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Abstract

In mammals, hair follicles cover most of the body surface and exhibit precise and stereotyped 

orientations relative to the body axes. Follicle orientation is controlled by the planar cell polarity 

(PCP; or, more generally, tissue polarity) system, as determined by the follicle mis-orientation 

phenotypes observed in mice with PCP gene mutations. The present study uses conditional 

knockout alleles of the PCP genes Frizzled6 (Fz6), Vangl1, and Vangl2, together with a series of 

Cre drivers to interrogate the spatio-temporal domains of PCP gene action in the developing 

mouse epidermis required for follicle orientation. Fz6 is required starting between embryonic day 

(E)11.5 and E12.5. Eliminating Fz6 in either the anterior or the posterior halves of the embryo or 

in either the feet or the torso leads to follicle mis-orientation phenotypes that are limited to the 

territories associated with Fz6 loss, implying either that PCP signaling is required for 

communicating polarity information on a local but not a global scale, or that there are multiple 

independent sources of global polarity information. Eliminating Fz6 in most hair follicle cells or in 

the inter-follicular epidermis at E15.5 suggests that PCP signaling in developing follicles is not 

required to maintain their orientation. The asymmetric arrangement of Merkel cells around the 

base of each guard hair follicle dependents on Fz6 expression in the epidermis but not in 

differentiating Merkel cells. These experiments constrain current models of PCP signaling and the 

flow of polarity information in mammalian skin.
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1. Introduction

In metazoan animals, the complex morphologies of cellular and multi-cellular structures 

appear to be genetically hard-wired as judged by their dramatic variation between species 

and their near constancy within species. One feature that characterizes many types of 

biological structures is polarity relative to local and/or global anatomic landmarks. A genetic 

system that controls polarity of this type has been extensively investigated in Drosophila, 

and is referred to as tissue polarity or planar cell polarity (PCP). PCP controls the chirality 

of ommatidia and the polarity of cuticular hairs and bristles, and it is mediated by a small 

number of genes that code for integral membrane proteins and membrane-associated 

cytoplasmic proteins (Adler, 2002; Jenny, 2010; Goodrich and Strutt, 2011). In epithelia, the 

asymmetric localization of PCP proteins marks each cell with an orientation vector within 

the plane of the epithelium.

In vertebrates, homologues have been identified for each of the Drosophila PCP genes. In 

mice, mutation of these genes demonstrates their central role in controlling polarity in a 

wide variety of contexts, including neural tube closure (Wang et al., 2006b; Torban et al., 

2008; Curtin et al., 2003), axon guidance (Wang et al., 2002; Lyuksyutova et al., 2003; Tissir 

et al., 2005; Zhou et al., 2008; Hua et al., 2013, 2014b), and the orientations of motile cilia 

(Tissir et al., 2010; Vladar et al. 2012; Boutin et al., 2014; Ohata et al., 2014; Shi et al., 

2014), inner ear sensory hair cells (Montcouquiol et al., 2003; Wang et al., 2005, 2006b; 

Jones et al., 2014), hair follicles (Guo et al., 2004; Wang et al., 2006a; Devenport and Fuchs, 

2008; Ravni et al., 2009), and lingual papillae (Hua et al., 2014a).

Mammalian hair follicles form by invagination of surface epithelial cells into the dermis, and 

they generally exhibit an orientation that is oblique to the plane of the epithelium. Mutations 

in the PCP genes Fz6, Celsr1, and Vangl2 produce hair follicle orientation phenotypes. In 

Fz6−/− fetuses and neonates, the orientations of hair follicles in back skin appear to be nearly 

randomized, implying that PCP signaling is required for the initial orientations relative to the 

body axes (Wang et al., 2006a, 2010). As development proceeds, a Fz6-independent process 

causes follicles to progressively reorient within the dermis in a manner that minimizes 

angular differences between neighboring follicles. The result is a series of enlarging 

patterns, including whorls and cruciforms.

A set of central and unanswered questions in the PCP field relates to the source and timing 

of polarity information and the manner in which that information propagates across tissues 

and between distinct cellular structures. In the vertebrate epidermis, the identities of the 

anterior/posterior polarity signals on the trunk and the proximal/distal polarity signals on the 

limbs are currently unknown. With spatially and temporally defined manipulations of gene 

activity in mice it may be possible to constrain models concerning the nature of these signals 

and their relationship to PCP signaling. With this idea in mind, we have used anatomically 

localized and cell-type specific Cre-mediated recombination to create spatial and temporal 
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patterns of Fz6 activity to determine when polarity information is acquired, and whether this 

information exhibits an obligatory flow from one part of the embryo to another, and whether 

Fz6 is required in developing follicles to maintain their orientation and in Merkel cells to 

produce an asymmetric cell cluster. The results imply that, in the mouse epidermis, Fz6-

dependent polarity signaling begins at embryonic day (E)12 and that there are multiple 

sources of global polarity information.

2. Results

2.1. Timing of Fz6 expression for hair follicle orientation

On the head and back of wild type (WT) mice, hair follicles point with high precision from 

anterior to posterior, and, as noted in the Introduction, this global polarity is largely absent in 

fetal and early postnatal Fz6−/− mice. In a first set of experiments, we investigated the 

critical time window for Fz6-dependent signaling, by eliminating or activating Fz6 
expression with an epidermal-specific K14-Cre transgene (Dassule et al., 2000) that initiates 

Cre expression at nearly the same time as the endogenous Fz6 gene. In the developing 

epidermis on the back, Fz6 is initially detected at E12.5 and it continues to be expressed 

throughout fetal life (Fig. 1A and S1). One day later, at E13.5, placodes appear at the 

locations of future guard hair follicles (Ahn, 2015). Expression of the K14-Cre transgene 

begins between E11.5 and E12.5, as determined by crossing it to Hprt-LSL-tdT, a highly 

recombinogenic reporter that expresses a nuclear-localized 3HA-tagged tdTomato (Fig. 1B; 

LSL represents loxP-stop-loxP; Wu et al., 2014). [See Table 1 for a summary of the temporal 

patterns of Cre expression in the mouse lines used in this study.]

