermann and Weber, 2003). The
subunits of nascent and dynamic MTs are typically tyrosinated whereas
stable MTs become de-tyrosinated and acetylated over time (Bulinski and
Gundersen, 1991) (Westermann andWeber, 2003). To identify whichMT
populations are present within the floorplate at 30 hpf we used
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established antibody protocols ((McFarland et al., 2017), see methods) to
visualize acetylated and tyrosinated tubulin localization. Confocal im-
aging confirmed the acetylation of primary cilia and revealed a dense
cloud of tyrosinated tubulin originating at the base of the primary cilium
and extending throughout the cytoplasm of floorplate cells (Supp Fig 1a).
These findings are consistent with the BB functioning as the microtubule
organizing center (MTOC) at this stage of floorplate development.

Visualizing floorplate MTs by immunohistochemistry does not cap-
ture their dynamics or the dynamics of vesicle trafficking along them.
Thus, we expressed EB3-mkate2, which marks MT plus-ends (Stepanova
et al., 2003) in the floorplate in Tg(shh:gal4); Tg(uas:EB3-mkate2) em-
bryos at 30 hpf (Supp Fig 1b, Supp Movie 6) and 48hpf (Supp Movie 7)
and observed dynamic EB3 comets spreading throughout the cytoplasm
from the posterior apical region of most cells. This region corresponds to
the location where the BB is most frequently observed in floorplate cells,
again consistent with the BB acting as the primary MTOC at this stage.
EB3-mkate2 comets are slowly occluded by the accumulation of
EB3-mkate2 along non-centrosomal bundles of MTs at later time points,
enabling clear visualization of MT organization in vivo (Supp Fig 1b, Supp
Movie 8). GFP-Tubulin also localizes to MTs when expressed in floorplate
cells but also maintains a diffuse cytosolic population of free GFP-tubulin
subunits, making it less ideal for visualizing distinct MT networks (Supp
Fig 1b).

https://doi.org/10.1016/j.ydbio.2019.04.007
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Supplementary video related to this article can be found at https://
doi.org/10.1016/j.ydbio.2019.04.007.

We next considered whether the dynamic Fzd3a-GFP-containing
vesicles we detected in floorplate cells are undergoing MT-based traf-
ficking. By live imaging of Fzd3a-GFP puncta and EB3-mkate2-marked
MTs in Tg(shh:gal4); Tg(uas:EB3-mkate2); Tg(uas:Fzd3a-GFP) embryos
we determined that dynamic Fzd3a-GFP vesicles are indeed strongly
associated with MTs by 48 hpf (n¼ 240 vesicles, 89 cells, 9 embryos).
Fzd3a-GFP vesicles move bidirectionally along MT tracks with frequent
periods of stalling and switching between MT tracks at junctions (Supp
Movie 9; Fig. 3a and b). We sought to characterize the dynamics of the
overall vesicular population of Fzd3a-GFP by tracking individual puncta
throughout time lapse movies to determine average Fzd3a-GFP vesicle
velocities, displacement, and directionality. Overall Fzd3a-GFP vesicle
movements measured at 30, 48, and 60 hpf are biased towards the apical
membrane of floorplate cells, with 48% of all vesicles tracked (n¼ 240
vesicles, 89 cells, 9 embryos) moving apically between first and last
timepoints measured (Fig. 3c) (see methods). Normalized vesicle
displacement was quantified as a measure of perdurance of vesicular
motion by dividing the distance between the first and last tracked posi-
tions of each vesicle by the total time the vesicle was tracked. Between
30, 48, and 60hpf, average vesicular displacement does not significantly
change (p¼ 0.1094, 30hpf compared to 60hpf), with an overall average
displacement in a 1-min time interval of 2.4 μm (Fig. 3d). Average vesicle
velocity varies across timepoints with vesicles moving significantly faster
at 30hpf with an average velocity of 0.09μm/sec (n¼ 66 vesicles,
27 cells, 4 embryos) compared to 0.07μm/sec at 48hpf (p¼ 0.0023,
n¼ 69 vesicles, 29 cells, 2 embryos) and at 60hpf (p< 0.0001, n¼ 102
vesicles, 33 cells, 3 embryos) (Fig. 3e).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.ydbio.2019.04.007.

