REVIEW

UDC 572.524.3: 611.018+576.54+57.053

Kalmukova O. O.

State Institute of Genetic and Regenerative Medicine NAMS, Kyiv, Ukraine
Educational and Scientific Centre “Institute of Biology”, Taras Shevchenko National University of Kyiv, Kyiv, Ukraine

e-mail: olesyakalmukova@gmail.com

STEM CELLS IN NAIL UNIT

OF MAMMALIANS

ABSTRACT

KEYWORDS: nail unit, stem cells, onychodermis, limb regeneration

N

The review analyzes the current state of experimental studies on the ability to obtain and cultivate stem cells from the nail organ and their
possible involvement in the regeneration of a limb. It has been known that the nail unit consists of a pool of undifferentiated cells which
provide sustained growth and nail repair throughout life. But, nowadays the issue of stem cell niche localization in the nail organ remains
unresolved. Also, researchers demonstrated involvement of these cells in the restoration of amputated limbs, in particular, through activation of
certain signaling pathways (Wnt, BMP, Notch), and epithelial-mesenchymal interactions, but the detailed mechanism of this process is poorly
understood. It is supposed that the nail organ has two sources of undifferentiated cells of different origin: the proximal nail fold and the dorsal
part of the nail matrix (K15*, K19¢, PHLDA1*); and onychodermis (CD10¢, CD34). However, these markers are not generally accepted, so the
search for markers combinations for exhaustive and complete characterization of stem cells from the nail organ continues.

The nails are structures that grow on the dorsal side of the fingers and
contain a lot of hard keratins. Nails are derived formations of epithelial
tissues, along with hair, hooves and claws. A number of foreign research-
ers call the nails as «nail organ» or a «nail unit» in an effort to emphasize
the complexity of their structure and mechanisms of their functioning [1,
2]. The underestimation of the nail unit value among other organs was
caused by insufficient knowledge about the biology of the nail. At pres-
ent the latest research on the physiology of the nail revealed important
biological aspects, including the presence of stem cells, complex signal-
ing pathways of the regulation of nail differentiation and homeostasis,
involvement of these pathways in damaged limb restoring, epithelial-
mesenchymal interactions between the nail epithelium and specific nail
mesenchyme — onychodermis. In this regard, it is clear that the nail is
a complex organ and has a more important role in the existence of the
organism than previously thought, and therefore the use of the term «nail
organ / unit» instead of the «nail» is more appropriate.

Currently there is a continuing search for new sources of stem cells
for cell therapy, and it is the actual to consider the nail unit as a potential
localization of undifferentiated cells as nails grow and renew throughout
life.

Regeneration of limbs is often observed in invertebrates and lower
vertebrates. In this case restoration of the structure is due to the differen-
tiation of the pool of undifferentiated cells that form a regenerative blas-
tema slightly below the amputation. In higher vertebrates, including mam-
mals, limb regeneration occur in a different way. The volume of qualitative
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limb replacement depends on the extent of its damage, including with
respect to the nail organ. Also there has been found a prominent role of
stem cells from the nail organ in stimulating proliferation and synthesis
of certain compounds (extracellular matrix, growth factors and others) by
mesenchymal and bone cells.

Biology of stem cells from the nail unit is one of the fundamental
questions. Compared with similar structures, such as hair follicle where
stem cell niche location is already known — a bulge zone [3], the nail
organ is poorly understood. Perhaps this is due to inaccessibility and in-
vasiveness in obtaining materials for the research. The origin of these
stem cells remains unidentified: from neural crest, epithelium or mesen-
chyme [4]. Knowledge obtained in the future will help to understand the
pathogenesis and the possible ways of treating such diseases as vitiligo
[5], psoriasis [6], onychomycosis [7] and others, which pathogenesis in-
volves not only the immune system, but the disturbance in the functioning
of melanocytes, keratinocytes and epithelial cells.

ANATOMY AND HISTOLOGY OF THE NAIL ORGAN

Nail unit and hair follicle are skin appendages, their structures have
more in common than different [8]. Even in 1968 Achten G. proposed
a hypothesis, which posits an analogy of these two structures: the nail
organ can be compared to the hair follicle longitudinal section rotated by
90° [9]. While anatomical analogy between hair follicles and nail matrix
or between the nail and hair shaft is not in doubt, the equivalent of bulge
with stem cells is still difficult to identify in the nail organ.



