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Hair follicles of the mammalian epidermis display local order and global alignment, a complex pattern
instructed by the core planar cell polarity (PCP) pathway. Here we address the contributions of core PCP genes,
Van Gogh-like and Frizzled, to the establishment, local reﬁnement, and global order of embryonic and postnatal
hair follicles. We ﬁnd that, similar to Fz6 mutants, the disordered hair patterns of Vangl2 mutants are reﬁned
over time and eventually corrected. In both mutants, we ﬁnd that tissue-level reorientation occurs through
locally coordinated follicle rotation at stereotyped locations. Strikingly, Vangl2 and Fz6 mutant follicles
collectively rotate with opposing directionalities, suggesting that redundant core PCP signals contribute to their
directed realignment. Consistently, global follicle alignment is not restored upon conditional ablation of both
Vangl1 and Vangl2 genes. Instead, spatially distinct patterns of whorls and crosses emerge and persist even
after a complete cycle of hair follicle regeneration. Thus, local reﬁnement of hair follicles into higher order
patterns can occur independently of the core PCP system, however, their global alignment with the body axes
requires PCP function throughout morphogenesis, growth and regeneration.

1. Introduction
The skin of mammals is decorated and protected by a coat of highly
ordered body hairs that point in a uniform orientation over the skin
surface. Mammalian hairs derive from hair follicles, complex multicellular miniorgans that produce hair and regenerate throughout life.
Each hair follicle in its fully developed form is comprised of hundreds
of epithelial cells organized in concentric layers that are embedded
within and ensheathed by stromal cells of the underlying dermis
(Schneider et al., 2009). Although hair follicles are spatially separated
from one another by interfollicular epithelial cells and dermal ﬁbroblasts, they display remarkable local coordination and global order,
representing a striking yet complex example of planar cell polarity
(PCP) (Devenport and Fuchs, 2008; Guo et al., 2004). While it is known
that a highly conserved ‘core’ PCP pathway acts during embryogenesis
to direct the polarity pattern of murine hair follicles, the temporal
and spatial requirements of core PCP genes during hair follicle
morphogenesis, growth and postnatal cycling remain unclear
(Chang et al., 2016; Devenport and Fuchs, 2008; Wang et al., 2010).
Here we address the contributions of the core PCP genes, Van
Gogh-like and Frizzled, to the establishment, local reﬁnement,
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and global order of embryonic and postnatal hair follicles.
PCP orients diverse cellular structures across a wide range of tissues
and organisms. It is best understood in simple epithelia such as the
Drosophila wing blade where PCP orients polarity at the level of
individual cells (Adler, 2012; Devenport, 2016). Based on studies
primarily in the Drosophila wing, it is generally understood that
membrane-associated core PCP proteins asymmetrically localize at cell
junctions where they interact intercellularly to form asymmetric
bridges. Frizzled (Fz) and Flamingo (Fmi, Celsr in vertebrates) on
one side of the junction interact with Van Gogh (Vang, Vangl in
vertebrates) and Fmi on the opposing interface (Usui et al., 1999;
Lawrence et al., 2004; Chen et al., 2008; Strutt and Strutt, 2008; Wu
and Mlodzik, 2008; Struhl et al., 2012). Intracellularly, Vang and Fz
proteins act antagonistically through their cytoplasmic binding partners to reinforce polarity within a cell. Global, tissue-level directional
cues bias the asymmetric localization of core PCP proteins, which in
turn act on downstream cytoskeletal and traﬃcking eﬀectors to
generate the structural polarity of individual cells (Devenport, 2014;
Goodrich and Strutt, 2011; Vladar et al., 2009). How these principals
apply to much more complex multicellular structures, like mammalian
hair follicles, is poorly understood.
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Developing hair follicles gain their ﬁrst signs of asymmetry during
embryogenesis, shortly after hair follicle placodes ﬁrst invaginate into
the underlying dermis (Devenport and Fuchs, 2008). Hair follicle
placodes form an acute and unidirectional tilt that is oriented in an
anterior direction over most of the body surface. Proliferation drives
further anterior-directed growth as follicles maintain and reﬁne their
anterior-biased position. Following diﬀerentiation into several concentric and specialized cell layers, hair follicles produce keratin-rich
hairs that protrude from the skin surface in a posterior direction
(Schneider et al., 2009). Follicles then undergo several rounds of
destruction (catagen) and regeneration (anagen) throughout postnatal
life (Alonso and Fuchs, 2006), yet maintain their precise and ordered
planar polarized pattern. Whether continued input from the core PCP
pathway is required to maintain and reﬁne the postnatal hair pattern is
not known.
The core PCP genes Vangl2, Celsr1, and Fz6 are required for hair
follicle alignment where they act during early stages of hair follicle
morphogenesis to drive the anterior-directed tilt of hair follicle
placodes (Chang et al., 2016; Devenport and Fuchs, 2008; Guo et al.,
2004; Ravni et al., 2009; Wang et al., 2010). Prior to hair follicle
downgrowth, Vangl2, Celsr1, and Fz6 proteins become asymmetrically
localized within basal epidermal cells – progenitor cells that give rise to
hair follicles (Fig. 1A; Devenport and Fuchs, 2008). Vangl2 preferentially localizes to the anterior side of basal cells, while Fz6 becomes
enriched on the posterior. Celsr1, an atypical cadherin, localizes to both
anterior and posterior sides, where it is thought to bridge Vangl2 and
Fz6 between adjacent cells. PCP protein asymmetry preﬁgures the
orientation of hair follicles, which tilt and elongate in the direction of
Vangl2 localization (Devenport and Fuchs, 2008; Devenport et al.,
2011). In the absence of Vangl2 or Celsr1 function, hair placodes
invaginate perpendicular to the epithelium and point straight downward, whereas Fz6 mutant follicles emerge at random orientations
(Chang et al., 2016; Devenport and Fuchs, 2008; Wang et al., 2010).
During postnatal stages, hair follicle angles become increasingly
coordinated, both locally and globally, to align precisely with the
anterior-posterior axis. Strikingly, this process of postnatal reﬁnement
occurs independently of Fz6 function (Wang et al., 2006, 2010). In Fz6
KO mice, the initially disordered pattern of hair follicle angles corrects
over time, whereby at postnatal day 21, the normal hair follicle pattern
is completely restored (Chang and Nathans, 2013). The ability of hair
follicles to rotate within the dermis and correct their orientations
highlights remarkable plasticity of adult hair follicles. However, hair
follicle reﬁnement has not been observed in any other core PCP mutant
to date, raising the question of whether this phenomenon is unique to
the Fz6 allele. There are over 10 diﬀerent Fz homologs present in the
mouse genome, and deletion of Fz6 produces only mild defects
compared to other PCP mutants (Wang et al., 2016). Thus, it is unclear
whether redundant core PCP cues instruct the postnatal hair follicle
pattern in Fz6 mutants, or whether a parallel PCP system, such as the
Fat-Dachsous- Four-jointed system (Matis and Axelrod, 2013), functions postnatally to correct hair follicle alignment.
Here, by characterizing tissue-wide patterns of cellular and hair
follicle polarity, we deﬁne the core PCP-dependent and independent
events in the establishment and reﬁnement of the mammalian hair
pattern. We ﬁnd that, although Vangl2 and Fz6 are required for the
initial polarization and alignment of nascent hair follicles, the disordered hair patterns of both PCP mutants are reﬁned and eventually
corrected, through stereotyped and locally coordinated rotational
patterns. Strikingly, Vangl2 and Fz6 mutant follicles collectively rotate
with opposing directionalities, suggesting that realignment occurs
through redundant core PCP signals. Surprisingly, follicle rotation is
not preﬁgured by PCP protein asymmetry in the interfollicular
epidermis. Finally, eliminating all Vangl function through conditional
ablation of both Vangl1 and Vangl2 genes in the skin yields a distinct
global hair pattern of highly reproducible whorls and crosses that
persists during follicle growth and regeneration. These results demon-