Using K14-Cre to inactivate a conditional Fz6 knockout allele (Fig. S2) in Fz6CKO/−;K14-
Cre mice, we observed the transient appearance of Fz6 at E12.5, followed by its 

disappearance one day later (Fig. 1C). The phenotypic consequences of eliminating Fz6 
from E13.5 onward is a follicle mis-orientation phenotype on the back and head at postnatal 

day (P)3 that is significantly milder than the Fz6−/− phenotype (quantified in Fig. 1D), 

suggesting that transient expression of Fz6 at E12.5 allowed the developing epidermis to 

partially acquire global polarity. We note that the possible perdurance of Fz6, at levels below 

the limit of detection, could extend the window of Fz6 action beyond E12.5. The same K14-
Cre transgene was used to activate Fz6 expression from a Rosa(R)26-LSL-Fz6 knock-in 

allele on a Fz6−/− background. In earlier work, we observed that Cre-mediated 

recombination of the R26-LSL-Fz6 locus in the parental germline led to ubiquitous 

expression of Fz6 in the skin at approximately the same level as the endogenous Fz6 gene 

and to a full rescue the Fz6−/− phenotype (Hua et al., 2014a). Fig. 1D shows that 

Fz6−/−;R26-LSL-Fz6;K14-Cre mice have a WT hair orientation phenotype. These data 

imply that Fz6-mediated polarity signaling in the epidermis of the back and head begins 

between E11.5 and E12.5.

2.2. Effect of anterior or posterior expression of Fz6 on hair follicle orientation

We next sought to test the hypothesis that global polarity information originates from a 

single source in either the anterior or the posterior of the embryo and propagates across the 

surface epithelium in a Fz6-dependent manner. The experimental strategy involved 
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eliminating Fz6 exclusively in either the anterior or posterior halves of the embryo. For 

selective deletion of Fz6 in posterior territories we used a Caudal2 (Cdx2)-Cre transgene 

(Hinoi et al., 2007), which is expressed in all or nearly all embryonic tissues, including the 

ectoderm, posterior to the insertion of the umbilical vessels. Cdx2-Cre expression begins 

before E11.5, a time prior to the initiation of Fz6 expression (Fig. 2A and S3; Table 1). We 

will refer to Fz6CKO/−;Cdx2-Cre embryos as “posterior Fz6 KO”.

At present, there are no Cre lines that uniformly recombine anterior structures in a spatial 

pattern that is complementary to the pattern of Cdx2-Cre expression. Therefore, to eliminate 

Fz6 in the anterior of the embryo, we used an indirect strategy in which Cdx2-Cre -mediated 

recombination activated Fz6 expression from the R26-LSL-Fz6 locus in the posterior of 

Fz6−/− embryos. As this combination of ubiquitous loss of endogenous Fz6 and posterior-

specific expression of ectopic Fz6 is equivalent to an anterior-specific elimination of Fz6, we 

will refer to it as “anterior Fz6 KO”.

In preliminary experiments, we compared the levels of Fz6 accumulation in cross-sections of 

skin at E14.5 in anterior and posterior locations (the neck and lower back, respectively) in 

WT, Fz6CKO/−;Cdx2-Cre (“posterior Fz6 KO”), Fz6−/−;R26-LSL-Fz6;Cdx2-Cre (“anterior 

Fz6 KO”), and Fz6−/− embryos (Fig. 2B). As expected, Fz6 is present in WT epidermis and 

absent in Fz6−/− epidermis. In the “posterior Fz6 KO” embryo, Fz6 is present in the anterior 

but not the posterior epidermis. In the “anterior Fz6 KO”, Fz6 is present in both the 

epidermis and dermis in the posterior of the embryo, consistent with expression of the R26 
locus in most if not all cell types, but Fz6 is absent in the anterior of the embryo.

Hair follicle orientations were quantified in anterior (head) and posterior (lower back) 

regions in flat mounted skins from WT, “posterior Fz6 KO”, “anterior Fz6 KO”, and Fz6−/− 

mice at P3 (Fig. 2C). At this age, follicles in Fz6−/− mice exhibit a broad distribution of 

orientations with a subtle anterior-to-posterior bias. In contrast, WT mice show a narrow 

distribution centered on the anterior-to-posterior vector. “Posterior Fz6 KO” and “anterior 

Fz6 KO” mice show broad distributions of follicle orientations in the territories lacking Fz6 
expression and normal anterior-to-posterior follicle orientations in those regions where Fz6 
is expressed.

To visualize and quantify follicle orientations at the earliest stage of development (and prior 

to the accumulation of melanin within the follicle), back skins from the same four genotypes 

were examined at E17.5 in the presence of a Keratin(K)17-GFP transgene, which is 

expressed specifically in hair follicles (Bianchi et al., 2005). For this experiment, the Hprt-
LSL-tdT reporter was also present to simultaneously demarcate the zone of Cdx2-Cre 
activity. At E17.5, the developing guard hair follicles are the only follicles that have 

elongated sufficiently to permit a determination of orientation. As seen in Fig. 3, the 

boundary between the anterior zone with undetectable Cre-mediated recombination and the 

posterior zone with high Cre-mediated recombination extends over several millimeters along 

the anterior-posterior axis. In the Fz6−/− back skin (bottom panel in Fig. 3), the distribution 

of follicle orientations shows the same subtle posterior bias as at P3, implying that loss of 

Fz6 does not lead to a complete randomization of the initial follicle orientations. In 

“posterior Fz6 KO” back skin, the territories of follicle mis-orientation and Cdx2-Cre are 
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closely matched (second panel in Fig. 3). Interestingly, in the “anterior Fz6 KO” back skin 

(third panel in Fig. 3), follicles anterior to and within several millimeters of the zone of Cre-

recombination are largely oriented in an anterior-to-posterior direction, despite the inference 

from the Hprt-LSL-tdT reporter that they are predominantly Fz6−/−. These data imply that 

polarity information can spread over a limited distance through Fz6−/− tissue or through 

tissue that contains a mixture of Fz6-expressing and Fz6-null epithelial cells.