Whereas much of Fzd3a-GFP localizes in dynamic MT-associated
vesicles, GFP-Vangl2 is predominantly localized to the anterior apical
membrane between 30 and 72hpf, and we were unable to detect indi-
vidual vesicular GFP-Vangl2 undergoing directional movements along
EB3-mkate2 labeled MTs (Fig. 2a, d; 3f-g). However, in rare instances we
were able to detect individual dynamic vesicular GFP-Vangl2 in
Tg(shh:gal4); Tg(uas-GFP-Vangl2) embryos, suggesting intracellular traf-
ficking of vesicular Vangl2 is ongoing during PCP maintenance within
the floorplate (Fig. 3h; Supp Movie 11). However, the rarity of these
vesicles and their susceptibility to photobleaching limited our ability to
further investigate the dynamics of vesicular GFP-Vangl2.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.ydbio.2019.04.007.

3.4. Microtubules are required to maintain floorplate PCP

The role of MTs in maintaining PCP protein asymmetric localization
after its establishment, or in re-establishing PCP protein asymmetry after
it has been disrupted, is controversial (Newman-Smith et al., 2015;
Sepich et al., 2011; Shi et al., 2016; Vladar et al., 2012). The defined
maintenance phase of floorplate planar polarity from 30 to 72 hpf gave us
the opportunity to assess the role of MTs in polarity maintenance in a
monociliated cell in vivo. We used a modified nocodazole treatment
protocol with ice-cold nocodazole (McFarland et al., 2017), which fully
disrupts MTs as visualized live in Tg(shh:gal4); Tg(uas:GFP-Tubulin) and
Tg(shh:gal4); Tg(uas:EB3-mkate2) embryos: after 1 h of treatment
GFP-Tubulin becomes diffusely cytoplasmic (Supp Fig 2a) and
EB3-mkate2 contracts to subapical puncta which correspond to the po-
sition of the BB/MTOC (Fig. 4a). In contrast, treating embryos with
nocodazole at room temperature for 1 h, even at increased concentrations
of 20 ng/ml, only partially disrupts MTs, while treating embryos on ice
for 1hr in the absence of the drug has no effect on MTs (Supp Fig 2b).
After 1hr cold nocodazole treatment, floorplate cellular planar polarity is
lost, with an average BB polarity index of 0.64 (p¼ 0.0011, n¼ 100 cells,
10 embryos) (Fig. 4b and c). Failure to maintain BB polarization could be
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because of loss of PCP protein localization and consequent loss of cellular
planar polarization, or it may be due to a more direct role for MTs in
anchoring the BB to the posterior membrane as has been proposed
(Vladar et al., 2012). To investigate the role of MTs in the maintenance of
PCP protein asymmetry, we treated Tg(shh:gal4); Tg(uas:GFP-Vangl2) and
Tg(shh:gal4); Tg(uas:Fzd3a-GFP) embryos with cold nocodazole at 30 hpf
and examined GFP-Vangl2 and Fzd3a-GFP localization. Surprisingly,
after 1hr of treatment, GFP-Vangl2 becomes significantly less polarized
to anterior membranes with an A/P membrane ratio of 1.2 (p¼ 0.0013,
n¼ 166 cells, 21 embryos) compared to an A/P membrane ratio of 1.4 in
DMSO controls at this stage (n¼ 202 cells, 24 embryos) (Fig. 4d–f). Thus
contrary to previous reports (Shi et al., 2016; Vladar et al., 2012), Vangl2
polarization is actively maintained in a MT-dependent manner. A cyto-
solic population of GFP-Vangl2 that is faintly detectable around the base
of the primary cilium in control embryos becomes progressively
concentrated there during nocodazole treatment concurrent with the
retraction of MTs to the BB (Fig. 4d,g), consistent with a MT-dependent
Vangl2 trafficking mechanism. Together our results suggest that asym-
metric distribution of Vangl2 is actively maintained in a MT-dependent
manner.