strate that the local, collective rotation of hair follicles into higher order
patterns is a largely PCP-independent process. However, the directional sensing mechanisms that enable follicles to align with the global
body axes require continued input from the core PCP pathway.
2. Methods
2.1. Mouse lines and breeding
All procedures involving animals were approved by Princeton
University's Institutional Animal Care and Use Committee (IACUC).
Mice were housed in an AAALAC-accredited facility in accordance with
the Guide for the Care and Use of Laboratory Animals. Please see
Table 1 for full genotypes.
2.2. Embryo preparation and whole-mount immunostaining
For embryonic immunostaining, embryos were dissected in PBS
and ﬁxed in 4% paraformaldehyde. E15.5 embryos were ﬁxed for 1 h
and e17.5 embryos were ﬁxed for 2 h following decapitation. Dissected
back skin was blocked for 1 h at room temperature or overnight at 4 °C
in 2% normal goat serum, 2% normal donkey serum, 1% bovine serum
albumin and 1% ﬁsh gelatin in PBT2 (PBS with 0.2% Triton X-100).
Skins were incubated with primary antibodies in blocking solution
overnight at 4 °C. Skins were washed in PBT2 and incubated with
secondary antibodies for 2 h at room temperature or overnight at 4 °C
in PBT2. Samples were mounted in Prolong Gold. The following
primary antibodies were used: guinea pig anti-Celsr1 (1:1000, D.
Devenport), rat anti-E-Cadherin (1:1000, DECMA-1, Thermo Pierce),
rat anti-Vangl2 (1:100, 2G4, Millipore), rabbit anti-Vangl2 (1:500,
Millipore, 2668504) (pan-Vangl) (Belotti et al., 2012). Alexa Fluor488,-555, and -647 secondary antibodies were used at 1:1000. Images
were acquired on an inverted Nikon A1 or A1R-Si confocal microscope
controlled by NIS Elements software using a Plan Apo 60/1.4NA or 40/
1.3NA oil immersion objective. ImageJ and Photoshop were used for
image processing.
2.3. Quantiﬁcation of embryonic hair follicle orientation
Full embryonic back skin images were acquired by tiling 20x images
obtained on a Nikon Eclipse Ti epiﬂuorescence microscope using a Plan
Apo 20/0.75NA objective. NIS Elements software was used to tile and
measure follicle angles. A reference angle was set along the anterior
posterior axis and a line was drawn over each follicle towards its base.
The diﬀerence between the two angles provides the orientation of the
hair follicle.
2.4. Sample preparation and quantiﬁcation of postnatal hair follicle
orientation
Skin was prepared as previously described (Chang et al., 2014).
After euthanasia, animals over 7 days old were shaved and hair was
removed using Nair. Dorsal back skin was dissected from P2-P39
animals and pinned to solidiﬁed paraﬃn in a petri dish with the dermis
facing up and ﬁxed overnight at 4 °C. Fixed skins were washed in PBS
and dehydrated over consecutive days in 70%, 95%, and 100% ethanol.
Dehydrated skins were placed between microscope slides in a glass
petri dish to keep them ﬂat. BABB (2:1 ratio of benzyl benzoate and
benzyl alcohol) was added to clear the tissue overnight. Brightﬁeld
images were acquired on a Nikon SMZ1270 dissecting scope using a
Plan Apo 0.5x objective and a Nikon Digital Sight Fi1 camera. Samples
were illuminated from below the dish and images were taken with 3-8x
magniﬁcation. Whole backskin images were obtained by stitching
together high magniﬁcation images with Photomerge in Photoshop.
To account for diﬀerences in animal size, each high magniﬁcation
image was cropped to the same anterior-posterior and lateral region
189
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Fig. 1. Disordered hair patterns in Vangl2 and Fz6 mutants correct over time. (A) Schematic of planar cell polarity in the embryonic epidermis at the tissue (A), cellular (A′) and subcellular level
(A”). (A, A′) PCP proteins are localized to AP junctions where they instruct the anterior tilt of the follicle. Celsr1 is shown in cyan and hair follicles are shown in white. (A′,A”) Celsr1, Vangl2 (cyan,
blue) complexes localize at the anterior cell border while Celsr1, Fz6 (cyan, red) complexes localize at the posterior cell border. These complexes interact across AP borders. (B,C) Hair follicles from
wild type control, Vangl2 cKO, and Fz6 KO dorsal epidermis at P2 (B) and P7 (C). See Table 1 for speciﬁc genotypes. Skins were cleared and hair follicle pigment was imaged by bright ﬁeld
microscopy. Anterior is to the left in all ﬁgures. (D,E) Quantiﬁcation of hair follicle orientations at P2 (D) and P7 (E). See Methods. Anterior-posterior axis = 0 degrees. Angular frequencies at P2 are
pooled from control (n=6 animals); Vangl2 cKO (n=5 animals); Fz6 KO (n=3 animals). P7: controls (n=4 animals), Vangl2 cKO (n=5 animals), Fz6 KO (n=3 animals). Scale bar, 500 µm.
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Primary antibody concentrations were slightly increased: anti-Celsr1
(1:800), anti-E-Cadherin (1:800). Samples were washed all day in PBS
with 0.2% Tween-20 and then incubated with secondary antibodies in
PBS with 0.2% Tween-20% and 3% NDS for 3 days at 37 °C. Samples
were washed again and dehydrated in a graded methanol series
followed by two 15 min incubations in Dichloromethane. Tissues were
cleared and stored in dibenzylether (DBE). An imaging chamber was
made by making a ring of vacuum grease on a microscope slide and
placing the cleared tissue in the center of the ring with a drop of DBE. A
coverslip was added with poster putty placed at the corners to secure
the chamber. Images were acquired on an inverted Nikon A1 or A1R-Si
confocal microscope controlled by NIS Elements software using a Plan
Apo 60/1.4NA or 40/1.3NA oil immersion objective. ImageJ and
Photoshop were used for image processing.