The analysis of hair follicle orientations in the back skin of “anterior Fz6 KO” and 

“posterior Fz6 KO” fetuses and postnatal mice eliminates one model in which global 

polarity information originates from a unique source in either the anterior or the posterior 

poles of the embryo and then propagates across the surface epithelium in a Fz6-dependent 

manner. Such a model predicts that a zone of Fz6−/−tissue adjacent to the source of polarity 

information would block its propagation to more distal territories. However, these 

experiments do not eliminate models in which polarity information originates from both 

anterior and posterior poles or propagates across the embryo by a mechanism that is 

independent of Fz6.

2.3. Effect of limb-specific expression or knockout of Fz6 on hair follicle orientation

On the dorsal surface of the feet of WT mice, hair follicles at all stages of development point 

from the proximal limb distally toward the digits and the palmar surface, and no follicles 

exhibit a distal-to-proximal orientation. In contrast, in Fz6−/− mice, many early postnatal 

follicles on the dorsal surface of the feet exhibit a distal-to-proximal orientation, and during 

the first postnatal week these follicles reorganize to produce a single whorl on each hindfoot 

and a milder whorl-like pattern on each front foot (Guo et al., 2004; Wang et al., 2006a, 

2010). To investigate the possible flow of polarity information from torso to limb, we 

employed an experimental strategy analogous to that described above for the anterior-

posterior axis, but using instead an Emx1-Cre knock-in allele that is expressed specifically 

in the limb bud ectoderm prior to E11.5 (Fig. 4A and S3; Table 1; Gorski et al., 2002). To 

eliminate Fz6 in the distal limb ectoderm, we generated Fz6CKO/−;Emx1-Cre mice that we 

will refer to as “foot-specific Fz6 KO”. To eliminate Fz6 everywhere except in the distal 

limb ectoderm, we generated Fz6−/−;R26-LSL-Fz6;Emx1-Cre mice, which we will refer to 

as “torso-specific Fz6 KO”.

Hair follicle orientations were quantified in flat mounts of foot skin at P4 and back skin at 

P3 from WT, Fz6CKO/−;Emx1-Cre (“foot-specific Fz6 KO”), FZ6−/−;R26-LSL-Fz6;Emx1-
Cre (“torso-specific Fz6 KO”), and Fz6−/− mice (Fig. 4B). At P4, WT foot skins show a 

distribution of orientations from −90 to +90 degrees, reflecting the range of follicle 

orientations that point from the dorsal surface of the foot toward the palmar surface, 

especially around the periphery of the foot. In contrast, P4 Fz6−/− foot skins have many 

follicles with distal-to-proximal orientations (90–180 degrees and from −180 to −90 

degrees). In “torso-specific Fz6 KO” mice at P3, as well as at later ages (data not shown), 

follicle orientations on the feet are indistinguishable from WT. Similarly, in “foot-specific 

Fz6 KO” mice at P3, as well as at later stages (data not shown), follicle orientations on the 

feet are indistinguishable from the orientations observed on Fz6−/− feet. These data imply 

Chang et al. Page 5

Dev Biol. Author manuscript; available in PMC 2016 November 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that epidermal polarity on the feet is dependent on the local activity of Fz6 and is 

independent of Fz6 activity in the torso.

2.4. Effects of hair follicle-specific versus epidermis-specific Fz6 expression and knockout

If polarity information for determining hair follicle orientation is propagated across the 

epidermis by PCP signaling, then disrupting PCP signaling specifically in the inter-follicular 

epidermis should block the flow of information and cause follicle mis-orientation. 

Additionally, depending on the manner in which follicles receive and process polarity 

information, disruption of PCP signaling specifically within follicles might also lead to a 

follicle mis-orientation phenotype. These predictions are compatible with the timing of Fz6 
expression that we observe in the epidermis: as noted above in the context of Fig. 1, Fz6 
expression begins at E11.5-E12.5, and by E13.5, when guard hair placodes first appear, it is 

expressed uniformly in the epidermis on the back.

At present, there is no mouse line that expresses Cre exclusively in all inter-follicular 

epidermal cells or exclusively in all hair follicle epithelial cells. However, Shh is expressed 

in a subset of epithelial cells within hair follicles as early as E14.5 (Bitgood and McMahon, 

1995), and Shh-Cre (a Cre knock-in at the Shh locus; Harfe et al., 2004) recombines the 

Hprt-LSL-tdT reporter in > 50% of developing guard hair follicle epithelial cells by E15.5 

(Fig. 5A, right panels). Shh-Cre-induced expression of the tdTomato reporter was not 

observed in hair follicles prior to E15.5 or in the inter-follicular epidermis at any time (Table 

1). By E15.5, Fz6 expression is readily detected in both developing guard hair follicles and 

inter-follicular epidermis, and developing guard hair follicles are already correctly oriented 

along the anterior-posterior axis (Fig. 5A, left).

To investigate the role of Fz6 in maintaining follicle orientation after E15.5, we designed an 

experimental strategy analogous to that described above for the anterior-posterior axis and 

the feet. To eliminate Fz6 in a subset of follicle epithelial cells starting at E15.5, we 

generated Fz6CKO/−;Shh-Cre mice, which we will refer to as “follicular Fz6 KO”, and to 

eliminate Fz6 in the inter-follicular epithelium at all times, we generated Fz6−/−;R26-LSL-
Fz6;Shh-Cre mice, which we will refer to as “inter-follicular Fz6 KO”. In preliminary 

experiments, we compared the levels of Fz6 accumulation in cross-sections of E15.5 back 

skin in WT, Fz6CKO/−;Shh-Cre (“follicular Fz6 KO”), Fz6−/−;R26-LSL-Fz6;Shh-Cre (“inter-

follicular Fz6 KO”), and Fz6−/− embryos (Fig. 5B). As expected, Fz6 is observed throughout 

the epidermis and in developing guard hair follicles in WT embryos, and it is absent in 

Fz6−/− embryos. In the “follicular Fz6 KO”, Fz6 is detected at higher levels in the inter-

follicular epidermis than in follicles. In the “inter-follicular Fz6 KO”, Fz6 is detected only in 

hair follicles.

