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Abstract

Background—The limited characterization of equine skin, eye and hoof epithelial stem cell
(ESC) and differentiation markers impedes the investigation of the physiology and
pathophysiology of these tissues.

Hypothesis/Objectives—To characterize ESC and differentiation marker expression in
epithelial tissues of the equine eye, haired skin and hoof capsule.

Methods—Indirect immunofluorescence microscopy and immunoblotting were utilized to detect
expression and tissue localization of keratin (K) isoforms K3, K10, K14, and K124, the
transcription factor p63 (a marker of ESCs) and phosphorylated p63 (pp63, a marker of ESC to
transit-amplifying (TA) cell transition) in epithelial tissues of the foot (haired skin, hoof coronet
and hoof lamellae) and the eye (limbus and cornea).

Results—K14 expression was restricted to the basal layer of epidermal lamellae, and to basal
and adjacent suprabasal layers of the haired skin, coronet and corneal limbus. Coronary and
lamellar epidermis was negative for both K3 and K10, which were expressed in the cornea/limbus
epithelium and haired skin epidermis, respectively. Variable expression of p63 with relatively low
to high levels of phosphorylation was detected in individual basal and suprabasal cells of all
epithelial tissues examined.

Conclusions—This is the first report of the characterization of tissue-specific keratin marker
expression and the localization of putative epithelial progenitor cell populations, including ESCs
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(high p63 expression with low pp63 levels) and TA cells (high expression of both p63 and pp63),
in the horse. These results will aid further investigation of epidermal and corneal epithelial biology
and regenerative therapies in horses.

Introduction

Several aspects of equine anatomy predispose horses to epidermal and corneal injury and
disease. The elongation of the distal limb and lateral placement of prominent eyes are
associated with frequent and difficult to treat skin wounds and corneal ulcers.1# The equine
digital integumentary accessory organ has evolved to form a hoof capsule that is
anatomically and functionally integrated with the musculoskeletal system.®> The hoof
capsule allows locomotion across hard surfaces, but is also the single most common source
of lameness in horses.® In particular, laminitis is a common and debilitating disease
associated with chronic pain and lameness that frequently necessitates euthanasia.’ In
contrast to the anatomy of equine haired skin and cornea, which are similar to those of other
mammalian species, the equine hoof capsule has undergone extensive modification and
specialization that is unique to the equidae. The hoof capsule is lined with 550-600 parallel
cornified primary epidermal lamellae (PELSs), each of which has 150-200 secondary
epidermal lamellae (SELS), giving an estimated total surface area for lamellar attachment to
the interdigitating secondary dermal lamellae (SDLs) and primary dermal lamellae (PDLS)
of approximately 0.8 m2 per foot (see Figure S1 in Supporting Information).>8:2 This
epidermal-dermal lamellar attachment and dermal connective tissue suspend the distal
phalanx within the hoof capsule.8 Laminitis-associated lamellar lesions include necrosis,
inflammation and aberrant proliferation, with marked distortion of both epidermal and
dermal components that often progress to biomechanical failure of the suspensory apparatus
of the distal phalanx.10:11

The epidermis, SELs and the corneal epithelium are stratified epithelia, consisting of a
single cell-thick basal layer that rests on the basement membrane, a variable number of
suprabasal cell layers and a superficial cell layer that is continually shed (skin, cornea), or
mechanically exfoliated (hoof wall and PELs).12:13 In contrast to skin and cornea, the
interdigitated arrays of inner hoof capsule lamellae (e.g. stratum internum) comprise a single
layer of columnar basal cells and a 1-2 cell thick layer of fusiform suprabasal cells that
transitions abruptly to the central keratinized axis of each PEL, which abaxially merges with
the hard keratinized tissues of the hoof wall (e.g. stratum medium) (Figure S1, B-E).
However, in spite of the clinical significance of these vital structures, the basic molecular
biology and differentiation of equine epithelial tissues are poorly defined.