As nocodazole treatment disrupts MTs throughout the entire embryo,
the changes we observe in floorplate PCP could be influenced by loss of
MTs in other tissues. Therefore, we sought a method to disrupt MT-based
vesicular trafficking specifically in the floorplate. p50, or dynamitin, is a
subunit of the motor protein Dynein. When overexpressed, p50 functions
as a dominant-negative (DN) for dynein-based minus end-directed traf-
ficking of cargo along MTs (Burkhardt et al., 1997; Tsujikawa et al.,
2007). We hypothesized that p50 overexpression would consequently
affect floorplate PCP. Consistent with this hypothesis, a recent report
showed that depletion of the Arl3 GTPase, which is thought to mediate
release of cargos from dynein, disrupts the polarized distribution of PCP
proteins in the developing mouse epidermis (Bhattarai et al., 2019). p50
expression significantly disrupts BB localization when expressed in the
floorplate in Tg(shh:gal4); Tg(uas:p50p2a-eGFPCAAX) embryos with an
average BB polarity index at 48 hpf of 0.55 (p< 0.0001, n¼ 116 cells, 10
embryos), compared to a BB polarity index of 0.77 in non-expressing cells
in the same mosaically-expressing embryo (n¼ 114 cells, 10 embryos)
(Supp Fig. 3a and b). The lower polarity index in non-expressing cells in
transgenic p50-expressing embryos compared to non-transgenic embryos
may be due to the well-known cell non-autonomous effects of disrupting
planar polarity (Adler et al., 2000; Stoller et al., 2018). Importantly,
Vangl2 polarization is significantly diminished in the floorplate in
Tg(shh:gal4); Tg(uas:p50p2a-eGFPCAAX); Tg(uas:mkate2-Vangl2)
expressing cells (A-P ratio of 1.4; n¼ 17 cells, 10 embryos) compared to
non-expressing cells (A-P ratio of 1.6; n¼ 21 cells, 10 embryos; p ¼
0.0224) (Supp Fig. 3c and d). Surprisingly, in Tg(shh:gal4);
Tg(uas:p50p2a-eGFPCAAX); Tg(uas:Fzd3a-mEOSred) embryos, Fzd3a
puncta in p50-expressing cells are even more tightly apically associated
with the base of the primary cilium than in non-expressing cells,
(r2¼ 0.75, n¼ 38 cells, 7 embryos) (Supp Fig. 3e and f), suggesting that
other mechanisms than minus-end directed transport may contribute to
localization of Fzd3a near the BB. Intriguingly, Arl3 depletion in mouse
epidermis resulted in loss of Vangl2 planar polarization but caused an
unexpected enrichment of Fzd6 at apical membranes, suggesting
conserved underlying trafficking mechanisms (Bhattarai et al., 2019). In
sum, disrupting directed trafficking in the floorplate disrupts BB polarity
and GFP-Vangl2 asymmetry at the membrane, consistent with a role for
MT-dependent transport in the maintenance of PCP in the floorplate. It
should be noted that in Tg(shh:gal4); Tg(uas:p50p2a-eGFPCAAX) embryos
p50 is expressed in floorplate cells before 30hpf, which is the start of
what we have defined as the maintenance period of floorplate PCP. Thus,
we cannot rule out the possibility that the disruption of vesicular traf-
ficking caused by p50 disrupts the initial establishment of PCP protein
asymmetry, rather than its maintenance.