Hair follicle orientations were quantified in flat mounted skins from P3 mice of the same 

four genotypes. “Inter-follicular Fz6 KO” mice exhibit a follicle mis-orientation phenotype 

equal in severity to that of Fz6−/− mice, whereas, “follicular Fz6 KO” mice exhibit a 

distribution of follicle orientations similar to that of WT controls. These data are consistent 

with the observations of Devenport and Fuchs (2008) with WT:Vangl2Lp/Lp chimeras 

showing that when a WT follicle is flanked by Vangl2Lp/Lp epidermis, the follicle exhibits 

the vertical Vangl2Lp/Lp phenotype. In interpreting this experiment, we note that Shh-Cre 
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does not act until E14.5-E15.5, 1–2 days after guard hair placodes appear, at which time 

developing guard hair follicles are already oriented along the anterior-to-posterior axis (Fig. 

5A and B). Thus, this experiment is relevant to the maintenance but not to the initiation of 

follicle orientation. With the additional caveat that Shh-Cre does not eliminate Fz6 
expression in all follicle cells in the “follicle Fz6 KO” or activate Fz6 expression in all 

follicle cells in the “inter-follicular Fz6 KO”, the data suggest that the maintenance of the 

anterior-to-posterior orientation during follicle elongation does not require Fz6 expression in 

more than a minority of follicle cells after E15.5. The data are also consistent with a model 

in which PCP signaling prior to E14.5-E15.5 sets the orientation of follicle growth.

2.5. Effects of Merkel cell-specific Fz6 expression and knockout

Hair follicles are associated with a variety of non-follicle structures, each of which normally 

exhibits a polarity that matches the polarity of its associated follicle. These structures 

include sebaceous glands, arrector pili muscles, sensory nerve endings, and Merkel cell 

clusters (Ross and Pawlina, 2011). In Fz6−/− mice, sebaceous glands, arrector pili muscles, 

and sensory nerve endings reorient to track the aberrant orientation of their associated 

follicles (Chang and Nathans, 2013). In contrast, Merkel cell clusters lose their polarity in 

the absence of Fz6. The ~30 Merkel cells at the base of each guard hair follicle are arranged 

in a semi-circle with an anterior opening in WT skin, but they form a closed circle in Fz6−/− 

skin (Chang and Nathans, 2013). We note that Merkel cells are epidermal derivatives, and 

therefore it is not surprising that they are directly influenced by PCP signals.

To investigate the flow of polarity information to Merkel cells, we utilized a Math1(Atoh1)-
Cre knock-in line that expresses Cre in Merkel cells starting at E15.5 when Merkel cells 

begin to differentiate (Fig. 6A; Yang et al., 2010). Using the Math1-Cre line, we designed an 

experimental strategy analogous to that described above for hair follicles and inter-follicular 

epidermis (Fig. 6B). To eliminate Fz6 in Merkel cells, we generated Fz6CKO/−;Math1-Cre 
mice, which we will refer to as “Merkel cell Fz6 KO”, and to eliminate Fz6 in all epidermal 

derivatives other than Merkel cells, we generated Fz6−/−;R26-LSL-Fz6;Math1-Cre mice, 

which we will refer to as “non-Merkel cell Fz6 KO”.

In flat mounts of skin at P1, a time when Merkel cell clusters are fully developed, the 

arrangement of Merkel cells in “Merkel cell Fz6 KO” mice was indistinguishable from WT 
mice, and the arrangement of Merkel cells in “non-Merkel cell Fz6 KO” mice was 

indistinguishable from Fz6−/− mice (Fig. 6C). The data were quantified by measuring the 

size of the largest angular opening in each Merkel cell cluster and the fraction of Merkel 

cells that reside anterior to the center of each cluster (Fig. 6C; Chang and Nathans, 2013). In 

interpreting these experiments we note the possibility that the WT polarity of Merkel cell 

clusters in “Merkel cell Fz6 KO” mice might reflect the perdurance of Fz6 proteins that had 

accumulated prior to Math1-Cre-mediated Fz6 deletion between E14.5-E15.5. While 

keeping this caveat in mind, this experiment suggests is that the anterior-facing semi-circular 

arrangement of Merkel cells does not require Fz6 expression in Merkel cells during the time 

when the semi-circle is being formed.
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2.6. Roles of Vangl1 and Vangl2 in hair follicle orientation

To test the generality of the spatial and temporal effects of Fz6 deletion, we asked whether 

deleting Vangl1 and Vangl2 - the only two mammalian orthologues of the Drosophila core 

PCP gene Vang - using K14-Cre or Cdx2-Cre would produce the same phenotypes as 

observed with deletion of Fz6. In previous work, we and others observed a loss of follicle 

polarity in fetuses homozygous for the semi-dominant Vangl2 Looptail (Lp) allele 

(Devenport and Fuchs, 2008; Wang et al., 2010). As Vangl2Lp/Lp mice die at birth, this 

follicle phenotype could only be examined during prenatal life. Curiously, prenatal 

Vangl2Lp/Lp follicles are oriented perpendicular to the plane of the epithelium. This 

phenotype is distinct from the Fz6−/− phenotype in which follicles are mis-oriented but 

retain their oblique angle to the epithelial plane.

Vangl1 and/or Vangl2 recessive loss-of-function mutations have been studied previously in 

the early embryo in the context of left-right asymmetry, in neural tube closure, and in inner 

ear development (Torban et al., 2008; Song et al., 2010; Copley et al., 2013; Pryor et al., 

2014), but they have not been studied in the skin. To eliminate Vangl1 and/or Vangl2 in 

various allelic combinations in the epidermis we constructed a Vangl1CKO allele (Fig. S4) 

and combined it with a Vangl2CKO allele (Yin et al., 2012) and the K14-Cre transgene to 

generate mice in which different numbers of Vangl1 and Vangl2 alleles were deleted.