Table 1
Mouse genotypes.
Figure

Stage

Mutant Genotype

Control Genotypes

1,2

P2, P7

Fz6-/-; ROSA26 mTmG/
mTmG
K14Cre/+; Vangl2 fl/ΔTMs

B6

3,4

5

P4

P4

Vangl2 fl/fl
Vangl2 fl/ΔTMs

Fz6-/-; ROSA26 mTmG/
mTmG
K14Cre/+; Vangl2 fl/ΔTMs

B6

Fz6-/-; ROSA26 mTmG/
mTmG
K14Cre/+; Vangl2 fl/ΔTMs;
ROSA26 mTmG/+

Vangl2 fl/+; mtmg/+

Vangl2 fl/+
Vangl2 fl/ΔTMs

Vangl2 fl/ΔTMs; mtmg/+

2.6. Quantiﬁcation of Celsr1 polarity

6

e15.5

Fz6-/-; ROSA26 mTmG/+
K14Cre/+; Vangl2 fl/ΔTMs

Fz6+/-; ROSA26 mTmG/+
K14Cre/+; Vangl2 fl/+

7

e17.5

Fz6-/-; ROSA26 mTmG/+;
ShhCre/+
K14Cre/+; Vangl2 fl/ΔTMs

Fz6+/-; ROSA26 mTmG/+

Celsr1 polarity was calculated using Packing Analyzer V2 software
as previously described (Aigouy et al., 2010). The software calculates
the axis and magnitude (nematic order) of juntional polarity. Cells were
segmented using the E-Cadherin signal when possible or the Celsr
signal. Celsr polarity within a cell was normalized by the corresponding
average cell boundary Celsr intensity as previously described (Aw et al.,
2016). Data were plotted in a circular histogram using the polar plot
function in Matlab. Histograms were weighted by the average magnitude of polarity in each bin to reﬂect both the angle and strength of
polarity. The magnitude (MP) and orientation of average Celsr polarity
was overlaid as a line on top of the histogram where the length of the
line and its orientation reﬂects the magnitude and direction of Celsr
polarity.

K14Cre/+; Vangl2 fl/+

8

e15.5

K14Cre/+; Vangl1 fl/fl; Vangl2
fl/ΔTMs; ROSA26 mTmG/+

Vangl1 fl/fl; Vangl2 ΔTMs/
+; ROSA26 mTmG/+
Vangl1 fl/fl; Vangl2 fl/+;
ROSA26 mTmG/+
Vangl2 ΔTMs/+; ROSA26
mTmG/+

9

P7

K14Cre/+; Vangl1 fl/fl; Vangl2
fl/ΔTMs; ROSA26 mTmG/+

Vangl1 fl/fl; Vangl2 fl/
ΔTMs; ROSA26 mTmG/+
Vangl1 fl/fl; Vangl2 fl/+;
ROSA26 mTmG/+

10

P39

K14Cre/+; Vangl1 fl/fl; Vangl2
fl/ΔTMs; ROSA26 mTmG/+

Vangl1 fl/fl; Vangl2 fl/
ΔTMs; ROSA26 mTmG/+

2.7. Statistical analysis for Celsr1 polarity
Each distribution of Celsr1 asymmetry was subjected to a permutation test to determine whether or not the distribution could be achieved
at random by resampling the data. Nematic tensor values corresponding to each cell across samples were randomly permuted 10,000 times,
and for each permutation, the magnitude of the average polarity (Mp)
was calculated. The P-value is given by the proportion of permutations
with magnitudes greater than or equal to half a standard deviation
below that of the original data. A distribution was considered signiﬁcant if P ≤ 0.01 (Aw et al., 2016).

and scaled to 2706 × 1436 pixels. The scaled images were inverted and
the color survey was produced using the ImageJ plugin, OrientationJ,
with a 5-pixel Gaussian window. Tissue-level alignment was determined as previously described (Cetera et al., 2014). Brieﬂy, the
inverted image was segmented into a 38×74 grid containing windows
that overlap with their neighbors by 50%. In each window the local
orientation of the hair follicles was determined as an angle orthogonal
to the principle direction of the 2D FFT of that window. This creates an
angle matrix with values that correspond to the window position. All
angles were combined across tissues of the same genotype and the
relative frequency of the angles was plotted in a histogram. Data were
separated by their anterior-posterior positions and plotted to show
positional trends across the tissue. Because animals are born with all of
their hair follicles, the window size for each scaled image would contain
approximately the same number of hair follicles from stage P2-P7
(approximately 2–5).