As disruption of MTs or directed trafficking along MTs disrupts GFP-
Vangl2 asymmetry and primary cilia positioning, and Fzd3a-GFP traffics
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Fig. 3. Fzd3a and Vangl2 trafficking in the floorplate. (A) Single timepoints from a time lapse movie of a 60hpf Tg(shh:gal4); Tg(uas:Fzd3a-GFP); Tg(uas:EB3-mkate2)
dual transgene expressing floorplate cell in lateral view showing EB3-mKate2-labeled MTs (red) and Fzd3a-GFP vesicles (green). Arrows track an individual Fzd3a-GFP
vesicle as it moves in the apical and posterior direction along a MT. (B) inset image: overlay shows measurement path used to generate kymograph. Kymograph: plot
showing the apically directed movement of a single Fzd3a-GFP vesicle along a MT polymer. (C–E) Fzd3a-GFP vesicular movements were tracked during 5-s interval
time lapse movies of laterally-viewed floorplate cells in Tg(shh:gal4); Tg(uas:Fzd3a-GFP); Tg(uas:EB3-mkate2) embryos at 30, 48, and 60hpf. N ¼ 240 vesicles, 89 cells,
9 embryos. (C) Rose plot of final relative displacement angles of individual Fzd3a-GFP containing vesicles between first and last measured positions. (D) Quantitation
of individual Fzd3a-GFP vesicle displacement distances between first and last timepoint measured, divided by total tracking time. Significance was determined with a
Kruskal-Wallis test with Dunn's multiple comparison. (E) Quantitation of average velocities of individual Fzd3a-GFP vesicles. **p < 0.0001; *p ¼ 0.0023; significance
was determined with a Kruskal-Wallis test with Dunn's multiple comparison. (F) Single timepoints from a time lapse movie of a 48hpf Tg(shh:gal4); Tg(uas:GFP-
Vangl2); Tg(uas:EB3-mkate2) dual transgene expressing floorplate cell in lateral view. MTs are labeled by EB3-mkate2 (red) and GFP-Vangl2 is shown in green. Ar-
rows indicate GFP-Vangl2 anterior apical localization, which does not change over time. (G) inset image: overlay showing measurement path used to generate
kymograph. Kymograph showing the absence of GFP-Vangl2 trafficking along the MT polymer. (H) Single timepoints of a Tg(shh:gal4); Tg(uas:GFP-Vangl2) floorplate
cell demonstrating a rare example of detectable GFP-Vangl2 cytosolic puncta. Anterior to left in all images. Approximate cell boundaries indicated by white dotted
lines. Scale bars: 5 μm.
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Fig. 4. Microtubules are required to maintain floorplate PCP. (A) Live lateral views of floorplate cells expressing Tg(shh:gal4); Tg(uas:EB3-mkate2) at 30 hpf. Upon
nocodazole treatment EB3-mkate2 labeled MTs collapse to subapical foci near the BB (arrows). (B) Ventral views of Cc2d2a (red) and Zo-1 (green) immunostaining
Arrows indicate position of BBs. Nocodazole treatment disrupts the posterior localization of BBs. (C) Quantitation of per embryo average BB polarity index after 1hr
DMSO treatment (control) or 1hr nocodazole treatment. N ¼ 200 cells, 20 embryos; *p ¼ 0.0003; significance was determined with Mann-Whitney test. (D) Ventral
views of 30hpf Tg(shh:gal4); Tg(uas:GFP-Vangl2) embryos. White dotted lines indicate cell boundaries based on ZO-1 staining. Arrows indicate GFP-Vangl2 localization
at the anterior membrane in controls and around the BB in nocodazole-treated embryos. (E) Diagram illustrating how anterior and posterior membrane levels of GFP-
Vangl2 were measured in fixed ventral floorplate images. (F) Quantitation of per embryo average GFP-Vangl2 anterior vs. posterior membrane localization ratios in
isolated floorplate cells expressing Tg(shh:gal4); Tg(uas:GFP-Vangl2). N ¼ 416 cells, 66 embryos; **p < 0.0001, *p ¼ 0.0013; significance was determined with a
Kruskal-Wallis test with Dunn's multiple comparison. (G) Graph of the correlation between GFP-Vangl2 and BB localization. After 1hr nocodazole treatment peak GFP-
Vangl2 intensity correlates with the position of the BB N ¼ 10 embryos, 100 cells, r2¼ 0.50. (H) Ventral views of floorplate cells at 30 hpf immunostained for Fzd3a-
GFP (green), Zo-1 (blue) and Cc2d2a (red) after 1hr DMSO treatment (control) or 1hr nocodazole treatment. (I) Diagram illustrating how peak Fzd3a-GFP localization
and BB positions were measured. BB distance from anterior membrane was measured compared to overall anterior-posterior cell length. A 3 μm wide ROI centered on
the position of the BB was drawn from anterior to posterior membranes. The “plot profile” tool in ImageJ was used to measure average GFP levels across the anterior to
posterior cell axis. (J,K) Correlation between Fzd3a-GFP localization and BB position in nocodazole-treated and control floorplate cells. Each data point represents the
measurements from a single cell. J: N¼ 100 cells, 10 embryos; r2¼ 0.61; K: N¼ 100 cells, 10 embryos; r2¼ 0.59. Scale bars: 5 μm.
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on centrosomal MTs, we next asked howMT loss affects Fzd3a dynamics.
In Tg(shh:gal4); Tg(uas:Fzd3a-GFP) embryos treated with cold nocoda-
zole, Fzd3a-GFP vesicles remain localized near the base of the now-
unpolarized primary cilium, but exhibit reduced motility, consistent
with the retraction of MTs toward the BB (Fig. 4h–k; Supp Fig. 4a and b;
Supp Movie 12). Whereas Fzd3a-GFP vesicles are highly dynamic in
control embryos at 30hpf, in nocodazole-treated embryos they stay
relatively stationary over time, with reduced total displacement over
time (from 1.8 μm per minute in controls (n¼ 66 vesicles, 27 cells, 4
embryos) to 0.6 μm per minute in treated embryos (p¼ 0.0001, n¼ 79
vesicles, 16 cells, 3 embryos, Supp Fig 4c)) and reduced velocity (from
0.09μm/sec to 0.07μm/sec (p¼ 0.0043, Supp Fig 4d)). Thus, our results
further support the model that Fzd3a actively traffics on MTs during a
period of PCP maintenance in the developing floorplate. In summary, BB
localization and GFP-Vangl2 asymmetric membrane localization is lost in
the absence of MTs, whereas Fzd3a-GFP puncta remain near the (mis-
localized) BB even in the absence of MTs or the disruption of minus-end
trafficking.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.ydbio.2019.04.007.
3.5. Maintenance of PCP protein polarity does not depend on a polarized
BB