Eliminating one allele each of Vangl1 and Vangl2 in the epidermis at E12.5 with K14-Cre 
(Vangl1CKO/+;Vangl2CKO/+;K14-Cre) or ubiquitously (Vangl1CKO/−;Vangl2CKO/−, without 

Cre) had no effect on follicle orientations. However, eliminating all four Vangl alleles in the 

epidermis (Vangl1CKO/−;Vangl2CKO/−;K14-Cre) led to vertically oriented hair follicles in 

prenatal skin at E16.5 that closely resembled the phenotype observed with Vangl2Lp/Lp (Fig. 

7A). By P3, follicles in Vang/1CKO/−;Vang/2CKO/−;K14-Cre mice had acquired an oblique 

angle relative to the epithelial surface and exhibited largely randomized orientations on the 

back and partially randomized orientations on the head (Fig. 7B). A comparison of follicle 

angles at P3 between Fz6CKO/−;K14-Cre mice (Fig. 1D, second from left) and 

Vangl1CKO/−;Vangl2CKO/−;K14-Cre mice (Fig. 7B, far right) revealed a more severe 

phenotype in Vang/1CKO/−;Vangl2CKO/−;K14-Cre mice. Together with the distinctive 

phenotype of vertically oriented follicles, these observations suggest that a more extensive 

loss of PCP signaling is produced by the combined loss of Vangl1 and Vangl2 than by loss 

of Fz6.

At P3, Vangl1CKO/−;Vangl2CKO/− mice (loss of one allele each of Vangl and Vangl2) and 

Vangl1CKO/−;Vangl2CKOI+;K14-Cre mice (loss of two alleles of Vang1 and one allele 

Vangl2) exhibit head and back follicle orientations that closely resemble those of the WT 
control, whereas Vangl1CKO/+;Vangl2CKO/−;K14-Cre mice (loss of one alleles of Vangl and 

two alleles of Vangl2) exhibit a phenotype intermediate between 

Vangl1CKO/−;Vangl2CKO/−;K14-Cre mice (loss of all four alleles) and WT mice (Fig. 7B). 

From these data we conclude that Vangl2 plays a larger role than Vangl1 in follicle 

orientation.

When Vangl1 and Vangl2 were deleted in the posterior of the body with Cdx2-Cre 
(Vangl1CKO/−,Vangl2CKO/−,Cdx2-Cre), > 95% of mice died shortly after birth, with most 
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showing a caudal neural tube defect, tail truncation, and retarded growth of the hind limbs 

(Fig. 7C and S5). The single Vangl1CKO/−;Vangl2CKO/−;Cdx2-Cre mouse that did not have 

an open neural tube was analyzed at P3 and exhibited hair follicle orientations that were 

largely randomized on the lower back but not on the head (Fig. 7C, right panels), consistent 

with the pattern observed in Fz6CKO/−;Cdx2-Cre mice. Additionally, 

Vangl1CKO/−;Vangl2CKO/−;K14-Cre mice show the same circular arrangement of Merkel 

cells as observed in Fz6−/− mice, Vangl1CKO/−;Vangl2CKO/−;Shh-Cre show normal hair 

follicle orientations as observed in Fz6CKO/−;Shh-Cre mice, and 

Vangl1CKO/−;Vangl2CKO/−;Math1-Cre mice show a normal arrangement of Merkel cells as 

observed in Fz6CKO/−;Math1-Cre mice (data not shown). These observations support the 

view that Fz6 and Vangl1/Vangl2 work together to mediate PCP signaling in the epithelium.

3. Discussion

The body of work presented here represents the first systematic study of the spatiotemporal 

characteristics of mammalian PCP signaling in epithelial development. Utilizing a series of 

Cre driver lines with well-defined spatiotemporal patterns of expression, we have 

conditionally deleted Fz6 or Vangl1 and Vangl2 in different anatomic patterns and at 

different times in the mouse epidermis and in various epidermal derivatives. To compare the 

polarity phenotypes associated with Fz6 loss in anatomically reciprocal pairs of territories or 

cell types, we devised a strategy in which the phenotype produced by Fz6 deletion using a 

particular Cre driver is compared to the phenotype produced by ectopic Fz6 activation using 

the same Cre driver in the absence of endogenous Fz6. As described below, the results of 

these experiments constrain potential models of PCP signaling in the mammalian epidermis.

3.1. Timing of Fz6 expression and action

In the absence of Fz6, the initial follicle polarities on the head are largely randomized and 

those on the back are almost completely randomized. One model consistent with this 

phenotype posits that Fz6 acts as part of a system to propagate polarity information across 

the surface epithelium from source(s) at the extreme anterior and/or posterior of the embryo. 

Alternatively, one can envision models in which Fz6 only communicates polarity 

information locally, in which case other polarity systems would need to be invoked to set-up 

polarity on the scale of the entire embryo. In Drosophila, experiments with marked clones 

clearly demonstrate a role for PCP signaling in the local spread of polarity information, but 

they are also consistent with a role for PCP genes in setting up polarity on a larger scale 

(Adler, 2002; Strutt and Strutt, 2005; Goodrich and Strutt, 2011; Struhl et al., 2012).