Some explanation of the anatomical nomenclature for equine hoof capsule structures is
warranted due to controversy in the literature over the use of “epidermal” to describe these
structures. The current extant nomenclature, both in anatomy references and the laminitis
literature, includes the use of “epidermal” and “dermal” as adjectives to describe the
interdigitating lamellae of the inner hoof capsule and adjacent underlying corium,
respectively.>8:14 Similarly, “epidermal” is frequently used in reference to integumentary
modifications in other species such as the claw of the dog,1°:16 epidermal scales of fish and
reptiles,1’ epidermal scutes of the turtle shell,18 and the feathers of birds.>16 In all cases, the
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intention of this nomenclature is to recognize the evolutionary and developmental origin of
both skin and the adnexal structures from a common fetal epidermis, which is itself derived
from the embryonic surface ectoderm,19-20 and to clearly differentiate the epidermal
lamellae of the inner hoof capsule from the underlying dermal lamellae. However, some
restrict the use of “epidermal” to the epidermis of haired skin exclusively and exclude its use
in reference to adnexal structures. It is not disputed that nail or hoof are formed by the
proliferation of epidermal cells, rather that the resulting structures differ enough from skin at
the histological and biochemical levels to require specific descriptors.2122 In particular,
keratin isoform expression may differ between the two tissues2324 and normal adult
epidermal lamellae, in contrast to skin epidermis, do not demonstrate a granular cell layer,
although a granular cell layer is present during fetal hoof development.2®> We have chosen to
use the term, “epidermal lamella,” because 1) it recognizes the developmental origin of the
tissue, 2) it recognizes the shared histological and biochemical features of skin and lamellar
stratified, cornifying epithelia, 3) it does not equate the tissue with skin epidermis because
“epidermal” is used as an adjective to describe a specific anatomical structure, the lamella of
the inner hoof capsule, 4) it facilitates the distinction of epidermal and dermal lamellae and
the importance of dermo-epidermal integrity in the maintenance of the suspensory apparatus
of the distal phalanx and 5) it is consistent with the majority of the laminitis literature.

The unique and divergent differentiation of equine cornea, skin and lamellae is partially
determined by the keratin composition of these tissues. Keratin proteins belong to the
intermediate filament family of cytoskeletal proteins and participate in the maintenance of
cell structure, intercellular adhesion and cellular responses to extracellular forces,26:27
Although keratins comprise approximately 80% of the total protein content in the cells of
stratified epithelia,13 few studies have characterized equine corneal and epidermal tissue-
specific keratin expression.23:24:28.29 Moreover, changes in keratin isoform expression are
associated with the response to wounding, disease states and regeneration of epithelial
tissues, consistent with their essential role in epithelial structure and function.30-32 A
previous quantitative proteomic analysis of equine lamellar tissue identified two novel
keratins, K42 and K124, as the most abundant cytoskeletal proteins.2# The genes encoding
K42 and K124 are pseudogenes in humans.33 K42 expression is restricted to the nail bed and
matrix in mice34 and K124 is conceptually translated from cDNA libraries in mice and
rats3 and from the draft genomic sequence of the opossum.38 If K42 and K124 expression
is similarly restricted to the hoof capsule, these keratin isoforms could serve as tissue-
specific differentiation markers for lamellar epithelial cells. K10 is a major keratin isoform
in the postmitotic keratinizing cells in the suprabasal layers of the skin epidermis and could
serve as a useful tissue-specific differentiation marker for postmitotic equine skin epidermal
cells.13:37 K3 has been used as a differentiation marker for postmitotic corneal epithelial
cells in multiple species, including the horse.28:38 The basal cell layer of all stratified
epithelia, which includes proliferative epithelial stem cells (ESCs) and transit-amplifying
(TA) cells, express K14.13 K14 is, therefore, frequently used as an epithelial basal cell
marker, although K14 expression is not restricted to the basal layer in all stratified epithelia
and is not exclusively expressed in ESCs and TA cells, necessitating the use of additional
markers to identify these cell types.39 K14 is expressed in equine haired skin and
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lamellae, 232440 and could serve as a useful, but not exclusive, marker of equine stratified
epithelial basal cells and ESCs.