It is well established that PCP signaling plays an essential role in the
initial polarization of the BB/primary cilium (Song et al., 2010; Borovina
et al., 2010; Hashimoto et al., 2010; Vladar et al., 2012; Carva-
jal-Gonzalez et al., 2016; Davey et al., 2016). However, a reciprocal role
for BB polarization in the localization of PCP core components is
controversial. A model in which a polarized BB/primary cilium is
required for the establishment of PCP protein asymmetry during the
formation of the ependymal cells that line the brain ventricles has been
proposed (Boutin et al., 2014; Ohata and �Alvarez-Buylla, 2016; Ohata
et al., 2015); however in other planar polarized epithelia molecular PCP
is normal when BB polarization is disrupted (Gegg et al., 2014; Jones
et al., 2008; Sipe and Lu, 2011). To examine the relationship between a
polarized BB and the maintenance of PCP protein asymmetry in the
floorplate, we treated 30hpf embryos with cold nocodazole for 1hr to
disrupt MTs, BB polarity and GFP-Vangl2 localization. We then removed
the drug and allowed the embryos to recover overnight. After an over-
night recovery from nocodazole treatment, EB3-labeled MTs repoly-
merize throughout floorplate cells (Fig. 5a) and Fzd3a-GFP vesicle
dynamics also recover (Supp Movie 13). At 48hpf, when control embryos
display a BB polarity index of 0.79 (n¼ 200 cells, 21 embryos), the BB
polarity index in nocodazole-recovered embryos was 0.61 (p< 0.0001,
n¼ 203 cells, 19 embryos), which is not significantly different from the
polarity index immediately after nocodazole treatment ended (BB po-
larity index¼ 0.60, p< 0.9999, n¼ 212 cells, 18 embryos, Fig. 5b and c).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.ydbio.2019.04.007.
29
The failure of BBs to repolarize after the recovery of MTs gave us the
opportunity to ask if BB polarization is required for the recovery of
asymmetric PCP protein localization, by determining whether GFP-
Vangl2 can repolarize to anterior membranes after recovery from noco-
dazole. Immediately after 1hr nocodazole treatment, floorplate cells
exhibited an average GFP-Vangl2 A/P membrane ratio of 1.2
(n¼ 156 cells, 20 embryos), however GFP-Vangl2 polarization recovered
to 1.4 after 3 h of recovery (p¼ 0.0891, n¼ 74 cells, 10 embryos), and to
1.5 after overnight recovery (p¼ 0.0004, n¼ 169 cells, 20 embryos)
(Fig. 5d and e). Furthermore, the dense localization of GFP-Vangl2 near
the BB that we detected immediately after nocodazole treatment is no
longer present after this recovery period (Fig. 5d). Together these results
demonstrate that molecular polarization of the floorplate requires MTs
but can be established in the absence of a planar-polarized BB/primary
cilium.