In mice, the earliest developing hair follicles do not begin to appear until E13.5, when the 

embryo is ~12 mm in length (Kaufman, 1992). It would be remarkable if global polarity 

information could propagate across an embryo of this size. Instead, it seems more reasonable 

to suppose that anterior–posterior polarity information is generated when the embryo is far 

smaller and that this information is preserved and made available to the epidermis at later 

times. Following this line of reasoning, the experiments described here to determine the time 

window during which Fz6 acts can potentially constrain models of local vs. global roles for 

Fz6.
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It has long been known that Fz6 is expressed in the epidermis and in hair follicles during late 

fetal and adult life (Guo et al., 2004). Here we show that Fz6 is not detectable in the 

epidermis by immunostaining prior to E12.5. We note, however, that physical analyses of 

gene expression - by immunostaining, in situ hybridization, detection of knock-in reporters, 

etc. - cannot be considered definitive methods for assessing the time and place of gene 

action because extremely low levels of gene expression can potentially provide biological 

function. Indeed, earlier experiments with Fz3−/−;Fz6−/− embryos demonstrated a redundant 

role for Fz3 and Fz6 in neural tube closure, even though Fz6 gene expression was 

undetectable, as determined by X-gal staining with a lacZ reporter knock-in, at the time of 

neural tube closure (~E8.5; Wang et al., 2006b).

Using K14-Cre, we have studied embryos with timed deletion or activation of Fz6. These 

experiments show that the critical time window for Fz6 function in hair follicle orientation 

begins at E11.5-E12.5 and continues at least through E13.5. Epidermal deletion of Vangl1 
and Vangl2 at E11.5-E12.5 leads to a similar hair orientation phenotype. These results imply 

that Fz6-dependent PCP signaling begins early in epidermal development when the embryo 

is ~ 6 mm in length, 1–2 days prior to the appearance of hair follicle placodes. Compared to 

the most fundamental embryologic events (e.g. gastrulation), E11.5-E12.5 is relatively late, 

and the data therefore seem most compatible with a model in which Fz6 acts within the 

epidermis to locally interpret pre-existing polarity information.

3.2. Anatomic domains of Fz6 action: local influence within a global pattern

Direct tests of a role for Fz6 in propagating polarity information from a discrete source are 

described here in the contexts of anterior-posterior polarity on the head and torso and 

proximal-distal polarity in the limbs. In both contexts, early acting (i.e., before E11.5) and 

anatomically-localized Cre drivers allowed Fz6 gene activity to be selectively eliminated in 

complementary regions of the epithelium: anterior vs. posterior halves of the embryo, and 

limb vs. torso. The resulting phenotypes show that (1) hair follicles require local expression 

of Fz6 to attain their correct initial orientations, and (2) they are unaffected by the absence 

of Fz6 in adjacent territories. Moreover, the intermediate PCP phenotype produced by 

transient expression of Fz6 prior to K74-Cre-mediated inactivation in Fz6CKO/−;K14-Cre 
embryos showed no anterior-posterior variation in severity, as might have been predicted if 

Fz6 effects the propagation of polarity information from one end of the embryo to the other 

over the course of hours to days. Taken together, the data are most compatible with a model 

in which Fz6 - and, by inference, PCP signaling generally - acts to locally communicate, 

stabilize, and/or transduce polarity information, but it does not constitute the sole means for 

transmitting that information over long distances.

We note that the preceding conclusions refer to the initial orientations of hair follicles. Later, 

during the first 8–10 days of postnatal life, a Fz6-independent system of communication 

generates and refines patterns of follicle orientation that eventually encompass many 

thousands of follicles (Wang et al., 2006a, 2010). This later refinement process can be 

accurately modeled as a local interaction between follicles that favors a convergence of 

orientations among neighbors (Wang et al., 2006a). Although its molecular and cellular 

mechanisms are unknown, this refinement process exemplifies one way in which polarity 
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information evolves and propagates across a vector field. A conceptually analogous system 

underlies the cooperative alignment of magnetic dipole moments among individual atoms in 

ferromagnetic materials (Feynman et al., 1963).

3.3. Acquisition of polarity information by Merkel cells and hair follicles

A major distinction between PCP in the mammalian epidermis and the Drosophila wing is 

that the former involves the polarized architectures of multicellular structures (hair follicles 

and Merkel cell clusters) whereas the latter only affects the orientations of subcellular 

structures (the actin-rich bundles that form the core of the wing hairs produced by each 

epithelial cell; Adler, 2002; Goodrich and Strutt, 2011). How individual cells within a 

multicellular structure acquire and differentially interpret polarity information to generate a 

coordinated spatial response is, at present, unknown.

The experiments described here with follicle-specific expression or deletion of Fz6 and 

Merkel cell-specific expression or deletion of Fz6 are consistent with a model in which 

polarity information from the surrounding epidermis influences the orientations of multi-

cellular epithelium-derived structures. In the future it would be interesting to examine the 

way in which cell movements, cell proliferation and/or cell death shape architectural 

asymmetry in hair follicles and Merkel cell clusters. With the development of two-photon 

microscopic techniques for chronic imaging of identified cells in mammalian hair follicles 

(Mesa et al., 2015), it might be possible to investigate this question by monitoring epithelial 

cell behaviors longitudinally in ex vivo preparations of mouse embryos that are either WT or 

mutant for various PCP genes.

4. Materials and methods

4.1. Mouse lines

The Fz6CKO and Vangl1CKO alleles were generated by homologous recombination in mouse 

embryonic stem (ES) cells using standard techniques. In brief, targeting constructs (Fig. S2 

and S4) were electroporated into R1 mouse ES cells; colonies were grown in medium 

containing G418 and ganclovir, and were screened by Southern blot hybridization; positive 

clones with a normal karyotype were injected into C57BL/6 blastocysts to generate chimeric 

founders; and germline transmission was confirmed by Southern blot hybridization and 

PCR.