Maintenance and repair of stratified epithelial tissues rely on the presence of epithelial
progenitor cells, including both ESCs and TA cells, and the appropriate differentiation of
TA cells to terminally differentiating cells.12 A previous study demonstrated that the
dysplastic epidermal lamellae in horses with chronic laminitis have significantly decreased
expression of p63, a marker of ESC proliferative capacity, consistent with the altered
growth, differentiation and regenerative capacity of this tissue.#041 One study has
demonstrated suppression of the canonical Wnt signalling pathway in lamellar tissue from
horses with laminitis and associated changes in lamellar epidermal expression of cell-cell
and cell-matrix adhesion proteins, which is also consistent with altered cell and tissue
differentiation.#2 Although there is histopathological evidence of altered epidermal
differentiation associated with laminitis, few studies have investigated the effect of laminitis
on keratin isoform expression.3943 Moreover, those studies did not investigate the
expression of the major lamellar keratins, K42 and K124.24

The objective of this study was to characterize the expression of tissue-specific
differentiation markers (K3, K10 and K124) and general markers for basal cells (K14),
ESCs (p63) and TA cells (pp63) in equine stratified epithelia of the haired skin, cornea and
hoof capsule.

Materials and methods

Subjects

All subjects were chosen as control horses for a laminitis tissue repository*4 and had no
clinical history, gross or histopathological evidence of laminitis, dermatological conditions
or corneal disease. Six horses (Table 1) were donated for euthanasia and tissue retrieval due
to diverse clinical conditions that could not be improved with standard veterinary
interventions at the New Bolton Center.#4 Horses were subjected to euthanasia by
pentobarbital and phenytoin overdose, according to procedures approved by the University
of Pennsylvania Institutional Animal Care and Use Committee.

Tissue retrieval

The anatomical locations of tissues dissected from the foot are illustrated in Figure S1A.
Haired skin (1-10 cm proximal to the hoof capsule), coronet (coronary region of the hoof,
including epidermal and supporting dermal tissue at the proximal edge of the hoof capsule
from which the hoof wall grows, often including a portion of the periople) and lamellar
tissues (the innermost layer of the hoof capsule, including PELs and SELSs, corresponding
primary and secondary dermal lamellae and adjacent dermal corium) were collected as
described elsewhere.40:45 Briefly, after the digit was disarticulated at the
metacarpophalangeal joint, two approximately 1.5 cm thick parasagittal sections were made
on either side of the dorsal midline of the foot by bandsaw. Tissue blocks measuring
approximately 5x5 mm that included epidermal and dermal tissues from the haired skin,
coronary and lamellar regions were dissected from these parasagittal sections. Lamellar
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tissue blocks include approximately 1 mm of the adjacent hoof wall and the dermal corium
up to the surface of the distal phalanx. Lamellar tissue sections were oriented in a transverse
plane, as shown in Figure S1: B-E. Cornea and limbus were dissected by scalpel
immediately postmortem. Tissue samples were immediately either snap frozen in liquid
nitrogen and stored until sample processing for immunoblotting, or fixed in 10% neutral-
buffered formalin for 24 h and stored in 70% ethanol until paraffin embedding for
histological studies.

Antibodies and Immunoblotting

Proteins were extracted from pulverized frozen tissues (Bio-pulverizer, BioSpec Products,
Bartlesville, OK, USA) with SDS buffer (pH 6.8) composed of 4% SDS, 120 mM Tris base,
20% glycerol, protease inhibitors (Complete Protease Inhibitor Cocktail Tablets and
Pefabloc SC (4-(2-Aminoethyl)-benzenesulfonyl fluoride, hypochloride), Roche
Diagnostics, Indianapolis, IN, USA) and separated by SDS-PAGE followed by
electrophoretic transfer to polyvinylidene difluoride membrane as previously described.2440
Immunoblots were blocked with 5% fish gelatin (Sigma-Aldrich, St. Louis, MO, USA) in
0.1% Tween/Tris-buffered saline and incubated with the following antibodies: mouse
monoclonal anti-mouse p63 (1:500; clone 4A4, Sigma-Aldrich), rabbit polyclonal anti-
human Ser 160/162 phosphorylated-p63, (pp63, 1:250; Ser 160/162, Cell Signaling
Technology, Danvers, MA, USA), mouse monoclonal anti-human keratin (K)14 (1:500;
clone LL002, Abcam, Cambridge, MA, USA), rabbit polyclonal anti-human integrin a6
(H-87, previously shown to react with the major type 11 keratin in lamellar tissue, K124,24
1:200, Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse monoclonal anti-rabbit
K3/K76 antibody (1:500; clone AE5, Millipore, Billerica, MA, USA), and mouse
monoclonal anti-human K10 (1:1000; clone DE-K10, Thermo Scientific, Waltham, MA,
USA), followed by incubation with horseradish peroxidase-conjugated anti-mouse or anti-
rabbit 1gG antibodies (1:5000), or with mouse monoclonal anti-f-actin-peroxidase antibody
(1:50,000; clone AC-15, Sigma-Aldrich) and the signals were visualized with enhanced
chemiluminescence (Amersham ECL kit, GE Healthcare, Little Chalfont, UK) as detected
by radiographic film exposure and processing. Gel-Pro 4.5 imaging software (Media
Cybernetics, Rockville, MD, USA) was used to analyze scanned images. All experiments
were performed at least three times with tissue samples from different horses.