4. Discussion

Our work sought to investigate the role of MTs in the maintenance of
PCP protein asymmetry and cellular polarity in the floorplate of the
developing zebrafish neural tube. We identified two distinct phases of
planar polarization: an establishment phase during which the BB be-
comes progressively localized toward the posterior side of each cell, and
a maintenance phase during which BB position is stably maintained. By
mosaically expressing fluorescent fusion proteins of the essential PCP
components Vangl2 and Fzd3a in the floorplate, we determined that GFP-
Vangl2 stably localizes to anterior apical membranes during the main-
tenance phase and Fzd3a-GFP is predominantly visible in cytoplasmic
vesicles that traffic dynamically on MTs and accumulate near the BB. BB
posterior localization, GFP-Vangl2 anterior localization and Fzd3a-GFP
trafficking are all disrupted when MTs are depolymerized during the
maintenance phase. GFP-Vangl2 anterior localization can be re-
established during the maintenance phase, indicating an active and
ongoing maintenance process dependent on MTs. Finally, re-
establishment of polarized GFP-Vangl2 can occur in the context of an
unpolarized BB. Below we discuss how our findings differ from existing
models and what these differences reveal about mechanisms of planar
polarization.
4.1. PCP protein dynamics and localization

Our work has described the dynamics of GFP-Vangl2 and Fzd3a-GFP
localization in the planar-polarized floorplate. Our findings are consis-
tent with established PCP models in that subcellular asymmetric locali-
zation of core PCP components underlies most planar polarized systems
to date. Vangl2 asymmetric membrane localization has been described in
many epithelial cell types, and Fzd proteins are known to traffic in ves-
icles in order to establish planar polarity in fly (Butler and Wallingford,
2015; Shimada et al., 2006). The fact that we were unable to detect
Fzd3a-GFP asymmetry at the membrane is not unexpected, as PCP
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Fig. 5. Maintenance of PCP protein polarity does not depend on a polarized BB. (A) EB3-mkate localization to centrosomal MTs recovers after recovery from
nocodazole treatment (compare to Fig. 4A). (B) Ventral images of fixed 48hpf WT floorplates coimmunostained for Cc2d2a (red) and ZO-1 (green). BBs (arrows)
remain delocalized after recovery from nocodazole treatment. (C) Quantitation of per embryo average BB polarity index in WT embryos that were treated with either
DMSO (control) or cold 5 ng/μl nocodazole for 1hr and then either fixed immediately or allowed to recover overnight. N ¼ 615 cells, 58 embryos; **p < 0.0001;
significance was determined with a Kruskal-Wallis test with Dunn's multiple comparison. (D) Ventral images of fixed GFP-Vangl2 expressing floorplate cells in
Tg(shh:gal4); Tg(uas:GFP-Vangl2) embryos that were treated with nocodazole for 1hr and then recovered for either 3 hrs or overnight. Arrows indicate recovery of
asymmetric GFP-Vangl2 localization. Compare to Fig. 4D. (E) Quantitation of GFP-Vangl2 anterior vs. posterior membrane localization ratios after 1hr nocodazole
treatment followed by different recovery periods. N ¼ 236 cells, 29 embryos; *p ¼ 0.0004; significance was determined with a Kruskal-Wallis test with Dunn's multiple
comparison. White dotted lines mark approximate cell boundaries, based on ZO-1 staining of tight junctions. Scale bars: 5 μm.
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protein asymmetries can be quite subtle or undetectable in other contexts
(Aw et al., 2016; Strutt and Strutt, 2007; Chien et al., 2015). The