The following mouse alleles were also used: Fz6− (Guo et al., 2004), R26-LSL-FZ6 (Hua et 

al., 2014a,b), Hprt-LSL-tdT (Wu et al., 2014), K17-GFP (Bianchi et al., 2005), Sox2-Cre 
(Hayashi et al., 2002), K14-Cre (Dassule et al., 2000; JAX 004782), Cdx2-Cre (Hinoi et al., 

2007; JAX 009350), Emx1-Cre (Gorski et al., 2002; JAX 005628), Shh-Cre (Harfe et al., 

2004; JAX 005622), Math1(Atoh1)-Cre (Yang et al., 2010; a kind gift of Dr. Lin Gan, 

University of Rochester), Vangl2CKO (Copley et al., 2013), and Vangl2− (Smallwood, 

Williams, and Nathans, unpublished). Mice were handled and housed according to the 

approved Institutional Animal Care and Use Committee (IACUC) protocol M013M469 of 

the Johns Hopkins Medical Institutions.
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4.2. Immunostaining

For immunostaining of sagittal sections, embryos were embedded in OCT, fresh frozen, 

cryosectioned (14 µm) and fixed for 10 min in 4% formaldehyde in PBS. Sections were 

washed with PBST (0.1% Triton in PBS) for 10 min and blocked for 1 h with 5% normal 

donkey or goat serum in PBST. Primary antibodies were incubated for 2 h at room 

temperature or overnight at 4 degree. The following primary antibodies were used: goat anti-

Fz6 (AF1526; R and D Systems; 1:400), rat anti-E-cadherin (ab11512-100; Abcam; 1:400) 

and rat anti-Cytokeratin8 (TROMA-I-c; Developmental Studies Hybridoma Bank; 1:500). 

Secondary antibodies in PBST were incubated for one hour at RT. Secondary antibodies 

were Alexa Fluor 488-, 594-, or 647-conjugated donkey anti-goat, donkey anti-rat, or goat 

anti-rat IgG antibodies (Invitrogen; Grand Island, NY). Finally, sections were washed three 

times in PBST and mounted on slides with Fluoromount-G (Southern Biotech; Birmingham, 

AL).

For visualizing tdTomato's native fluorescent signal, embryos were fixed for 30 min with 4% 

formaldehyde in PBS and treated with progressively increasing sucrose concentrations 

(10%, 20%, 30% in PBS) before cryosectioning. Immunostained samples were imaged using 

a Zeiss LSM700 confocal microscope with Zen software.

4.3. Skin whole mounts

The procedures for preparation and processing of skin whole mounts for Merkel cell 

immunostaining and for imaging of hair follicles based on melanin content are described in 

Chang and Nathans (2013) and Chang et al. (2014). P3 whole mount skins processed for 

melanin were imaged using a Zeiss Stemi V11 microscope with a color Axiocam CCD in 

combination with Openlab software. Follicle orientations relative to the anterior-posterior 

(A–P) axis were quantified for three mice per genotype, except for the 

Vangl1CKO/−;Vangl2CKO/−;Cdx2-Cre genotype shown in Fig. 7C, for which only a single 

postnatal mouse survived. For each skin image, orientations relative to the A–P axis were 

determined for a set of 81 follicles closest to the grid points on a 9 × 9 grid encompassing 

3.2 × 2.5 mm2.

4.4. Skeleton staining and X-gal staining

The procedures for X-gal staining and whole-mount alcian blue and alizarin red staining of 

cartilage and bone from embryos are described by Nagy et al. (2003).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
The critical time window for Fz6-dependent PCP signaling in the epidermis. (A) 

Immunostaining for Fz6 and E-cadherin shows that epithelial expression of Fz6 is first 

detected at E12.5 in WT back skin. (B) K14-Cre recombines the Hprt-LSL-tdT reporter in 

skin epithelial cells beginning at E12.5.(C) Immunostaining for Fz6 and E-cadherin in 

Fz6CKO/−;K14-Cre embryos shows that epithelial accumulation of Fz6 is detectable at low 

level at E12.5 and is undetectable at E13.5. Scale bar in A–C, 50 µm. (D) Flat mounts of 

head and lower back skin at P3 from Fz6CKO/− (phenotypically WT), Fz6CKO/−;K14-Cre, 
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Fz6−/−;R26-LSL-Fz6;K14-Cre and Fz6−/− mice. Quantifications of follicle angles relative to 

the anterior-posterior (A–P) axis are shown for each genotype beneath a representative flat 

mount image (n = 3 mice per genotype; see Materials and Methods for further details). Zero 

degrees corresponds to the anterior-to-posterior vector; 180 and −180 degrees correspond to 

the posterior-to-anterior vector. Fz6CKO/−;K14-Cre mice show a partial hair follicle 

orientation phenotype, and Fz6−/−;R26-LSL-Fz6;K14-Cre mice show normal hair follicle 

orientations. Scale bar, 0.5 mm.
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Fig. 2. 
Selective deletion of Fz6 in the anterior or posterior of the embryo leads to regional loss of 

follicle orientation. (A) Cdx2-Cre recombines the Hprt-LSL-tdT reporter throughout the 

posterior embryo, with the boundary between expressing and non-expressing tissue 

approximately at the level of the umbilical vessels. Inset rectangles marked (c) and (d) are 

enlarged to the right. Arrows in panel (c) and (d) point to hair follicles; the arrowhead in (c) 

points to a blood vessels, the only structures that show Cre-mediated activation of the 

tdTomato reporter anterior to the mid-abdominal boundary. A, anterior; P, posterior. Scale 
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bar, 100 µm.(B) Elimination of Fz6 in the anterior or posterior halves of the embryo. The 

four schematics show a flat-mounted dorsal mouse skin with the head to the left. The 

territory of Fz6 expression is indicated in red. Lower panels, immunostaining for Fz6 and E-

cadherin confirms the territorial expression diagrammed above. Scale bar, 50 µm. (C) 

Follicle orientations in the head (upper panels) and lower back (lower panels) in P3 skin flat 

mounts from mice with the same four genotypes as shown in panel (B). See Methods section 

for details on quantification. Scale bar, 0.5 mm.
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Fig. 3. 
Quantification at high spatial resolution of hair follicle orientations in back skin at E17.5 in 

response to anterior or posterior loss of Fz6. (A) Montage of confocal images of back skin 

flat mounts. Hair follicles are visualized with a K17-GFP reporter and the zone of Cdx2-Cre 
activity is visualized with a Hprt-LSL-tdT reporter. The Hprt-LSL-tdT reporter was shown 

previously to express most strongly in vascular endothelial cells (Wu et al., 2014), a pattern 

confirmed here. Scale bar, 2 mm. (B) The images in (A) were divided into 20 bins of equal 

width along the A–P axis, and within each bin the orientations of the most mature (guard) 

hair follicles were determined. The plots shows angles for each guard hair follicle (green 

dots) and the normalized tdT intensity (red line) within each bin.
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Fig. 4. 
Expression or elimination of Fz6 in the epidermis of the feet leads to regional retention or 

loss, respectively, of hair follicle orientation. (A) Emx1-Cre recombines the Hprt-LSL-tdT 
reporter in the epidermis of the hindfoot but not the back. P, proximal; D, distal. Scale bar, 