3. Results
3.1. Tissue-level hair follicle alignment is restored in a Vangl2 and
Fz6-independent manner
Previous studies demonstrated that despite the initially random
pattern of hair follicle orientations in Fz6 KO embryos, follicle
alignment is eventually restored during postnatal stages (Chang and
Nathans, 2013; Wang et al., 2010). Fz6 mutant follicles rotate up to
180 degrees to align along the A-P axis, suggesting the existence of
additional directional cues that instruct postnatal follicle realignment
(Wang et al., 2010). It is possible that other Fz genes provide this
postnatal function, as several other Fz genes are expressed in the
postnatal skin (Sennett et al., 2015). To address whether the core PCP
pathway directs the postnatal hair pattern, we focused on the Vangl
genes as there are only two, Vangl1 and Vangl2, in the mouse genome.
Deletion of Vangl2 is embryonic lethal (Song et al., 2010; Yin et al.,
2012), so we conditionally deleted the Vangl2 gene in the skin
epithelium using K14-Cre (henceforth referred to as Vangl2 cKO)
(Copley et al., 2013; Vasioukhin et al., 1999; Yin et al., 2012).
We and others have previously shown that mutations aﬀecting
Vangl2 cause global disorganization of hair follicles during embryonic
stages (Chang et al., 2016; Devenport and Fuchs, 2008; Wang et al.,

2.5. Postnatal tissue clearing and immunostaining
Backskins were dissected and ﬁxed as described above. 0.5 × 1 cm
sections were cut away for further processing. Samples were processed
and stained using the iDISCO protocol as previously described (Renier
et al., 2014). Brieﬂy, ﬁxed samples were dehydrated in a graded
methanol series, bleached overnight at 4 °C in methanol with 5%
H2O2 and 20% DMSO. Tissue was rehydrated and permeabilized in
0.3 M glycine in PBT3 (PBS with 0.3% Trition X-100) with 20% DMSO
for 2 days at 37 °C. Samples were blocked in PBT3 with 10% DMSO,
3% NGS and 3% NDS for 4 days at 37 °C. Samples were washed in PBS
with 0.2% Tween-20 and incubated with primary antibodies in PBS
with 0.2% Tween-20, 5% DMSO, 3% NDS for 5–10 days at 37 °C.
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3.3. Hair follicle polarity is uncoupled from PCP protein asymmetry
during realignment

2010). As expected, when Vangl2 was conditionally deleted in the skin
epithelium using K14-Cre, hair follicle angles were highly disordered at
postnatal day 2 (P2) (Fig. 1B,D; Chang et al., 2016). To quantify the
defect, whole backskins were segmented into overlapping windows and
a two-dimensional fast Fourier transform was used to determine the
local orientation of the hair follicles in a given window (Cetera et al.,
2014). Compared to control littermates, where the growing end of each
follicle pointed anteriorly and follicle shafts aligned along the anteriorposterior axis, Vangl2 cKO follicle angles were highly disordered. The
Vangl2 cKO hair pattern was similar to, but more severe than Fz6 KO
full body mutants at the equivalent stage (Fig. 1B,D). To visualize the
local order and global pattern of the thousands of follicles across the
entire dorsal surface of the body, tiled images of dorsal backskins were
acquired and processed using OrientationJ to color-code individual
follicles according to their directionality (Puspoki et al., 2016; Fig. 2).
This method highlighted the distribution of orientations among
neighboring follicles of Vangl2 cKO and Fz6 KO mutants at P2, as
well as the regional diﬀerences in hair patterns along the anteriorposterior axis. Disorder was especially pronounced in caudal regions of
Vangl2 cKO and Fz6 KO mutants, whereas follicle orientations were
more modestly aﬀected rostrally (Fig. 2A–C).
Remarkably, at P7, Vangl2 cKO and Fz6 KO follicle orientations
were comparable to control littermates, suggesting the initially disordered pattern had corrected over time (Fig. 1C and E). Across the
dorsal skin, Vangl2 cKO and Fz6 KO follicles displayed a high degree of
local order and were globally aligned along the A-P axis (Fig. 2D-F).
PCP mutants were largely indistinguishable from their wild type or
heterozygous littermates with the exception of prominent hair whorls
on the distal hindlimbs of mutant, but not control mice. Interestingly,
limb whorls persisted beyond P39, suggesting that in contrast to dorsal
skin, limb hair patterns do not correct over time.

