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Abstract

The emergence of hair is a defining event during mammalian skin development, but the cellular
mechanisms leading to the opening of the hair follicle canal remain poorly characterized. Our
previous studies have shown that early hair buds possess a central column of differentiated
keratinocytes expressing Keratin 79 (K79), which marks the future hair follicle opening. Here, we
report that during late embryogenesis and early postnatal development, K79+ cells at the distal tips
of these columns downregulate E-cadherin, change shape, recede and undergo cell death. These
changes likely occur independently of sebaceous glands and the growing hair shaft, and serve to
create an orifice for hair to subsequently emerge. Defects in this process may underlie phenomena
such as ingrown hair, or may potentially contribute to upper hair follicle pathologies including
acne, hidradenitis suppurativa and infundibular cysts.
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Background

Our skin is the largest and most visible organ in the body, and studies over the past few
decades have uncovered many of the cellular and molecular mechanisms that underlie
epidermal and hair follicle development, maintenance and renewal (1, 2). In spite of this, the
processes that enable our skin to transform during development from a continuous epithelial
sheet into one that is perforated at the surface and pierced by regularly spaced hair shafts
remain enigmatic. Simplistically, one might imagine that the physical pressure imparted by
an outward growing hair might be sufficient to rupture the skin’s surface. However, since
pelage hairs first appear in mice at postnatal day ~3-4 (3), such a scenario would require the
hair shaft to breach a mature epithelium that, by this point, possesses a rigid outer cornified
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layer secured by corneodesmosomes and extensive covalent cross-links (4, 5). Thus, the
seemingly simple act of sprouting hair likely belies a more complicated cellular process.

Early studies in different mammals have suggested a variety of mechanisms for creating the
hair follicle opening. In opossum, Gibbs et al., noted that a plug of cells connected to the
sebaceous glands (SGs) gets pushed distally by the growing hair fiber (6). Unable to
penetrate the stratum corneum, these cells deflect horizontally beneath the cornified layer
and subsequently keratinize, leaving behind a hair canal. Similar observations have also been
made by Wildman et al., in sheep, where a column of SG-derived cells disintegrates to create
a passageway in advance of the growing hair shaft (7).

In contrast to these findings, Hardy et al., reported in explant cultures of mouse embryonic
skin that the formation of the hair canal does not appear to depend on SGs (8). Rather, this
process is initiated by cells that keratinize within the epidermal spinous layer and reorient
themselves perpendicular to the skin surface, similar to observations originally reported by
Pinkus (9). In human skin, Maximow and Bloom simply noted that cells in the epidermis
flatten and move aside to form the hair follicle opening (10). Critically, ultrastructural
studies by Hashimoto (11), and later by Breathnach and Robins (12), have suggested that the
hair canal is comprised of adjoining epidermal and follicular compartments, and that interior
cells become eliminated to create a lumen prior to the maturation of the hair shaft.

Our previous studies in mice have shown that Keratin 79 (K79) identifies the earliest
terminally differentiated cells within embryonic hair buds (13, 14). K79+ cells fill the
interior, suprabasal compartment of hair germs prior to dermal papilla engulfment, and form
a column that extends out into the developing epidermis (Figure 1A). Later in more mature
follicles, K79+ cells line the inner surface of the hair follicle opening, known as the
infundibulum (14). How the initial column of K79+ cells transforms into the hair canal
remains unclear, especially as this occurs while the overlying epidermis is also rapidly
changing and gaining barrier function (Figure 1A). Here, we delineate some of the complex
cellular events that help create the hair follicle opening in mice. In doing so, we identify
certain aspects of this process that are consistent with early observations from opossum,
sheep, mouse and human follicles, as well as notable differences.