colocalization of Fzd3a-GFP with BBs has precedent as multiple PCP
proteins have been described near BBs, including Vangl2 in mouse kid-
ney epithelia (Ross et al., 2005) and Dvl2 as well as the PCP effectors like
Fuz, In, and Wdpcp in XenopusMCCs (Gray et al., 2009; Kim et al., 2010;
Park et al., 2006; Zeng et al., 2010). Fzd3a could be performing multiple
roles at the BB as PCP signaling has been implicated in numerous
BB-related processes in addition to their translational polarization,
including the Dvl-dependent apical docking of BBs (Park et al., 2008) and
PCP-dependent coordinated tilting and motility of cilia in multiple sys-
tems (Butler andWallingford, 2015; Hashimoto et al., 2010; Vladar et al.,
2012; Werner and Mitchell, 2012).
4.2. Microtubules and maintenance of PCP protein asymmetry

It is well established that MTs are required for the initial establish-
ment of PCP protein asymmetry in both invertebrates and vertebrates
(Kim et al., 2018; Matis et al., 2014; Olofsson et al., 2014; Shimada et al.,
2006; Vladar et al., 2012). However, few studies have investigated how
this asymmetry is maintained once it is established, and what the role of
MTs is in PCPmaintenance. Where PCPmaintenance has been addressed,
the weight of evidence suggests that MTs are not required to maintain
molecular polarity. Pk2 localization to the aboral side of mature mouse
embryo tracheal cells is unaffected by nocodazole treatment (MTECs
(Vladar et al., 2012)); similarly, Vangl2 asymmetric localization in the
mouse oviduct epithelium is unaffected by nocodazole treatment after
30
polarity is established (Shi et al., 2016). Finally, GFP-Pk anterior locali-
zation in the zebrafish neural plate, once established, is unaffected by
nocodazole treatment in the zebrafish gastrula (Sepich et al., 2011). In
contrast with these studies, we found that both molecular asymmetry,
best described by anterior GFP-Vangl2 localization, and cellular asym-
metry based on posterior BB localization, are lost rapidly upon MT
depolymerization in the floorplate. A number of factors could account for
these different outcomes of MT depolymerization, such as difference in
cell type and developmental stage. It is also possible, however, that MTs
were not fully disrupted in the previous studies. In the MTEC study,
nocodazole treatment disrupted dynamic subapical MTs marked by
tyrosinated tubulin but did not disrupt more stable ciliary MTs (Vladar
et al., 2012). In the mouse oviduct study, nocodazole treatment failed to
completely abolish a subapical lattice of MTs that links ciliary BBs, which
could be sufficient to enable PCP protein trafficking and maintenance of
asymmetry (Shi et al., 2016). Subapical MT networks stabilize over time
(Muroyama and Lechler, 2017; Werner et al., 2011) and nocodazole
primarily targets more dynamic MTs by binding free tubulin subunits
(Baas et al., 2016). Indeed, our own early experiments with nocodazole
failed to fully disrupt floorplate MTs or PCP protein localization. It was
not until we combined nocodazole treatment with cold temperatures
(McFarland et al., 2017), which eliminated both stable MTs and dynamic
MT populations within the floorplate, that we observed the effects on
molecular polarization that we have described. In sum, our study chal-
lenges the model that MTs are dispensable after PCP protein asymmetry
has been established by directly visualizing the in vivo consequences that
MT destabilization has on maintenance of PCP protein distribution and
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dynamics.
Given that the BB is a nexus of many MTs within these cells, it is