The reorganization of PCP mutant follicles into the correct global
pattern raised the question of whether PCP protein localization is
asymmetric in the postnatal epidermis, and if so, whether polarity
aligns with the direction of rotating hair follicles. During embryogenesis, hair follicle polarization is preceded by asymmetric Celsr1 protein
localization in the interfollicular epidermis (Devenport and Fuchs,
2008). Moreover, the direction of Celsr1 asymmetry across diﬀerent
body regions strongly correlates with hair follicle orientation (Aw et al.,
2016; Devenport and Fuchs, 2008; Devenport et al., 2011). Because
Celsr2 does not asymmetrically localize in basal cells (data not shown)
and Celsr3 is not expressed (Sennett et al., 2015), Celsr1 is a reliable
indicator of PCP protein asymmetry in skin.
We hypothesized that postnatal follicle patterns are preﬁgured by
PCP asymmetry in the interfollicular epidermis, as are actin pre-hairs
in the Drosophila wing (Strutt, 2001). However, due to technical
limitations caused by tissue thickness and autoﬂuorescence, the
distribution of PCP proteins in the postnatal skin has never been
visualized. Therefore, we adapted tissue-clearing methods (iDISCO) to
enable immunoﬂuorescent imaging of epidermal whole mounts (Renier
et al., 2014) and quantiﬁed PCP asymmetry by calculating the nematic
order of the integrated ﬂuorescence intensity values of Celsr1 at cell
borders (Aigouy et al., 2010; Aw et al., 2016). In control mice at P4,
Celsr1 was asymmetrically distributed towards the anterior and posterior sides of basal cells, correlating with the axis of hair follicle
alignment (Fig. 5A–C). By contrast, Celsr1 asymmetry was strongly
reduced or randomized in Vangl2 cKO and Fz6 KO mutants, and was
largely uncorrelated with the local orientation of follicles (Fig. 5A–C).
For example, Fig. 5B shows a representative region of Vangl2 cKO
epidermis where hair follicles are oriented at roughly 45 degree angles.
However, Celsr1 asymmetry in the surrounding epidermis is highly
disordered and does not align with nearby follicles. These results
indicated that hair follicle realignment occurs independently of Celsr1
asymmetry in the epidermis, demonstrating that, at least in postnatal
stages, hair follicle orientation and epidermal PCP can be uncoupled.
To determine whether PCP mutant hair follicle orientations correlate with epidermal polarity during embryogenesis when follicle
polarity is initially established, Celsr1 asymmetry and hair follicle
angles were quantiﬁed in control, Vangl2 cKO and Fz6 KO epidermis at
embryonic stages where this relationship has not yet been investigated.
Vangl2 cKO embryos display variable hair follicle orientations at E17.5
(Fig. 6A and B), similar to the previously described phenotype of Fz6
KO (Fig. 6A and B; Chang et al., 2016; Wang et al., 2010). Whereas the
angular distribution of Celsr1 polarity closely correlated with the
orientation of hair follicles in control embryos, this relationship was
not observed in Vangl2 cKO or Fz6 KO embryos, where Celsr1
asymmetry was strongly reduced (Fig. 6C and D). We observed a
similar reduction of Celsr1 polarity in PCP mutants at E15.5, the time
when hair placodes normally acquire the ﬁrst signs of an anteriordirected bend (Fig. 7; Devenport and Fuchs, 2008). At E15.5, Fz6 KO
and Vangl2 cKO follicles often lacked an anterior bend, or were
polarized in random orientations (Fig. 7A-C). Notably, these phenotypes are less severe than the previously reported phenotypes of
dominant negative Vangl2Lp/Lp or Celsr1Crsh/Crsh mutants, suggesting
Fz6 KO and Vangl2 cKO embryos retain some epidermal PCP function
(Devenport and Fuchs, 2008; Wang et al., 2010). Nevertheless, when
Celsr1 asymmetry was quantiﬁed in the interfollicular epidermis of
Vangl2 cKO and Fz6 KO embryos, polarity was strongly reduced,
accumulating more uniformly around the cell cortex compared to the
anterior-posterior enrichment found in control embryos (Fig. 7D and
E). Occasionally, Celsr1 was weakly polarized in patches of Vangl2 cKO
mutant epidermal cells, but the direction of asymmetry was not
obviously correlated with the angle of the nearest follicles.

3.2. Hair follicles of Vangl2 and Fz6 mutants display opposing
rotational patterns
The normal, globally aligned hair pattern observed in PCP mutants
at P7 suggested that initially disordered follicles rotate to align with the
A-P axis. If true, intermediate hair patterns with increasing order
should be observable between days P2 and P7 of development.
Therefore, we quantiﬁed hair follicle angles across the entire dorsal
skin surface of P4 mice and found that PCP mutant follicles correct,
they pass through highly reproducible and stereotyped intermediate
patterns. Follicle angles of Vangl2 cKO and Fz6 KO mice were locally
coordinated but globally misaligned, generating characteristic swirling
hair patterns across the dorsal epidermis (Figs. 3 and 4). The degree of
local coordination between neighboring follicles appeared similar
between Vangl2 and Fz6 mutants (Fig. 4), but strikingly, their global
patterns were distinct and, in some areas, directionally opposed. In
Vangl2 mutants, the growing anterior ends of follicles pointed inwards
toward the midline (Fig. 4C), whereas Fz6 mutant follicles pointed
away (Fig. 4E). This phenotype was highly reproducible across
individuals (Fig. 4D, F; Supplementary Fig. 1) and suggested that
Fz6 and Vangl2 mutant follicles realign by rotating in opposite
directions. It should be noted that the stereotyped and reproducible
pattern we observe in Fz6 mutants is distinct from the hair patterns
previously described, a diﬀerence we attribute to genetic background
(Wang et al., 2006, 2010). In particular, the presence of the ridge allele
or other modiﬁers in the original Fz6 KO line may have contributed to
the more random hair pattern and to the slower rate of hair follicle
reﬁnement than we observe in our backcrossed line (Chang et al.,
2015). Together, our results demonstrate that during postnatal stages,
hair follicles are locally coordinated and globally aligned independently
of Vangl2 and Fz6. However, the opposing rotational patterns observed
in Vangl2 and Fz6 mutants suggests that realignment might be directed
though residual core PCP function.
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Fig. 2. Postnatal hair follicle reﬁnement is independent of Vangl2 and Fz6. (A-C) Wild type control (A), Vangl2 cKO, (B) and Fz6 KO (C) dorsal skins at P2. Hair follicles are pseudocolored according to their angle using Orientation J. Green-blue represents hair follicles oriented closest to the AP axis ~ 0° to +/− 45°. Pink-purple ~ −45° to −90°. Orange-yellow ~
+45° to +90°. The boxed regions are shown zoomed in on the right. Quantiﬁcation of hair follicle angles plotted relative to their position along the anterior-posterior axis is shown below.
Each dot represents the average orientation of follicles within one square window, tiled across the backskin. See Methods. Each color shade represents data from one animal. For control
n=6, Vangl2 cKO n=5, and Fz6 KO n=3 animals. (D-F) The same analysis was carried out at P7. For control n=4, Vangl2 cKO n=5, and Fz6 KO n=3. Note that the disordered hair pattern
at P2 is aligned with the anterior-posterior axis by P7. Scale bar, 1 mm.
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Fig. 3. Stereotyped hair patterns emerge during follicle reﬁnement. (A) Hair follicles from wild type control, Vangl2 cKO, and Fz6 KO dorsal epidermis at postnatal day 4 (P4). Skins
were cleared and hair follicle pigment was imaged by bright ﬁeld microscopy. Zoomed regions (2x) are shown below. (B) Quantiﬁcation of hair follicle orientations at P4. Anteriorposterior axis = 0°. Frequencies are pooled from control (n=5 animals); Vangl2 cKO (n=6 animals); Fz6 KO (n=6 animals). Scale bar, 1 mm.