Indirect immunofluorescence

Indirect immunofluorescence was performed on formalin-fixed, paraffin-embedded tissue
sections (6 um) as described elsewhere.2440 Antigen retrieval was performed either by
incubation with trypsin solution and 1% calcium chloride at 37°C for 20 min (for K3/K76)
or steaming in sodium citrate (Antigen Unmasking Buffer, Vector Laboratories, Burlingame,
CA, USA) for 45 min (for K14, integrin a6/K124 and pp63). K10 and p63 antibodies did
not require antigen retrieval. Tissues were incubated with primary antibodies overnight at
4°C followed by incubation with Alexa Fluor® fluorochrome-conjugated secondary
antibodies at room temperature for 1 h. The same primary antibodies listed for
immunoblotting were used at the following dilutions: anti-K10 (1:100), anti-K14 (1:100),
anti-integrin a6/K124 (1:100), anti-K3/K76 (1:500), anti-p63 (1:500) and anti-pp63 (1:150).
The following secondary antibodies were used: Alexa Fluor 488 goat anti-mouse 19G
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(1:500, Invitrogen/Life Technologies Molecular Probes, Grand Island, NY, USA), Alexa
Fluor 488 goat anti-rabbit 1gG (1:500, Invitrogen/Life Technologies), Alexa Fluor 546 goat
anti-mouse 1gG (1:500, Invitrogen/Life Technologies), or Alexa Fluor 594 rabbit anti-mouse
IgG (1:500, Invitrogen/Life Technologies). Nuclei were counterstained with 4/,6-
diamidino-2-phenylindole, dilactate (DAPI, 0.5 pg/ml, Invitrogen/Life Technologies) for 5
min at room temperature. Sections were mounted using VectaShield™ mounting medium
(Vector Laboratories) for light microscopy with epifluorescence illumination (model
DM5000B, Leica, Bannockburn, IL, USA). Images were acquired with a digital camera
(CoolSNAP fx Photometrics, Tucson, AZ, USA) and processed with Image-Pro Plus, v.7.0
software, (Media Cybernetics). All experiments were performed at least three times with
tissue samples from different horses.

Expression of keratin markers in epithelial cells of equine eye, skin and hoof lamellae

The expression of keratin markers in epithelial cells of the haired skin, coronary and
lamellar regions of the foot, and the limbal and central corneal regions of the eye, was
investigated via indirect immunofluorescence (Figure 1 and Table 2). The basal cell marker
K14 was expressed in the basal layer of the haired skin, coronet and limbus with
diminishing intensity in the suprabasal layers (Figure 1: A, E, M) while it was absent in the
central area of the cornea (Figure 1: Q). Specifically, K14 expression was high in the basal
layer, moderate in the spinous layer, low in the granular layer and undetectable in the
cornified layer of equine haired skin (Figure 1: A). In the epidermal lamellae, K14
expression was restricted to the basal layer (Figure 1: I).

K3 localized to the cytoplasmic compartment of epithelial cells in the suprabasal layers of
equine limbus (Figure 1: O) and basal and suprabasal layers of the cornea (Figure 1S), but
not to the other epidermal tissues (Figure 1: C, G, K). Expression of K10 was detected in the
spinous, granular and cornified layers of equine haired skin (Figure 1: D) and the periople,
the outermost layer of the hoof capsule (Figure 1: U, V); while coronary, lamellar, limbal
and corneal tissues were negative for this marker (Figure 1: H, L, P, T). The H-87 anti-a6
integrin antibody, shown previously to cross-react with K124, displayed a broad staining in
all layers of epithelial tissues examined except for the cornified layer of the haired skin
(Figure 1: B, F, J, N, R). Secondary antibodies alone revealed no specific signals (data not
shown).