The main components of the nail unit, proximal nail fold (PNF), two
lateral and distal nail folds, nail matrix, nail bed and hyponychium, form
and maintain the nail plate, keratinized corneous structure that continually
grows throughout life. [10] Each component has a specific histological
characteristic (Fig. 1):

e Proximal nail fold — wedge shaped skin invagination on the dor-
sal side of a finger; it has two surfaces that are histologically dif-
ferent: the dorsal surface is an extension of the finger skin with
sweat glands, but without pilosebaceous units organization; and
ventral surface has a thin epithelium without appendages and is
closely adjacent to the dorsal surface of the nail plate.

e  (Cuticle is a continuation of the ventral surface of the PNF, con-
sists of soft keratin and forms a corneous layer of a finger.

e Nail matrix begins right after the PNF. It is formed by thin strati-
fied squamous epithelium without granular layer. Dorsally to the
nail matrix there is an eosinophilic region — keratogenic zone
where proliferating keratinocytes of the matrix begin to express
hard keratin.

e Nail plate is formed as a result of the progressive spread of nail
matrix cells as they are maturing. During this process, there is
a disintegration of their nuclei and high levels of keratin accu-
mulation.

e Nail bed extends from the distal end of the nail matrix (lunula) to
hyponychium. It consists of a thin epithelium without a granular
layer, which epithelial cells have a unique longitudinal location.

e Hyponychium, which covers the distal nail fold, is formed by
normal epithelium with granular layer.

EMBRYOGENESIS OF THE NAIL ORGAN

At the 10" week of development there appears a primary nail field
that is limited by proximal, distal and lateral grooves. In the proximal part
of the primary nail field there is a primary primordial matrix that grows
ventrally and, eventually, invaginates, forming PNF at the end of 13" week.
During the 14™ week there is a rapid differentiation of primordial matrix of
the nail in the area of PNF, where formation of the nail plate begins. Along
with the growth of the nail matrix the nail plate is growing too. By the end
of the 17" week it already covers all the nail bed. [14]

THE DIFFERENCE BETWEEN NAIL ORGAN
STRUCTURE OF MICE AND HUMANS

The availability of human material for research is limited, because
the procedure of the nail unit biopsy is highly invasive and a person has
only 20 nails. So the question arises about the similarities of murine and
human nails. Sources of human nails may be abortive material or postop-
erative (e.g. after amputation extra fingers at the polydactyly).

Murine nail organ is commonly called a claw, and humans’ one is
a fingernail. In 1936 C. LeGros insisted on such differences in the name,
seeking to emphasize their differences. [11] In support to his proposal, he
cited several abstracts (Table 1).

It is clear that these differences show only anatomical difference,
and functional components of the nail organ are the same in two species
(Figure 2). Therefore, the distinction between «claws» and «nails» are
rather arbitrary.
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Fig. 1. The structure of the human nail organ:
1 - dorsal part of the proximal nail fold (PNF);
2 —ventral part of the PNF; 3 — dorsal part of the nail matrix;
4 — ventral part of the nail matrix; 5 — nail bed;
6 — nail plate; 7 — cuticle; 8 — hyponychium;
9 — onychodermis; 10 — distal phalanx.

Fig. 2. The structure of the murine nail organ:
1 —dorsal part of the proximal nail fold (PNF);
2 —ventral part of the PNF; 3 — dorsal part of the nail matrix;
4 — ventral part of the nail matrix; 5 — nail bed;
6 — nail plate; 7 — cuticle; 8 - hyponychium;
9 — onychodermis; 10 — distal phalanx.

Tahle 1. Comparison of the human

) ! FEATURE
and murine nail structure.

The shape of the nail plate

Placement of the distal end of the nail plate

The form of terminal phalanx bone
The method of terminal phalanx connection

HUMAN MOUSE
Rounded Sharpened
Immersed in the ventral Ends with flat
groove hyponychium
Convex Sharpened
Movable Still
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To determine the similarity between the nail organ of mice and hu-
mans several researchers analyzed the level of soft and hard keratins ex-
pression using immunohistochemical study [12, 13]. In the murine nail
unit there were revealed local places of keratin expression (e.g. in the
basal layer of the PNF ventral part — keratin 5, 14; in the suprabasal layer
of the PNF ventral part — 6, 10, 14; in the basal layer of the dorsal part of
the matrix — 5, 6, 14 17, etc.) and the majority, but not all of them, are
similar to those found in human nail organ (e.g. only a human has keratin
1 expression in the basal and subprabasal layers of the PNF ventral part
and dorsal part of the matrix) [11]. The difference is observed in the nail
bed due to different degrees of interaction of epithelium with dermal ele-
ments. In humans there is a deeper interaction as dermal papillae go deep
into the epithelium; in mice, this interaction is less pronounced — derma
looks like a dome that underlies the epithelium in the area of the nail bed.