some degree of bending, which could be attributed to a small amount of
incomplete Cre-recombination, but more likely reﬂects the follicles that
have begun to undergo rotational movements (see below). As expected,
this phenotype was accompanied by a loss of Celsr1 asymmetry in the
interfollicular epidermis (Fig. 8C and D).
We then examined Vangl1;Vangl2 dcKO hair coats at postnatal
stage P7, the time point at which the hair pattern of Fz6 and Vangl2
single mutants had corrected. In contrast to Fz6 or Vangl2 single
mutants, Vangl1;Vangl2 dcKO pups displayed highly stereotyped hair
patterns of whorls and crosses (Fig. 9A and B; Supplementary Fig. 3).
Each P7 dcKO pup displayed three dorsal hair whorls, one centrally
located near the head/neck boundary and two located more posteriorly
on either side of the midline. Midway along the A-P axis, body hairs
were oriented in a cross shapes centered around the central midline
(Fig. 9; Supplementary Fig. 3). This phenotype was highly reproducible
across individuals, and formed independently of the amount or spatial
distribution of small mosaic patches in K14-Cre activity
(Supplementary Fig. 3). In the interfollicular epidermis, Celsr1 failed
to polarize, localizing weakly or uniformly at the cell cortex, indicating

3.4. Hair follicles form complex, spatially distinct patterns in the
absence of core PCP function
To test whether the core PCP pathway mediates postnatal hair
follicle realignment, we generated mice that lacked all four Vangl alleles
in the skin epidermis (referred to as Vangl1; Vangl2 dcKO). As there
are only two Vangl genes in the mouse genome, this allelic combination
eliminates all Vangl-dependent PCP function. Using Vangl2-speciﬁc
and pan-Vangl antibodies, we conﬁrmed that by embryonic day E15.5,
Vangl proteins levels were eliminated in K14-Cre positive cells
(Supplementary Fig. 2; Belotti, 2012). At E15.5, the majority of
Vangl1;Vangl2 dcKO hair follicles failed to polarize, growing vertically
into the dermis, perpendicular to the epithelial plane (Fig. 8A and B).
This phenotype was signiﬁcantly more severe than either Fz6 KO or
Vangl2 cKO embryos (Fig. 6A and B), and mimicked the phenotype
observed in Vangl2Lp/Lp mutants (Devenport and Fuchs, 2008; Wang
et al., 2010), which carries a dominant negative mutation in Vangl2
that interferes with cell surface delivery of Vangl1 (Yin et al., 2012).
Twenty percent of Vangl1; Vangl2 dcKO placodes displayed at least
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Fig. 4. Vangl2 cKO and Fz6 KO follicles reﬁne in opposing directions. (A,C,E) Wild type control (A), Vangl2 cKO (C) and Fz6KO (E) dorsal skins at P4 (left). Hair follicles are pseudocolored according to their angle using Orientation J. Green-blue represents hair follicles oriented closest to the AP axis ~ 0° to +/− 45°, anterior-posterior axis. Pink-purple ~ −45° to
−90°. Orange-yellow ~ +45° to +90°. Boxed region is shown zoomed on the right. The dotted horizontal line indicates the midline. The position of the midline is consistent across all
whole backskin images. Note that while anterior-most follicles have the correct orientation in all conditions, central and posterior follicles point inward, toward the midline, in Vangl2
cKO skin (C) and outward, away from the midline, in Fz6 KO skin (E). For additional examples, see Supplemental Fig. 1. (B,D,F) Quantiﬁcation of hair follicle angles plotted relative to
their position along the anterior-posterior axis. Each dot represents the average orientation of follicles within one square window, which were tiled across the entire backskin. See Section
2. Each color shade represents data from one animal. n=6 animals for control, Vangl2 cKO, and Fz6 KO. Scale bar, 1 mm.

littermates beyond P7 due to the scruﬀy appearance of their hair coats
(Fig. 10A). Compared to control littermates, Vangl1;Vangl2 dcKO
regenerated follicles at P30 continued to display globally disordered
patterns (Fig. 10B and C), but in some regions the patterns were
distinct from those the same animals displayed at P7, suggesting that
follicles continually reﬁne their orientations beyond the period of hair
follicle morphogenesis. For example, P30 mice displayed two prominent hair whorls along the midline, one rostral, one caudal. In addition,
hairs were reversed along much of the lower back converging into a
cross at the central midline (Fig. 10C, Supplementary Fig. 4). These
results demonstrate that core PCP function is absolutely required for
global A-P alignment throughout hair follicle development and regeneration. We also conclude that restoration of body hairs into the normal
pattern in Vangl2 cKO mice is mediated by postnatal Vangl1 function.

that rotational movements that coordinate local follicle orientations
occur in the absence of PCP protein asymmetry (Fig. 8E and F). These
results demonstrate that Vangl genes, and likely the core PCP pathway
in general, are dispensable for the local coordination of neighboring
follicles into higher order patterns. However, most follicles failed to
align with the A-P axis suggesting that Vangl1 and Vangl2 are needed
in the epidermis for the interpretation of tissue-level directional cues.
Alternatively, perhaps compared to Fz6 or Vangl2 single mutants, the
Vangl1;Vangl2 dcKO hair pattern is simply slower to resolve. To test
the latter hypothesis, we followed Vangl1;Vangl2 dcKO mice into adult
stages and beyond the ﬁrst complete hair cycle.
3.5. Stereotyped hair patterns evolve but fail to globally correct in the
absence of core PCP function

4. Discussion

Following morphogenesis, hair follicles cycle through repeated
rounds of destruction and regeneration. The ﬁrst round of destruction
occurs at approximately P14-P18 of postnatal development and
regeneration occurs between P22-P37 (Alonso and Fuchs, 2006). To
determine whether Vangl function is needed beyond the ﬁrst hair cycle,
we followed the hair patterns of Vangl1;Vangl2 dcKO mice from P7 to
P39. Vangl1;Vangl2 dcKO mice were clearly distinguishable from their