As shown in Figure 2, the utility of the same anti-keratin antibodies for immunoblotting was
investigated. The K14 and K3/K76 antibodies detected specific bands corresponding to the
predicted and reported molecular mass of K14 (52 kDa) and K3 (58 kDa), respectively
(Figure 2: A, B).24 The H-87 integrin a6 antibody detected the band corresponding to K124
(58 kDa),2* but was also cross-reactive with multiple protein products in the 46-60 kDa
range (Figure 2C). The anti-K10 (DE-K10) antibody displayed non-specific
immunoreactivity to all epithelial tissues (Figure 2D). Control immunoblots with secondary
antibody alone revealed no specific signals (data not shown).
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Expression of epithelial progenitor cell markers in the equine eye, skin and hoof lamellae

Localization of the transcription factor p63 and its phosphorylated form (pp63) in equine
epithelial tissues is shown in Figure 3 and Table 2. The lamellar tissue images (Figure 3: I-
L; W) are also presented in a larger format in Figure S2 in Supporting Information. Total
p63 level was high in the nuclei of a subset of basal and adjacent suprabasal cells with
overall decreasing intensity in the suprabasal cells of the haired skin, coronary and lamellar
epidermis of the foot, and limbus and cornea of the eye (Figure 3: B, F, J, N, R).
Specifically, p63 expression in the haired skin was high in cell nuclei in the basal layer,
decreasing in the spinous layer with increased distance from the basal layer, and
undetectable in the granular and cornified layers (Figure 3B). Localization of pp63 was also
apparent within the basal and suprabasal layers of all epithelial tissues, with cell-to-cell
variability within these layers, and was undetectable in the cell nuclei of the granular and
cornified layers of haired skin (Figure 3: C, G, K, O, S).

The keratinized axes of PELs display negligible or undetectable p63 and pp63 localization
(Figure 3: J, K). Merged images demonstrate the overlap between p63 and pp63 expression
in subsets of basal and suprabasal cells with variable relative staining intensity (Figure 3: D,
H, L, P, T, U-Y). Specifically, these merged images show the presence of basal cells with
high p63 staining intensity and relatively very low to non-detectable pp63 levels (p63**/
pp63*/7), basal and suprabasal cells with high staining intensity for both p63 and pp63
(p63**/pp63*+), or suprabasal cells with low levels of p63 and relatively high pp63 staining
intensity (p63*/pp63**). Overall, as distance from the basement membrane increases, an
increase in the pp63/p63 ratio and shift toward predominantly yellow-green staining is
observed. As shown in Figure 4, immunoblotting with anti-p63 and anti-pp63 antibodies
detected single bands within the 70-75 kDa range that approximate previously reported
molecular weights of p63 and pp63.40:46

Discussion

Epithelial stem cells (ESCs) reside in the basal layer of stratified epithelia and are essential
for tissue homeostasis, regeneration following injury, and successful therapeutic
engraftment.1247-49 ESCs are endowed with a high capacity for self-renewal and continuous
differentiation into TA cells, which in turn generate terminally-differentiated cells,12 but not
all basal cells are considered ESCs. Far from being passive by-standers, basal cells in
epithelia are active participants in pathological processes in horses40:42:50 and other
species.>1-53 Corneal epithelial cells are similarly active in wound healing and innate
immunity, in part mediated by growth factor receptors and Toll-like receptors expressed by
corneal basal cells.>*>7 In spite of their clinical relevance to diseases of the hoof including
laminitis, corneal injuries and disease, and dermatological wounds and disorders, equine
basal cells, particularly ESCs and TA cells, have not been well characterized. The present
study reports expression and localization of stem cell and differentiation markers of
epithelial basal cells, progenitor cells and more highly differentiated cells in the haired skin,
hoof coronet and lamellae, and ocular cornea and limbus in horses. We report here specific
subsets of equine epithelial basal cells, including putative ESCs and TA cells, and tissue-
specific suprabasal cell differentiation, by marker expression.
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K14 was used as a specific marker for basal keratinocytes in stratified epithelia.1® Although
all basal cells in stratified epithelia are K14 positive, not all basal cells represent ESCs and
additional markers are needed to identify ESCs.27:39:58 |n agreement with other reports,23:40
K14 was expressed in the basal layer of the SELs and basal and suprabasal layers of the
haired skin and coronet. The restriction of K14 to the basal layer of the SELs of the hoof is
striking, in contrast to its broader expression in basal and adjacent suprabasal layers in the
haired skin and coronet. This unique K14 localization in the lamellae may reflect the
uniquely abrupt transition from the basal cells to the keratinized cells within the primary
epidermal lamellae.2* We also detected K14 expression in the equine ocular limbus, as
previously reported,28 but not in the central cornea. In contrast, K14 is expressed in the basal
layer of both limbus and the cornea in bovine eyes, suggesting a species difference in
corneal epithelial cell differentiation.3° This notion is supported by studies of clonogenic
cultures of cells isolated from central corneal epithelium which exhibited progenitor-like
proliferative capacity in multiple species,38 but perhaps not the horse.28 The results of the
present study suggest that K14 can serve as an equine basal epithelial cell marker and may
be necessary, but not sufficient, for the identification of equine ESCs.