Experimental Design

Tissue harvest and staining:

Embryonic and newborn C57BL/6 mouse skin were excised at the indicated times, fixed
overnight in formalin and processed for paraffin sectioning. For frozen sections, samples
were fixed in cold 3.7% paraformaldehyde for 1 hour, sunk in 30% sucrose overnight at 4°
C, and embedded the next day in Tissue-Tek OCT. Paraffin sections were re-hydrated,
antigen-retrieved by boiling in 1 mM EDTA pH 8.0, and stained with antibodies against the
following antigens: involucrin (PRB-140C, Covance), loricrin (PRB-145P, Covance),
filaggrin (PRB-417P, Covance) and E-cadherin (24E10, Cell Signaling; and Clone 36, BD
Biosciences). For K79 staining, we used clone Y-17, lot J2412, Santa Cruz Biotechnology;
and clone ab7195, Abcam, which was previously shown to recognize K79 (14). TUNEL

Exp Dermatol. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mesler et al.

Page 3

staining was performed on 7 um frozen sections using the Apoptag Red kit (S7165,
Millipore), followed by immunostaining using the ab7195 antibody.

Quantitation:

Results

For quantitation of K79+ column morphology, over 100 columns were scored for all
timepoints besides E19.5 where 44 columns were scored. To classify column morphology,
only the distal-most K79+ cells were considered. Columns were scored as “cuboidal” when
the horizontal axis of the cell body exceeded the vertical axis, and cells at the tip of the
column were well-integrated with the adjacent epidermis. Columns were scored as “pointed”
if the vertical axis of the cell body exceeded the horizontal axis, which was also typically
accompanied by a slight depression or divot above the nascent hair canal. Columns were
scored as “mature” when K79+ cells were entirely localized to the suprabasal lining of the
infundibulum. For TUNEL staining, columns were counted if K79+ cells were observed at
the follicle-epidermal interface in the section. A column was scored as TUNEL+ if at least
one K79+ cell was also TUNEL+. Over 50 columns were scored for E19.5, P0.5 and P3.5
skin samples, while 15 columns were scored for E16.5.

We began our studies by examining the overall morphology of the upper hair follicle domain
during development. In hematoxylin and eosin (H&E)-stained sections of Stage 67 hair
pegs (15), a column of cells protruding out from the hair follicle and integrating into the
interfollicular epidermis (IFE) was readily observed (Figure 1B). This column persisted in
more mature Stage 8-9 follicles but appeared noticeably narrower, while the adjacent
surface epithelium appeared folded inwards, marking the future site of the hair follicle
opening (Figure 1B).

Previously, we have shown that this column of cells expresses K79 (Figure 1C) and arises
directly from Shh+ progenitors that initiate terminal differentiation in Stage 4 hair germs
(13, 14). Since K79+ cells arise from follicles but also appear to integrate into the IFE, we
wondered whether these keratinocytes might express IFE differentiation markers. Indeed, we
observed that the tips of these cells extended up into the junction between the granular and
cornified layers, and expressed involucrin, but not later stage differentiation markers such as
loricrin and filaggrin (Figure 1D). Thus, the tips of K79+ cell columns uniquely exhibit
features of both hair follicle and early epidermal differentiation.

Since the formation of the hair canal likely involves extensive cellular remodeling, we next
assessed the shape of K79+ cell columns in embryonic and newborn skin. Between E16.5 -
E19.5, the tips of these columns largely possessed a cuboidal morphology and expressed E-
cadherin, similar to adjacent IFE cells (Figures 1C, 2A). However, soon after birth, these
columns took on a “pointed” morphology and appeared to recede, losing E-cadherin and
partially evacuating a space above the developing hair follicle (Figure 2A). At the same
time, suprabasal IFE cells adjacent to K79+ pointed columns appeared compacted. Nearly
all K79+ cell columns continued to exhibit a pointed morphology until P4.5, when
unobstructed hair canals were observed (Figure 2A-B). At this stage, K79+ cells now
occupied the suprabasal layer of the infundibulum. Overall, these observations indicate that
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K79+ columns undergo extensive changes in cell shape and organization prior to the
opening of the hair canal (Figure 2B).