50 µm. (B) Upper panels: genotypes that express or eliminate Fz6 in the epidermis of the 

feet. The four schematics show a hindfoot with the territory of Fz6 expression indicated in 

red. Lower panels: follicle orientations on the hindfeet at P4 and the back at P3 in skin flat 
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mounts. See Methods section for details on quantification. Scale bars, 1 mm (feet) and 0.5 

mm (back).
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Fig. 5. 
Dependence of hair follicle orientation on Fz6 expression in the inter-follicular epidermis. 

(A) Left panel: expression of Fz6 in both hair follicle cells and inter-follicular epidermis 

assessed by X-gal staining of a cross-section from an E15.5 Fz6lacZ embryo. Right panels: 

Shh-Cre recombines the Hprt-LSL-tdT reporter in hair follicle epithelial cells but not in the 

surface epidermis. The skin surface is marked by dashed lines. Scale bars, 50 µm. (B) 

Exclusive expression or knockout of Fz6 in hair follicle epithelial cells by Shh-Cre. The 

schematics show a whole-mount view of back skin with hair follicles (circles) and the 
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surrounding surface epidermis. Anterior is to the left, and the territory of Fz6 expression is 

indicated in red. Lower panels: Immunostaining for Fz6 and E-cadherin confirms the 

territorial expression patterns diagrammed above. Arrows, epidermis; arrowheads, hair 

follicles. Scale bar, 100 µm. (C) Flat mount images of back skin at P3 from mice with the 

same four genotypes as shown in panel (B). Beneath each image is the quantification of 

follicle orientations relative to the anterior-posterior (A–P) axis. Scale bar, 0.5 mm.
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Fig. 6. 
Dependence of Merkel cell cluster polarity on Fz6 expression in the surrounding epidermis. 

(A) Math1-Cre recombines the Hprt-LSL-tdT reporter selectively in Merkel cells. In Hprt-
LSL-tdJ;Math1-Cre fetuses at E15.5, Merkel cells begin to differentiate [determined by 

immunostaining for cytokeratin 8 (CK8)] and to express Math1-Cre as determined by 

tdTomato accumulation The presence of two CK8+ tdTomato- Merkel cells (red arrows) 

may reflect the time required for reporter accumulation after Cre-mediated recombination In 

Hprt-LSL-tdT;Math1-Cre at P1, tdTomato is expressed by all Merkel cells (marked by 
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CK8), which are arranged in a semicircle around a central guard hair follicle (marked by 

K17-GFP expression). Scale bar, 50 um (B) Top, genotypes for exclusive expression or 

knock out of Fz6 in Merkel cells. The four sets of schematics show a transverse section of an 

E15.5 hair follicle (HF) with its associated Merkel cells (MC). Hair follicles are shown 

either correctly oriented (i.e. with an anterior to posterior polarity as they approach the skin 

surface; first and second panels) or inappropriately oriented (third and fourth panels). 

Anterior is to the left, and the territory of Fz6 expression is indicated in red. Bottom, 

examples of flat mount images of a P1 hair follicle (marked by K17-GFP expression) with 

its associated Merkel cells (marked by CK8). Scale bar, 50 µm. (C) Diagrams showing the 

measurement of the open angles of Merkel cell clusters and the distributions of Merkel cells 

around guard follicles in flat mount skin at P1. Left, for each Merkel cell cluster, the opening 

angle was measured by connecting the two most distantly separated Merkel cells to the 

center of the hair shaft within the same Z-plane. Right, number of Merkel cells anterior (NA) 

or posterior (NP) to a line bisecting the follicle at right angles to the A–P axis. Scatterplots 

show results for individual Merkel cell clusters together with mean +/− SD. P-values, 

student t-test.
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Fig. 7. 
Relative importance of Vangl1 vs. Vangl2 in hair follicle orientation. (A) Surface epithelial 

cells and developing hair follicles (arrowheads) in back skin visualized with the Hprt-LSL-
tdT reporter at E16.5. In the absence of epithelial Vangl1 and Vangl2, developing follicles 

are oriented perpendicular to the plane of the epidermis. Scale bar, 200 µm. (B) Hair follicle 

orientation in head and back skin at P3 following epidermis-specific loss of two, three, or 

four alleles of Vangl1 and Vangl2, beginning at E11.5-E12.5. Scale bar, 0.5 mm. (C) 

Phenotypes caused by posterior deletion of Vangl1 and Vangl2. Panels (a) and (b) show 
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neural tube closure and hindlimb defects at P0 observed in ~95% of 

Vangl1CKO/−;Vangl2CKO/−;Cdx2-Cre. Panels (c) and (d) show a skin flat mount from a rare 

Vangl1CKO/−;Vangl2CKO/−;Cdx2-Cre mouse at P3 with a closed neural tube. Hair follicle 

orientations are normal on the head and aberrant on the lower back. Scale bar, 0.5 mm.
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Table 1

Location and timing of Cre expression determined with the Hprt-LSL-tdT reporter.

Cre line Location Embryonic day

K14-Cre epidermis on the back E11.5 (−), E12.5 (+)

Cdx2-Cre posterior, including the epidermis E11.5 (+)

Emx1-Cre limb bud ectoderm E11.5 (+)

Shh-Cre hair follicles E14.5 (−), E15.5 (+)

Math1-Cre Merkel cells E14.5 (−), E15.5 (+)

tdTomato fluorescence was assessed by visual inspection and scored as absent/undetectable (−) or present (+).
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