Wang et al. (2006) ﬁrst described the unexpectedly dynamic nature
of hair follicle orientations, where they observed in Fz6 KO mice that
locally coordinated hair patterns emerged from initially disordered
states, which eventually correct over time (Chang and Nathans, 2013;
Wang et al., 2006, 2010). Given the large number of Fz genes present in
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Fig. 5. During reﬁnement, hair follicle orientation is uncoupled from Celsr1 asymmetry in the interfollicular epidermis. (A) Immunoﬂuorescence images of wild type control, Vangl2
cKO, and Fz6 KO dorsal skin at P4 labeled with antibodies against Celsr1. Tissues were cleared and processed for immunoﬂuorescence using the iDISCO technique. Images are oriented
with hairs (red arrows) aligned in the same direction. Note that despite similar follicle orientations in all three genotypes, Celsr1 is enriched at anterior-posterior borders of
interfollicular epidermal cells in wild type control but not Vangl2 cKO or Fz6 KO animals. Scale bar, 25 µm. (B) Angular distribution of Celsr1 polarity in the interfollicular epidermis.
Frequency scale 0 − 0.3. The anterior-posterior axis runs horizontally. Control, n=1094 cells from 3 animals; Vangl2 cKO, n=1292 cells from 3 animals; Fz6 KO n=1391 cells from 3
animals. MP = magnitude of average Celsr1 polarity. The signiﬁcance of the angular variation within each stage was assessed using a nonparametric permutation test. Statistical
signiﬁcance = p < 0.01 (if p ≥ 0.01, magnitude of average Celsr1 polarity, MP = N/A). See Methods. (C) Representative images of Celsr1 localization surrounding individual hair follicles
(labeled HF). Scale bar, 10 µm.

independent processes. However, because Vangl-deﬁcient hair patterns
persist and even rearrange into new formations following hair follicle
regeneration, we conclude that the core PCP pathway is essential for
the directional sensing mechanism that aligns hair follicles globally
with the body axes.
Compared to Drosophila, the repertoire of core PCP genes is
expanded in mammals, which have multiple copies of each core
component (Goodrich and Strutt, 2011). Duplicate PCP genes have
partially overlapping functions in other murine tissues (Boutin et al.,
2014; Etheridge et al., 2008; Hua et al., 2014; Song et al., 2010), and
this and other studies demonstrate that PCP genes also act redundantly
in the skin (Chang et al., 2016). In the embryo, Vangl1 can partially
compensate for Vangl2 in placode polarization, as conditional ablation
of Vangl2 alone causes a signiﬁcantly weaker phenotype than deletion

the mouse genome, and the relatively weak phenotype of Fz6 knockout
mice compared to other core PCP mutants (Devenport and Fuchs,
2008; Wang et al., 2010), it was unclear whether hair follicle reﬁnement was mediated by redundant core PCP function or through the
action of an alternative, postnatal PCP pathway such as the FatDachsous-Four-jointed system described in ﬂies and vertebrates.
Here we resolve this issue by examining PCP establishment and hair
follicle patterning in the absence of core PCP function though conditional deletion of Vangl2 and Vangl1; Vangl2 in the skin epithelium.
We show that hair follicles of Vangl-deﬁcient skin rearrange extensively
during morphogenesis, growth, and regeneration, assembling into
locally ordered patterns of hundreds of neighboring follicles. We
conclude that the rotational movements and local interactions driving
hair follicle reﬁnement are not only Fz6-independent but are core PCP-
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Fig. 6. Uncoupling of hair follicle orientation and Celsr1 asymmetry during embryogenesis. (A) Representative hair follicles from wild type control, Vangl2 cKO, and Fz6 KO embryos at E17.5
labeled with E-Cadherin (control and Vangl2 cKO) or membrane-GFP (Fz6 KO). Yellow arrows indicate the orientation of a subset of hair follicles. See Table 1 for genotypes. Single confocal zplanes are shown. Scale bar, 50 µm. (B) Quantiﬁcation of hair follicle orientations of the indicated genotypes at E17.5. Control, n=764 follicles; Vangl2 cKO, n= 1284 follicles; Fz6 KO, n= 609
follicles. (C) Representative immunoﬂuorescence images of Celsr1 labeled interfollicular epidermis at E17.5. Single confocal planes are shown. (D) Quantiﬁcation of angular distribution of Celsr1
polarity in the interfollicular epidermis of E17.5 Vangl2 cKO (cKO, n=1083 cells from 2 embryos; control littermates n=1049 cells from 2 embryos), and Fz6 KO embryos (KO, n=948 cells from 3
embryos; control littermates, n=2184 cells from 3 embryos). Frequency scale 0–0.3 for Vangl2 pair; 0–0.4 for Fz6 pair. Scale bar, 10 µm.