The data presented here show that K10, a specific marker for cornifying and cornified cells
of stratified epithelia, 132324 was expressed in the cornifying (stratum granulosum) and
cornified (stratum corneum) layers of the interfollicular epidermis as reported?3 and in the
periople (stratum externum) of the hoof capsule. The periople is composed of soft
keratinized cornified epithelium3 and is homologous to the human eponychium and cuticle
of the nail unit.2 In agreement with previous studies of bovine,3? rabbit,>® and equine?8
cornea, the dual-specific AE5 monoclonal antibody, which detects K3 the major keratin of
cornea and limbus, and K76, a keratin expressed in hard palate and gingiva,>9-60 was
immunoreactive with cells in all layers of equine cornea and limbus, with the exception of
the basal layer of the limbus. The AES5 antibody did not detect any signal in other epidermal
tissues examined. The absence of K3/K76 expression in equine lamellar tissues is also
supported by a previous proteomic analysis, which failed to detect K3/K76 proteins in
equine lamellar tissues.24 As summarized in Table 2, we conclude that K10 and K3/K76 can
be used to distinguish differentiating/differentiated suprabasal cells in equine haired skin,
cornea and lamellae.

A prior quantitative proteomic analysis identified a novel keratin, K124, as one of the most
abundant cytoskeletal proteins in equine hoof lamellae.2* Although there are currently no
K124-specific antibodies available, a previous study showed that the H-87 anti-integrin a6
antibody cross reacts with K124 on immunoblots, which was identified by mass
spectroscopy of co-migrating bands on one- and two-dimensional SDS-PAGE gels.24
However, the present study demonstrates that this antibody detects multiple bands in the
molecular weight range of keratins on immunoblots and is immunoreactive with cytoplasmic
proteins of basal and suprabasal cells in multiple epithelial tissues. Therefore, this antibody
may serve as a pan-epithelial cell marker in horse tissues. Since K124 accounts for more
than 50% of type Il keratins in lamellar tissue and the K124 gene expression is restricted to
lamellar tissue (data not shown), the generation of a specific antibody against either K124 or
its type | keratin partner, K42, will be useful for the future characterization of equine
epidermal hoof lamellae.
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The transcription factor p63, a marker of ESC proliferative capacity, is expressed in the
nuclei of a subset of the basal and suprabasal epithelial cells of many types of stratified
epithelia, including breast, skin, urothelia and ocular tissues of different species.38:4147.61 A
previous study validated the specificity of the 4A4 monoclonal antibody against p63 for use
in equine tissues.? That study identified p63-positive cells in basal and suprabasal layers of
equine haired skin, coronary and lamellar tissues, and reported decreased p63 expression in
the epidermal lamellae of horses with chronic laminitis and lamellar wedge formation
representing altered differentiation and impaired epidermal lamellar regenerative capacity.4°
The present study confirmed the localization of p63 in basal and suprabasal cells of the
haired skin, coronet and lamellae, and further demonstrated a similar localization in equine
ocular cornea and limbus. Another study has reported a similar pattern of p63 expression in
the equine limbus, but did not include data on central cornea.?8 A second study reported p63
expression in isolated cells from equine skin using a different antibody.%?