possible that individual PCP protein-containing vesicles transiently
accumulate near the BB before they are distributed to individual MTs for
directional trafficking towards cell membranes. If this is the case one
would predict that the BB has an active role in coordinating the polarized
distribution of PCP components throughout the cell. Indeed, when MTs
are disrupted we observe that GFP-Vangl2, which normally asymmetri-
cally localizes to anterior membranes, accumulates near the BB. This
could indicate that vesicular Vangl2 normally traffics along centrosomal
MTs and cannot reach anterior or posterior membranes in their absence.
We only rarely detected GFP-Vangl2 puncta within untreated floorplate
cells during our analysis, however unlike vesicular Fzd, vesicular Vangl2
is also rarely detected in other models (Shi et al., 2016). We cannot rule
out that these differences could be artefactual due to the use of PCP
fusion proteins to visualize protein dynamics, but our observations sup-
port a model in which both Fzd3a and Vangl2 proteins are actively
trafficked along MTs during phases of cellular PCP maintenance.
4.3. The basal body asymmetry and PCP

The links between PCP signaling and BB positioning are complex and
not fully understood at a mechanistic level. Though it is well-established
that PCP signaling is required for the asymmetric position and orienta-
tion of BBs in many epithelia (reviewed in (Carvajal-Gonzalez et al.,
2016)), whether the asymmetric position of the BB can reciprocally in-
fluence the establishment or maintenance of PCP protein asymmetry is
controversial. (This is separate from the question of whether the PCP
pathway influences ciliogenesis per se, which is a different debate
(Wallingford and Mitchell, 2011)). In the radial glial precursors of
ependymal cells that line the brain ventricles, asymmetric BB positioning
precedes the asymmetric accumulation of Vangl2, and mislocalization of
the BB results in a corresponding mislocalization of Vangl2 (Boutin et al.,
2014; Mirzadeh et al., 2010). This has led to a model in which the
off-center positioning of the BB/primary cilium (itself the consequence of
cerebrospinal fluid flow) could provide the symmetry-breaking event
that facilitates the polarized distribution of PCP proteins (Boutin et al.,
2014; Ohata and �Alvarez-Buylla, 2016; Ohata et al., 2015). This is an
attractive model for cells such as the floorplate where the BB serves as the
MTOC, and the trafficking of PCP protein-containing vesicles towards an
asymmetrically localized MTOC as we have observed could be sufficient
to break symmetry. Possibly consistent with this model is the finding that
some mutants that disrupt BB positioning in the mammalian cochlea also
exhibit disrupted molecular polarization (May-Simera et al., 2015);
however most such mutants do not (Gegg et al., 2014; Jones et al., 2008;
Sipe and Lu, 2011).

Since nocodazole-induced loss of BB asymmetry in the floorplate
corresponded with a decrease of asymmetric GFP-Vangl2 at the mem-
brane, we were curious if BB position could influence PCP protein dis-
tribution. Intriguingly, we discovered that restoration of MTs after
removal of nocodazole largely restores GFP-Vangl2 asymmetry at the
membrane as well as vesicular Fzd3a-GFP dynamics, without rescuing BB
asymmetric localization. This decoupling of BB position from GFP-
Vangl2 polarization is strong evidence that asymmetric BB position is
not required for the re-establishment of PCP protein asymmetry. It is
possible that, like in the cochlea, parallel pathways ensure molecular
polarization in the absence of a polarized MTOC in the floorplate (Ezan
et al., 2013). The MT-dependent processes that re-establish molecular
polarization in the floorplate remain to be determined.
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