Macroscopic, microscopic and immunohistochemical studies have
shown that mice nail organ meets the basic characteristics of human
nails. Therefore, all of the above makes murine nail apparatus suitable
for the use as an experimental model object homologous to human nail
organ.

DIFFERENTIATION AND HOMEQSTASIS OF THE NAIL UNIT

The development of the nail organ is closely linked by complex in-
teractions of signal pathways of ectoderm and mesoderm, as differentia-
tion of the nail organ (like a hair follicle) requires connection between the
epidermis and mesenchymal structures under it. However, if the develop-
ment is the same, the mechanisms of homeostasis are different because
the hair follicle growth is cyclical in nature, including anagen (growth),
catagen (involution), telogen (rest). Fingernails grow continuously and
have a control mechanism of regulation between periods of growth and
rest. In coordination of interactions between the epidermis and mesen-
chyme during induction and differentiation of the nail unit many signaling
molecules and pathways are involved, three of them play a determining
role: Wnt, BMP, Notch.

Wnt-pathway regulates both embryogenesis and tissue homeostasis
in adulthood. The canonical pathway consists of Wnt-ligands (R-spondin
—RSPO0), a complex of receptors Frizzled (FZD) and transcription co-acti-
vator 3-catenin [15]. Mutations in the genes RSPO lead to anonychia and
genetic defects of phalanges and nails development [16, 17, 18]; genes
FZD - nail dystrophy [19, 20]; genes [-catenin — disorders in the nail
formation [21]. Immunohistochemical studies have shown the presence
of FZD receptors on the cell membranes of the basal layer of the nail ma-
trix, while the ligand RSPOQ is secreted by dermal fibroblasts [22]. Also,
Wnt/B-catenin pathway plays a significant role at the early stages of limb
regeneration, but at later stages of activation it is not critical [23].

BMP-pathway controls the amount of hard keratin synthesis by cells
of the nail bed through the transcription factors Msx2 and Foxn1. Muta-
tions in these genes lead to hyperplasia of the nail bed, formation of frag-
ile (Foxn1) and brittle (Msx2) nails [24]. Accordingly, BMP-pathway has
additional functions in the regulation of cyclic work of the basal layer cells
to maintain homeostasis of the distal nail matrix and nail bed.

Notch-pathway refers to the contact-dependent signaling with lim-
ited proteolysis, which provides spatial lateral inhibition. Activation of
this cascade by matrix metalloproteinases (MMP), which are secreted by
mesenchymal cells, in the keratogenic nail area leads to the lengthening
of the nail plate [25]. In addition, MMP can regulate the permeability of
growth factors in the intercellular matrix and signaling molecules to their
effectors. Thus, there is a mesenchymal control of ectodermal append-
ages differentiation.

ONYCHODERMIS

Nail organ has specialized mesenchyme — onychodermis consisting
of onychofibroblasts that are positive for CD10 (membrane bound matrix
metal proteinase), do not express CD34 (a transmembrane protein, ligand
for selecting, homing receptor) and Nestin; and have a low affinity for
eosin. Onychodermis is directly under the nail matrix and nail bed and
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immunohistochemically it is different from the surrounding dermis of the
nail unit. When staining with alcian blue the cells are positive for acidic
polysaccharides (mucopolysaccharides, glycosaminoglycans) [26]. Ony-
chodermis can be already distinguished at the end of the 2" trimester
of embryonic development. At the beginning of development the entire
finger dermis has a similar phenotype (CD10+, CD34"); but at the end of
the 13" week these markers are no longer expressed by mesenchyme, ex-
cept onychodermis location, that keeps embryonic differentiation features
throughout life, unlike ordinary connective finger tissue. A similar struc-
ture was not found in embryonic or adult hair follicle [27]. There is also an
interesting evidence of finding onychodermis in the place of ectopic nails
development [28], which further emphasizes the importance of epithelial-
mesenchymal interactions in the biology of the nail unit. According to
the previous studies using model organotypic culture, onychofibroblasts,
which were around the nail matrix cells, induced expression of hard kera-
tins by keratinocytes not from the nail matrix through epithelial-mesen-
chymal interactions and the inclusion of BMP-signaling cascade [29].

STEM CELLS FROM THE NAIL ORGAN

In contrast to the hair follicle, where stem cell area location is well
described [30, 31], the search for a stem cell niche in the nail organ con-
tinues. Location of these cells is suggested to be in the ventral surface of
the PNF, nail bed and nail matrix.