As previously reported, assessing p63 level alone is not sufficient to identify ESCs.#6:63 To
circumvent this problem, a previous study introduced a second marker, pp63, and showed
that relative pp63 levels to total p63 expression can distinguish ESCs from TA cells, which
have more limited proliferative capacity. Expression of a band at the predicted molecular
weight of pp63 was detected on immunoblots of protein extracts from all tissues examined
(Figure 4).46 1t was noted that variable lower molecular weight bands were also present on
pp63 immunoblots, most likely due to the presence of pp63 protein degradation products.
We are confident, however, that the pp63 antibody has been adequately validated according
to established guidelines, specifically by the detection of a band at the predicted molecular
weight as well as cell compartment (nuclei) and tissue (epithelia) immunolocalization that
are consistent with published results.#6:64 It was noted that the ESC to TA cell transition is
marked by a relative increase in pp63 levels while total p63 expression is maintained high.4
In more highly differentiated cells both p63 and pp63 levels decrease due to the degradation
of p63. In this study, variable levels of pp63 were detected within p63-positive cells and
overall pp63/p63 ratios increased from the basal to the suprabasal layers of all equine
epithelial tissues examined. As in the other species studied, such as human and mouse, we
predict that ESCs in horses are included in the p63**/pp63*/~ cell population, while TA cells
and more highly differentiated cells exhibit a p63**/pp63** and a p63*/pp63** phenotype,
respectively.#6.63 |f ESCs reside in the epithelial basal layer,124° then pp63 levels relative to
total p63 expression could be used in combination with basal and suprabasal keratin isoform
markers to identify ESCs. For example, ESCs in equine haired skin and limbus could be
defined as K14**/K107/p63+*/pp63*/~ cells and K14**/K3~/p63**/pp63*/~ cells,
respectively. Functional assessment of such predictions requires further investigations of the
proliferative potential of each cell population.

A long term goal of this and ongoing studies is to establish markers for the characterization
of altered epidermal differentiation associated with diseases of the equine hoof capsule,
haired skin and cornea. Additionally, we propose that the combined use of ESC/TA cell
markers and keratin differentiation markers would facilitate the establishment and
characterization of equine ESC-based epidermal cell and organotypic culture models for
dermatology research and regenerative medicine in horses. Specifically, ESC-based
organotypic culture has been used for human epidermal tissue studies of epidermal
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physiology, pathophysiology and pharmacodynamics.%:66 Moreover, ESC-based
regenerative medicine has been used in the treatment of severe corneal and skin burns in
humans and might be applicable to equine corneal ulcers, skin wounds and to promote hoof
wall regeneration in laminitic horses.57-69

In conclusion, this study characterized the expression and localization of progenitor cell and
differentiation markers in multiple equine epithelial tissues. Defining markers for ESCs, TA
cells and tissue-specific epithelial differentiation coupled with analysis of the proliferative
potential will facilitate the investigation of the biology and pathology of equine epithelial
tissues aimed at developing regenerative therapies in horses.
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Figure 1.
Expression of epithelial cell markers K14, K124, K3, and K10 in equine skin, hoof coronet

and lamellae, and limbus and central cornea of the eye. Representative indirect
immunofluorescence images of formalin-fixed/paraffin-embedded tissue sections for keratin
antibodies: K14 (red; A, E, I, M, Q), K124/anti-integrin a6 (green; B, F, J, N, R), K3/K76
(red; C, G, K, O, S), and K10 (red; D, H, L, P, T, V), counterstained with DAPI (blue).
Shown are equine haired skin (A-D), coronet (E-H; V), mid-dorsal lamellar (1-L), limbal
(M-P) and central corneal (Q-T) epithelia at 200x magnification. Panel U shows
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haematoxylin and eosin (H&E) staining of hoof coronet with adjacent external periople or
stratum externum at 20x magnification. Panel V corresponds to the boxed area in U,
showing positive staining for K10 in the periople epidermis but not in the adjacent coronary
epidermis at 200x magnification. Scale bars = 50 um except U (500 pm).
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Figure 2.