We lastly investigated whether cell death might be an underlying driver of the cellular
changes noted above. In E16.5 - E19.5 embryos, we observed that while the acanthotic
layers of the epidermis were often marked by TUNEL staining, the majority of K79+ cell
columns were negative (Figure 3A-B). Within hours after birth, however, K79+ columns
containing TUNEL+ cells were frequently observed (Figure 3A-B). While increased cell
death generally coincided with the appearance of pointed K79+ columns, we also
occasionally observed TUNEL+ cells in cuboidal columns postnatally (Figure 3C). Finally,
since changes in cell shape and viability first appeared in E19.5 - P0.5 skin—at least 3 days
prior to the specification of SGs (16)—this strongly suggests that these changes proceed
independently of SG input. Altogether, we have shown here that K79+ cell columns extend
out into the epidermis during early hair follicle development, and that the tips of these
columns change shape, recede, lose E-cadherin and undergo cell death as a potential
mechanism to create the hair follicle opening (Figure 3D).

Conclusions & Perspectives

The hair follicle canal acts as a critical interface between the surface epidermis and the
deeper pilosebaceous unit (17). Not only does it enable hair to emerge, but it also creates a
passageway by which oily secretions from the SG, known as sebum, are released onto the
skin’s surface. Sebum is thought to possess humerous functions, including acting as a
moisturizer, an anti-oxidant, and a modulator of the skin’s microflora (18, 19). Indeed,
certain skin-resident commensals preferentially colonize the upper hair follicle (20-22),
which in turn may recruit immune cells such as regulatory T cells (23).

Early studies from different mammals have suggested at least two mechanisms by which the
hair follicle opening is formed. In opossum and sheep, SG-derived cells have been reported
to be pushed outwards (6, 7), whereas studies in mouse and human have suggested that
keratinocytes within the epidermal spinous layer reorient themselves to form the hair canal
(8, 9). Consistent with the first mechanism, we observed that K79+ cell columns arising
from the hair follicle extend out into the epidermis; however, this occurs prior to SG
specification. Somewhat intriguingly, K79 is also highly expressed in SGs (24), although we
have been unable to find any other commonalities between K79+ cell columns and K79+
sebocytes thus far (data not shown). Consistent with the second mechanism, we found that
the tips of K79+ columns can express some epidermal differentiation markers, and change
shape and organization during hair canal formation; however, once again, these K79+ cells,
while present in the epidermis, in fact arise from hair follicle progenitors (13). We should
note that some discrepancies in these mechanisms may reflect species-specific differences.

Our observation that K79+ cells frequently undergo cell death postnatally aligns well with
data from ultrastructural studies in human skin (11, 12) and mice (25). These studies have
suggested that cells within the upper-most region of the hair canal, at the level of the
epidermis, are removed following keratinization and desquamation. For cells within the
nascent infundibulum, both keratinization-dependent (12) and -independent forms of cell
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death (11) have been proposed as mechanisms for creating a lumen. It is important to note
that TUNEL+ cells in the developing hair follicle often do not exhibit typical morphological
features of apoptosis, as previously noted by Magerl et al., (25), suggesting that K79+/
TUNEL+ cells may be undergoing differentiation-induced cell death (26).

In Sox9-deficient mice, both SGs and mature hair shafts fail to form, yet hair follicle
openings are still visible in post-natal skin, again arguing that these structures arise
independently (27, 28). Nonetheless, it has been proposed that SG-derived proteases may
enable the hair shaft to separate from the inner root sheath, as suggested by observations in
asebia mice with hypoplastic SGs and in cathepsin L (CTSL) mutants (29, 30). In both
cases, the hair shaft becomes encased by the inner root sheath, causing a blockage that
impairs hair shaft eruption. Taken together, these studies suggest that SGs may play a pivotal
role in hair emergence, subsequent to the formation of the hair canal.

Many questions still remain. In particular, it is unclear how different forms of cell death,
including apoptosis, necrosis, autophagy and cornification, act in concert with cellular
rearrangements to form the hair canal. In addition, the role of proteases in shaping this
process requires further examination, especially given the prominent role of proteolysis in
regulating cellular organization, differentiation, desquamation and survival (31-33). Finally,
the cellular signals that trigger increased cell death in K79+ cells after birth remain to be
identified. Answers to some of these questions may come from detailed analyses of mice
that possess hair canal defects, including hairless (Hr) and rhino (Hr'"} mice (34);
mutants lacking proteases such as MMP9I, matriptase and CTSL (35-37); and mice treated
with anti-PDGFR-a antibodies (38). The transcription factor Gata6, which is expressed in
the upper hair follicle domain, has been reported to specify sebaceous duct identity (39, 40),
and our own studies have shown that mice lacking Gata6 in the skin possess dilated hair
canals (41). In contrast, K79-null mice do not manifest overt defects in hair canal formation
or hair cycling (13), even though these mutants possess SGs that are structurally
compromised (24).