Stem cells have certain features: these cells have a very slow cell
cycle and can store an exogenously introduced label in the core for sev-
eral weeks. This is a basis for a study on the inclusion of bromine de-
oxyuridine (BrdU) in the nucleus of the nail organ cells followed by im-
munohistochemical detection of cells that retain it for a long time. It was
found that these cells are in the basal layer part of the nail matrix, which
is adjacent to the nail bed (distal part of the matrix), i.e. in the middle area
of the nail unit [22].

Another approach compared the size of the colony-forming units
(CFU) of the basal layer cells of the nail matrix and the nail bed. The larg-
est CFU size is showed by cells of the proximal part of the nail matrix,
which is adjacent to the end of the ventral surface of the PNF [21].

Since the hair follicle and nail organ are epithelial derivatives, there
were attempts to paint immunohistochemically for proteins that are mark-
ers of cells from the bulge zone (cytokeratins 15, 19, PHLDA1 — pleck-
strin-homology-like domain, family A, and member 1 molecule involved
in regulation of apoptosis). As a result, ventral surface area of PNF had
high expression in all markers. Therefore the ventral surface is equivalent
to PNF bulge zone, and may well be a place for the location of stem cells
from of the nail unit [32]. In addition, staining for Ki-67 (marker of cells
that actively proliferate) showed its high expression in cells of the nail
matrix and a low one in the area of the ventral surface of the PNF. For
comparison, cells from the bulge are negative for Ki-67, because stem
cells rarely divide [33].

Accordingly, a later method was used to detect cells that retain a
label to identify stem cells in the basal layer of the PNF. There has been
demonstrated location of these cells in a 3D ring volume structure, orga-
nized around the base of the nail. This cell population expresses markers
of the hair follicle stem cells, is positive for keratin 15 and contributes to
the structure maintenance of both the nail organ and epidermis, which is
located nearby. Under normal conditions these cells are bifunctional, give
rise to keratinocytes and epithelial cells. But during the trauma they are
able to redirect the flow of stem cells in response to injury, through sig-
naling pathways Wnt, BMP and to onychodermis. There has been proven
differentiation of these cells through an intermediate state (cells with a
moderate rate of cell cycle) into cells of the nail matrix (high speed cell
division) [34].

CULTIVATION OF CELLS FROM THE NAIL ORGAN

It is relevant today to search for methods of selection in culture and
cells markers from the nail organ, including undifferentiated stem cells.
The first attempts were made in 1992, by two groups of scientists — Picar-



do M., et al. and Kitahara T., et al. — who were study expressing hard
(hair-type keratins) and soft (skin-type keratins) keratins by nail organ
cells. They obtained a cell culture from human nail matrix, namely from
its ventral part [35, 36]. As a result there was analyzed the morphology
of these cells on the ultrastructural level. It was found that compared with
epidermal keratinocytes, the cells from nail matrix are larger in size, have
a high ratio of euchromatin to heterochromatin, low nuclear-cytoplasmic
ratio and high growth rate [37]. There was also shown solid expression of
keratin (AE13 antibody against highly sulfated proteins) exactly by cells
from the ventral part of the nail matrix, and consequently its derivatives,
so it was possible to clearly separate the nail matrix cells from normal
epithelial keratinocytes. In this regard, hard keratins in relation to the
cells from nail matrix are called «keratins related to differentiation». It is
proved that in the culture these cells begin expressing hard keratins at a
concentration of 0.15 mM calcium, they are at the stage of differentiation;
whereas at calcium concentration below 0.1 mM expression was not ob-
served. Therefore, the differentiation of cells from the nail matrix can be
controlled by changing the concentration of calcium outside.

Later cells from nail matrix of bull hooves and mice claws were intro-
duced in cultures [38, 39]. By the expression of keratins in the nail matrix
3 cell types are distinguished: ones that synthesize soft keratins 10/11
(dorsal part of the nail matrix), hard ones (ventral part of the nail matrix)
and cells that synthesize 2 types of keratins simultaneously (apical part of
the nail matrix) [40]. The cells of the apical parts are differentiation inter-
mediaries between cells from dorsal and ventral parts. At culturing cells
from the ventral part of the nail matrix, which synthesize hard keratins
in vivo, some cells express soft keratins. This indicates that some of the
cells change their direction of differentiation, replacing those parts of nail
matrix, which are missing in vitro.

Recent studies are aimed at the search for markers of stem cells from
the nail organ and the development of protocols for these cells allocation
[21, 41].