Immunoblot analysis of equine epithelial tissues with anti-keratin antibodies. Immunoblot
analysis with antibodies to (A) K14, (B) K3/K76, (C) K124/integrin-a6, and (D) K10 in
corneal (Cn), limbal (Li), haired skin (Sk), coronary (Co), and mid-dorsal lamellar (La)
equine tissues as indicated. Anti-p-actin antibody was used as a loading control. Numbers to
the left represent molecular mass standards (M, x 1073). Arrowheads on the right indicate
the positions corresponding to the predicted molecular weights of K14 (52 kDa), K3 (60
kDa) and K124 (54 kDa). No bands corresponding to the predicted molecular weight of K10
(61 kDa) were detected.

e <« 3-actin
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Figure 3.
Expression of p63 and phosphorylated p63 (pp63) in equine skin, hoof coronet and lamellae,

and limbus and central cornea of the eye. Representative images of tissue sections from
equine haired skin (A-D, U), coronet (E-H, V), middle lamellae (I-L, W), limbus (M-P, X)
and cornea (Q-T, Y) stained with H&E (A, E, I, M, Q) and antibodies against p63 (red; B, F,
J, N, R) and pp63 (green; C, G, K, O, S), counterstained with DAPI (blue) at 200x
magnification.
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Labels indicate the lumen of a hair follicle (*, A-D), epidermal (e) and dermal (d) tissues of
the haired skin (A), coronet (E) and lamellae (1); the epithelial (e) and stromal (s) tissues of
the corneal limbus (M) and central cornea (Q); a secondary dermal lamella (white
arrowhead, 1) and a secondary epidermal lamella (black arrowhead, I). Panels in D, H, L, P
and T show merged images of p63 and pp63 staining and nuclear counterstaining with
DAPI.

Panels U-Y show enlarged views of the boxed areas in D, H, L, P and T, respectively. Lines
indicate the approximate location of the basement membrane zone at the basal epidermal/
epithelial-dermal/stromal tissue interface. Horizontal arrows and vertical arrows indicate
representative examples of p63**/pp63*/~ cells (pink) and p63*/pp63** cells (yellow-green),
respectively. Arrowheads indicate representative examples of p63**/pp63** cells (orange-
yellow). Dermal (U, V, W) and stromal (X, Y) cell nuclei are only positive for DAPI (blue).
Scale bars = 50 pm.
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Figure 4.
Immunoblot analysis of equine epithelial tissues with anti-p63 and anti-phosphorylated p63

antibodies. Immunoblot analysis with antibodies against p63 (top panel) and pp63 (bottom
panel) in equine corneal (Cn), limbal (Li), haired skin (Sk), coronary (Co) and mid-dorsal
lamellar (La) tissues. Anti-f-actin antibody was used as a loading control. Numbers on the
left indicate molecular mass standards (M, x 1073) while arrowheads on the right point to
immunoreactive bands at the predicted molecular weight for p63 and pp63 (70-75 kDa).
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Age, sex and breed of the horses used in the study

Horse ID  Age (years) Sex Breed

50 7 Gelding TB

52 17 Gelding TB

57 6 Gelding WB

91 14 Mare Paso Fino
92 18 Mare WB

93 13 Gelding  Welsh/TB

TB = thoroughbred; WB = warmblood
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Summary of immunohistochemistry with stem cell and differentiation markers of epithelial layers of the skin,

inner hoof capsule, ocular limbus and central cornea of the horse

Epithelial layer K14 K124 K3 K10 p63 pp63
Haired Skin

Basal ++ ++ - - L2 A
Spinous ++ ++ — + . 2
Granular +- 4+ - ++ - -
Cornified - - - + - -
Hoof - Coronet

Basal ++ ++ — — LA A
Suprabasal + + - - K 2
Hoof — L amellae

Basal ++ + - - LA .2
Suprabasal - ++ - - 2 L8
PEL KA? - + - - - -
Corneal Limbus

Basal ++ +/- - - LA A
Suprabasal + ++ ++ - K 2
Surface +- - 4+ - _ _
Central Cornea

Basal - ++ + _ - .2
Suprabasal - + + - K 2
Surface - +/- + - _ _

Relative expression in each epithelial layer is indicated by high positive (++), moderate positive (+), low positive (+/-) and negative (-).

a : . - s
Overall expression with variable levels among individual cells.

b

PEL KA: Primary Epidermal Lamellar Keratinized Axis
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