In humans, mutations in matriptase have been linked to autosomal recessive ichthyosis with
hypotrichosis (42). It remains to be seen whether the relative absence of hair in these
patients is caused by defects in the hair canal and/or hair shaft, although matriptase-deficient
newborn mice possess fully mature vibrissae that nonetheless fail to erupt (36). On the other
hand, ingrown hairs seen in pseudofolliculitis barbae patients are likely caused by structural
defects in the hair shaft (43, 44). Acne, the most common skin disorder, manifests as
comedonal lesions that appear in the hair canal (45). We have previously reported that these
comedones often lack K79 expression (14), but the causes of acne are complex and likely
multi-factorial, and remain poorly understood. Notably, hidradenitis suppurativa is a painful
skin condition associated with occlusion of the upper hair follicle, leading to the formation
of cysts that often rupture and cause inflammation (46, 47). Several other cystic skin
pathologies are also known to affect the infundibulum (48, 49). Altogether, these disorders
indicate that even after the hair canal has formed during development, other cellular
processes must continue to operate throughout adult life in order to properly maintain this
critical domain of the hair follicle.
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Questions Asked
How is the hair follicle canal formed during development?

What cellular changes take place to convert Keratin 79+ cell columns into an
open-ended structure?
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Figure 1. The tips of K79+ cell columns express both hair follicle and epidermal differentiation
markers.

A. Schematic showing the localization of K79+ cells (red) in the embryonic hair germ and in
a mature postnatal follicle. Beneath the sebaceous glands (SG), K79 is also expressed in the
companion layer, although its expression in this layer becomes reduced in the mature follicle
(13, 14, 50). Light green, inner root sheath. #, K79 is also expressed in the SG and
sebaceous duct (not highlighted here). Images not drawn to scale. B. H&E sections of E19.5
skin (left panels) and P3.5 skin (right panels). In bottom magnified images, green shading
identifies the dermis, while yellow shading identifies cell columns protruding from hair
follicles. C. E16.5 hair germ containing a K79+ cell column with cuboidal tip that expresses
E-cadherin (arrows). D. The tips of K79+ cell columns (arrows) express involucrin, but not
other epidermal differentiation markers in P0.5 skin. Scale bars, 50 pm.
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Figure 2. The tips of K79+ cell columns change shape, recede and lose E-cadherin prior to hair
canal opening.
A. Top panels, representative images of K79+ cell columns, with tips that possess a

“cuboidal,” “pointed” or “mature” morphology. Middle and bottom panels, magnified
images showing that the tips of K79+ cell columns lose E-cadherin between E19.5-P2.5
(arrow). B. Quantitation showing transition of cuboidal K79+ cell columns into pointed and
mature columns over time. Error bars, SD. Scale bars, 50 pm.
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Figure 3. The tips of K79+ cell columns undergo cell death.
A. TUNEL+ cells (red) in postnatal K79+ cell columns (arrows). B. Quantitation of TUNEL

+/K79+ cell columns. C. Rare cuboidal K79+ cell column with TUNEL+ tip at P2.5. D.
Summary of findings. Over time, the tips of K79+ cell columns change shape, recede, lose
E-cadherin, and undergo cell death prior to the opening of the hair canal. Note that the
newborn acanthotic epidermis is also frequently TUNEL+. Beneath the SG, K79 is
expressed in the companion layer, although its expression in this layer becomes reduced in
the mature follicle (13, 14, 50). Light green, inner root sheath. #, K79 is also expressed in
the SG and sebaceous duct (not highlighted here). Images not drawn to scale. Error bars, SD.
Scale bars, 50 um.
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