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Canonical WNT Signalling Controls Hair Follicle Spacing
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Abstract
Canonical WNT signals play an important role in hair follicle development. In addition 

to being crucial for epidermal appendage initiation, they control the interfollicular 
spacing pattern and contribute to the spatial orientation and largely parallel alignment 
of hair follicles. However, owing to the complexity of canonical WNT signalling and its 
interconnections with other pathways, many details of hair follicle formation await further 
clarification. Here, we discuss the recently suggested reaction‑diffusion (RD) mechanism 
of spatial hair follicle arrangement in the light of yet unpublished data and conclusions. 
They clearly demonstrate that the observed hair follicle clustering in dickkopf (DKK) trans‑
genic mice cannot be explained by any trivial process caused by protein overexpression, 
thereby further supporting our model of hair follicle spacing. Furthermore, we suggest 
future experiments to challenge the RD model of spatial follicle arrangement.

In order to stimulate the canonical WNT signalling pathway, members of the WNT 
protein family have to bind to their cognate Frizzled receptors as well as to a co-receptor 
encoded by Lrp5 and 6, respectively.1‑3 Pathway activation is competitively inhibited 
by soluble WNT binding proteins such as secreted frizzled related proteins (SFRPs).4,5 
Moreover, members of the DKK family bind non-competitively to LRPs;6,7 simultaneous 
interaction with Kremen (KRM) 1 or 2 causes depletion of WNT co-receptors from the 
cell surface, thereby inhibiting canonical WNT signals.8

Based on previous findings concerning the importance of WNT signalling in hair 
follicle initiation and orientation,9,10 we recently hypothesised that the pathway may 
also have an essential role in the spatial arrangement of follicles. Using a combined 
experimental and computational modelling approach, we provided evidence for WNTs 
and DKKs controlling interfollicular spacing through a reaction‑diffusion mechanism  
(Fig. 1).11 By confirming the prediction of hair follicle clustering in the presence of 
moderate DKK overexpression, we demonstrated the biological implementation of a 
fundamental principle of pattern formation the mathematical basis of which has been 
described by Alan Turing in the 1950s.12

Unexpectedly, DKK2 was capable of stimulating the WNT pathway in the absence of 
Krm2 expression.13 As discussed by Stark et al., this finding raises the possibility that trans-
genic overexpression of Dkk2 in our Foxn1::Dkk2 mice may directly activate the canonical 
WNT pathway.14 Thus, since stabilised b‑catenin is sufficient for follicle formation,15 new 
appendages may be initiated adjacent to previously formed, Dkk2 expressing follicles, if 
their neighborhood lacks KRM protein.

Indeed, during early hair follicle development, interfollicular epidermis shows only 
weak Krm2 expression as compared to follicle buds (Fig. 2). Moreover, at more advanced 
stages, the distal part of emerging follicles may even lack any Krm2 gene activity. However, 
although Krm1 is also predominantly expressed in the developing hair bulb, moderate 
gene activity is found throughout the epidermis and the distal part of hair follicles  
(Fig. 3). Hence, developing follicles and their neighborhood do not represent a 
KRM‑negative compartment. As a consequence, hair follicle induction by DKK2‑mediated 
stimulation of the canonical WNT pathway is very unlikely.

In contrast to DKK2, DKK1 is unable to stimulate the canonical WNT pathway.16,17 
This difference could be attributed to the amino‑terminal domain. To investigate whether 
transgenic DKK2 may cause hair follicle clustering just by pathway activation, we gener-
ated Foxn1::Dkk1 transgenic mice. However, they showed essentially the same phenotype 
as Foxn1::Dkk2 animals.11 Moreover, transgenic mice expressing amino‑terminally  
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truncated DKK1 protein were largely indistinguishable from  
Foxn1::Dkk1 animals instead of showing an enhanced patterning 
abnormality (data not shown).

If direct stimulation of the canonical WNT signalling pathway 
by transgenic DKKs would be responsible for the severely altered 
spatial arrangement of hair follicles, increasing transgene expression 
should at least preserve or even enhance hair follicle clustering, while 
the distances between clusters may increase. However, mice with 
particularly strong Dkk2 transgene expression did not show hair 
follicle clusters but single, well‑developed follicles with large interfol-
licular distances.11

In summary, our data do strongly argue against hair follicle clus-
tering in transgenic mice by DKK‑mediated activation of the WNT 
pathway. By contrast, all data are in line with the recently suggested 
RD model of hair follicle spacing.

Nevertheless, several questions remain to be answered. First, the 
identity of the WNT protein(s) involved in interfollicular patterning 
is unknown. Second, the contribution of the inhibitors DKK1 and 
DKK4 both of which are expressed during hair follicle initiation is 
still a matter of debate. In the light of multiple WNTs being expressed 
during early hair follicle morphogenesis,18 some redundancy appears 
to be likely. Hence, the effects of single gene knockouts may be 
limited and transgenic approaches with their intrinsic capability of 
dramatically changing overall WNT levels may be favourable to chal-
lenge the RD model and to identify the WNT family members that 
are involved in the patterning process. Likewise, gene inactivation of 
either Dkk1 or Dkk4 would be insufficient to provide further support 
for our model. In principle, the inhibitor(s) may be crucial for follicle 
formation while they are not involved in the interfollicular patterning 
process. By contrast, experimentally lowering the inhibitors’ mobility 

Figure 1. Schematic of early hair follicle development in mouse and the 
hypothesised distribution of WNTs and DKKs as the critical regulators of 
interfollicular spacing. According to the RD hypothesis of Alan Turing,  
patterning starts with an almost even distribution of activator and inhibitor 
(solid and dashed lines, respectively) (A, bottom). Transferring the model 
to murine hair follicle morphogenesis, this molecular pattern is associated 
with a morphologically unstructured epidermis (A, top); (the underlying  
dermis is indicated by black spots). Of note, WNTs and DKKs were recently 
suggested to represent an activator/inhibitor pair in follicle development. 
In the RD model, small fluctuations in the initially even protein distribution 
are enhanced and, eventually, give rise to a distinct and stable pattern of 
activator and inhibitor distribution (B, bottom). This is mainly achieved by 
an activator controlling expression of its own as well of the inhibitor, an 
inhibitor antagonising the activator’s action, and an increased mobility of 
the inhibitor as compared to the activator. Although protein distribution in 
the developing skin is still hypothetical, the predicted pattern could control 
hair follicle morphogenesis, the first sign of which are epithelial thickenings 
(B, top). They stimulate the formation of dermal condensates which become 
dermal papillae later on. Of note, interfollicular spacing is solely determined 
by the parameters of the underlying RD mechanism. Hence, upon embryo 
growth, areas in between previously formed follicles again become capable 
of hair follicle formation owing to local protein levels (C). While the Turing 
model cannot describe this transitional state, it clearly predicts the formation 
of new follicles after enlargement of the interfollicular space (D); without 
changing the underlying parameters, the RD mechanism generates a fixed 
spacing pattern. Indeed, hair follicle development in mouse does occur by 
consecutive inductive waves.

Figure 2. Expression of Krm2 during early hair follicle development, demon‑
strated by non-radioactive in situ hybridisation. Bars, 100 mm.

Figure 3. Expression of Krm1 during early hair follicle development, demon‑
strated by non-radioactive in situ hybridisation. Bars, 100 mm.
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should unequivocally support or disprove the proposed mechanism 
of hair follicle spacing. According to the underlying mathematical 
model, it should dramatically affect patterning in the presence of 
normal levels of functional protein.
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