NAIL ORGAN AND PROSPECTS FOR REGENERATIVE MEDICINE

According to the recent studies, not only amphibians and reptiles are
able to restore damaged limbs, but mammals under certain conditions.
This regeneration process requires the presence of the nail organ. The de-
gree and completeness of the recovery depends on the level of amputation
against the nail organ: at amputation of the distal phalanx of the limb there
is observed almost complete reproduction of integrity and original form of
normal intact limb. The limit at which keeps perfect regeneration is the mid-
line between the proximal end of the distal phalanx and the middle part of
the finger nail matrix [42]. Also, there was shown correlation between the
preservation of the nail unit and the regeneration of amputated bone. In the
experiments of Zhao W et al. the ends of mice phalanxes were amputated at
different levels (distal —a small portion of the terminal phalanx and proximal —
all terminal phalanx) so that the nail was removed completely or partially
preserved. In the absence of the nail the bone did not grow even at the distal
level damage. Conversely, when nails were retained, bones restored after
damage at the proximal level [43].
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The regeneration of limbs in lower vertebrates is due to the formation
of blastema — a pool of homologous poorly differentiated cells which are
formed by differentiation (cell partially remains committed, but restores
the ability to mitosis) near the place of injury, proliferate in a specific area
of reproduction (differentiated cells grow on top, and blastema remains at
a permanent place), followed by redifferentiation (redifferentiation of the
cells of the same kind, such as in tailed amphibians), transdifferentiation
(in other cells of the same germ layers, for example, in newt, axolotl)
and metaplasia (cells into different germ layers, for example in nemertea,
ascidians).

In higher vertebrates, regeneration of limb also occurs due to the pool
of poorly differentiated cells that express embryonic genes, but this cell
population is heterogeneous (onychofibroblasts, endothelial progenitors,
osteoblasts, stem cells from the PNF, nail matrix). These cells are tis-
sue residents, they are clearly committed according to their belonging to
germ layers, and restore only the damaged parts, which are their deriva-
tives. [44] The epithelium of the nail organ organizes their work using
signaling molecules [1], because an amputated proximal phalanx grows
back after transplantation of the nail organ part [45]. The success of limb
regeneration depends on the level of the finger amputation and requires
the presence of onychodermis [46]. Most of blastema cells express stem
cells marker Sca-1 and endothelial marker CD31 [47]. Also, it was shown
that Wnt-signaling pathway is disrupted, and bone regeneration stops at
inclusion of 3-katenin in the nail organ cells [21]. After amputation Wnt-
pathway is activated in nail progenitor cells, while mesenchymal cells
proliferate and express Runx2, a key transcription factor that is associated
with the differentiation of osteoblasts.

In addition to Wnt-pathway BMP-signaling cascade plays a role in
regeneration. After amputation, there is a decrease in expression of two
inhibitors of BMP cascade Bambi i Decorin in all cells of the nail organ
that increases the synthesis of BMP (such as BMP-4), and as a result,
Msx-1 and Msx-2, thereby enabling them to improve proliferation of both
nail organ cells and onychodermis [34, 48, 49]. Msx-1-positive onycho-
dermis during regeneration acts as a signaling center that produces the
required paracrine factors [46]. It is proved that targeted therapy, which
activates BMP-2 and BMP-7, stimulates limb recovery after phalanx dam-
age at the proximal level [50].

In tailed amphibians (salamanders) successful regeneration depends
on the mitogenic signals which are produced by nerve cells. In contrast,
the recovery of the finger end in mice happens even in the absence of
nerve fibers, indicating the other sources of signaling molecules (PNF,
nail matrix, onychodermis), but sometimes there can be observed defects
in phalanx bones (disorganized structure of the bone instead of trabecu-
lar) and nail matrix (hypertrophy), for example, in patients with spinal
cord injuries [51].

For induction of phalanx bone formation there are required both Wnt-
activated cells of the nail matrix and Msx-1-positive onychodermis [52].
Such epithelial-mesenchymal interaction affects the activation of Wnt,
Notch and BMP-signaling pathways in future osteoblasts through activa-
tion of gene Runx2 [53].

nail unit is promising for the development of regenerative medicine.

Nail organ has two sources of undifferentiated cells of different origin: proximal nail fold, dorsal part of the nail matrix and onychodermis. A unified
set of markers for identification the stem cells from the nail organ remains undetermined. Studies on mechanisms of their interaction between
themselves and the impact they have on surrounding tissue during the restoration of the damaged limb continue. Further study of stem cells from the
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