197

Developmental Biology 428 (2017) 188–203

M. Cetera et al.

Fig. 7. Relationship between hair placode orientation and Celsr1 asymmetry at initial hair follicle polarization. (A) Representative hair follicle placodes from wild type control, Vangl2 cKO (angled,
left and vertical, right), and Fz6 KO embryos at E15.5 labeled with membrane-GFP (control and Vangl2 cKO) or membrane-tdTomato (Fz6 KO). See Table 1 for genotypes. Single confocal z-planes
are shown. (B) Relative frequency of angled (dark shades) versus vertical (light shades) follicle placodes at E15.5. Wild type control, n= 393 follicles; Vangl2 cKO, n=406 follicles; Fz6 KO, n= 374
follicles. (C) Quantiﬁcation of hair follicle orientations of the indicated genotypes at E15.5. Only angled, not vertical, placodes are included. Wild type control, n=393 follicles; Vangl2 cKO, n=311
follicles; Fz6 KO n=181. (D) Representative immunoﬂuorescence images of Celsr1 labeled interfollicular epidermis at E15.5. Single confocal planes are shown. (E) Quantiﬁcation of the angular
distribution of Celsr1 polarity in the interfollicular epidermis at E15.5 of Vangl2 cKO (cKO, n=3068 cells from 2 embryos; control littermates n=2971 cells from 2 embryos), and Fz6 KO embryos
(KO, n=4076 cells from 3 embryos; control littermates, n=2994 cells from 3 embryos). Frequency scale 0–0.3. Scale bar, 10 µm.
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Fig. 8. Loss of hair follicle polarization and Celsr1 asymmetry in Vangl1; Vangl2 dcKO epidermis. (A) Representative hair follicle placodes from wild type control and Vangl1; Vangl2
dcKO embryos at E15.5 labeled with membrane-GFP. See Table 1 for genotypes. Single confocal z-planes are shown. (B) Relative frequency of angled (dark shades) versus verticallyoriented (light shades) placodes at E15.5. The majority of Vangl1; Vangl2 dcKO placodes fail to polarize. (C) Representative immunoﬂuorescence images of E15.5 wild type control and
Vangl1; Vangl2 dcKO interfollicular epidermis labeled with Celsr1. Single confocal planes are shown. (D) Quantiﬁcation of Celsr1 polarity in the interfollicular epidermis of control and
Vangl1; Vangl2 dcKO embryos. Control, n= 3533 cells from 4 embryos; dcKO, n=3111 cells from 4 embryos. (E) Immunoﬂuorescence images of wild type control and Vangl1; Vangl2
dcKO dorsal skin at P7 labeled with antibodies against Celsr1. Tissues were cleared and processed for immunoﬂuorescence using iDISCO. (F) Quantiﬁcation of the angular distribution
of Celsr1 polarity in the interfollicular epidermis at P7. (Control, n=940 cells from 3 animals, Vangl1; Vangl2 dcKO, n=987 cells from 3 animals). The anterior-posterior axis runs
horizontally. Scale bar, 10 µm.

core PCP components, and at the level of multicellular clusters through
the polarization of hair placodes and alignment of postnatal hair
follicles (Devenport and Fuchs, 2008). Basal cell and hair follicle
polarity are clearly linked by the fact that basal cells are progenitors
that give rise to hair placodes, and that the direction of PCP asymmetry
in basal cells aligns with the direction of hair follicle growth (Devenport
and Fuchs, 2008; Devenport et al., 2011). Additionally, elimination of
PCP function in interfollicular epidermal cells alters the polarity of
neighboring wild type hair follicles (Devenport and Fuchs, 2008; Chang
et al., 2016). To what extent the polarity of basal cells instructs the
orientation of hair follicles at diﬀerent developmental stages, however,
was unclear. Using the variable follicle orientations in Fz6 and Vangl2

of both Vangl gene products. Later during postnatal stages, we show
that redundant cues restore the global hair pattern in Vangl2 cKO
mutants, and it is Vangl1 which provides this function. Because Fz and
Vangl are thought to provide equal but opposing roles in PCP, our
ﬁndings also imply that additional Fz proteins beyond Fz6 must
contribute to PCP in the dorsal epidermis. Interestingly, in the hind
limb, disordered hair patterns of Vangl2 and Fz6 single mutants do not
correct over time, suggesting these are the sole Vangl and Fz genes that
function in the limbs. Alternatively, dorsal backskin may exhibit
distinct physical and mechanical properties that allow follicles to reﬁne.
PCP is manifested at two levels in the mammalian epidermis - at the
level of individual basal cells through the asymmetric segregation of
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Fig. 9. Stereotyped hair patterns emerge postnatally in the absence of Vangl function. (A) Representative Vangl1;Vangl2 dcKO dorsal skin at P7 showing characteristic and reproducible
pattern of whorls and crosses. Note the presence of three hair whorls positioned in a triangular conﬁguration (red, green and light blue boxes), and two crosses where whorls intersect
(dark blue and purple boxes). For additional examples, see Supplementary Fig. 3. (B) Three whorls and two crosses corresponding to boxed areas in A. Scale bar, 1 mm.

PCP distribution, beyond the level we can detect with current imaging
and analysis tools, are suﬃcient to drive bending and rotation of the
follicle. In Vangl2 cKO animals, where Celsr1 was asymmetric albeit
randomized, follicle orientations were also uncoupled from the
polarity of surrounding basal cells. It is possible that the pattern of
Celsr1 asymmetry is unstable in PCP mutants, and like the hair
follicle pattern, changes orientation over time. If so, the snapshots

single mutants to investigate this relationship, we found that, surprisingly, hair follicle orientations did not follow PCP asymmetry in the
surrounding epidermis neither at postnatal nor at embryonic stages. In
Fz6 mutants, hair placodes polarize and postnatal follicles rotate in the
absence of detectable Celsr1 asymmetry, suggesting that polarized
localization of PCP components may be dispensable for placode
polarization. Alternatively, it may be that only slight asymmetries in
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Fig. 10. Hair patterns evolve over time but do not correct in the absence of Vangl function. (A) Vangl1; Vangl2 dcKO mice and their control littermates at postnatal day 25. Double
knockout embryos are clearly distinguished from their control littermates due to their disorganized and scruﬀy hair coats. (B) Representative images of Vangl1;Vangl2 dcKO and control
dorsal skin at P39. Note the presence of two hair whorls and a zone of reversal positioned along the midline. For additional examples of P39 dorsal skins, see Supplementary Fig. 4. (C)
Representative hair whorl and cross from Vangl1;Vangl2 dcKO at P39. Dorsal epidermis was cleared and imaged for hair follicle pigment by brightﬁeld microscopy. Scale bar, 1 mm.

PCP levels and correlates with robust PCP protein polarization.
Our tissue-wide analysis of postnatal hair patterns revealed that
diﬀerent PCP mutants produce distinct and stereotyped local arrangements. Notably, Fz6 KO and Vangl2 cKO follicles collectively rotate in
opposite directions. This phenomenon resembles the opposing nonautonomous phenotypes of Fz and Vang mutant clones in the

of Celsr1 asymmetry measured here may not reﬂect the direction
of polarity at the precise moment of hair follicle polarization or
rotation. Deciphering the cellular mechanisms by which PCP orients
developing follicles will help to resolve this issue. Although
follicle polarization may require only low levels of PCP function, their
coordinate alignment across the epithelium is more sensitive to
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