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Preface

Keratinocytes are the main components of the epidermis, the outermost tissue of the human 
body. Epidermal keratinocytes are essential for maintaining the physiological function of 
the epidermis, which protects the inner body from environmental insults, including micro-
organisms, ultraviolet irradiation, mechanical injury, and thermal and chemical stresses. 
The biology of keratinocytes has been studied for a long time, and structural, chemical, and 
molecular studies have revealed their characteristic features. Keratinocytes respond to envi-
ronmental stimuli by producing various cytokines, chemokines, antimicrobial peptides, 
and other molecules, inducing weak inflammation to fight against environmental stimuli; 
however, this inflammatory reaction ceases to maintain a normal physiological condition. 
Studies imply that keratinocytes have dual properties, as proinflammatory at the moment 
of insults, and anti-inflammatory at the later stage of inflammation. In some  pathological 
conditions such as psoriasis and atopic dermatitis, subtle insults induce pathological 
pathways to develop new skin lesions because of the enhanced proinflammatory properties 
of keratinocytes. The anti-inflammatory property in these inflammatory conditions may be 
suppressed or defective and thus may result in enhanced inflammation.

It is unique in keratinocytes, and potentially other tissue cells such as endothelial cells 
and fibroblasts, to show both pro-inflammatory and anti-inflammatory properties 
because many immune cells are divided into subtypes that exhibit only certain aspects 
of immune functions, such as effector T cells that show proinflammatory function and 
regulatory T cells that show anti-inflammatory function.

It is important to study the anti-inflammatory aspects of keratinocytes and the mecha-
nisms of ceasing the inflammatory reaction provoked by environmental stimuli to 
elucidate the mechanisms of maintaining the homeostasis of physiological conditions.

Section 1, composed of two chapters, discusses the structural components of keratino-
cytes, such as keratins and attachment molecules, and their importance in maintaining 
epidermal homeostasis. This section also reviews the importance of neighboring cells, 
such as melanocytes. Section 2 is composed of three chapters. The first chapter discusses 
the inflammatory aspects of keratinocytes as the main components of cutaneous pheno-
type formation in inflammatory skin diseases such as psoriasis and atopic dermatitis. The 
second chapter discusses stem cells in the epidermis and skin regeneration and aging as 
aspects of epidermal keratinocytes. The final chapter discusses keratinocytes and skin 
disorders, focusing on genetic abnormalities and barrier function of the epidermis and 
skin disorders.

It was an honor to edit this volume and I hope it will be a useful resource for those 
interested in keratinocyte biology and cutaneous disorders.

Mayumi Komine
Department of Dermatology,

Jichi Medical University,
Shimotsuke, Tochigi, Japan
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Chapter 1

Cytokeratins of Tumorigenic and
Highly Malignant Respiratory
Tract Epithelial Cells
Carol A. Heckman

Abstract

In malignant airway epithelial cells, structural abnormalities were evident from
the cytokeratin organization. To determine whether the cytokeratins themselves
were responsible, an in vitro model for bronchogenic carcinoma, consisting of three
highly malignant lines and three less tumorigenic lines, was studied. Cytokeratins
were evaluated by two-dimensional polyacrylamide gel electrophoresis (2D-PAGE).
When typical constraints on tumors were relieved by in vitro culture, lines showed
profiles resembling normal, primary cells. The CK5/CK14 combination, character-
istic of basal epithelial layers, was represented by CK6A/CK14. CK17 was invariably
present, while CK5, CK7, CK8, CK19, and CK42 content varied. CK19 appeared to
substitute for the rarely observed CK18. While lacking the common CK8/CK18
combination of hyperproliferative cells, an invasive, metastasizing line had CK6A/
CK7 or CK8 with CK19 suggesting derivation similar to adenocarcinomas. Bands of
CK19 and actin migrated to higher pI in tumorigenic and malignant lines than in
normal cells. Ubiquitinated acidic cytokeratins with a low isoelectric point (pI) and
high molecular weight (MW) showed no consistent differences in lines that differed
in growth potential. Type II made up 49–52% of total cytokeratins in nonmalignant
lines, whereas highly malignant lines showed lower levels. Posttranslational modi-
fications were identified but could not explain the shortfall of basic cytokeratins.

Keywords: actin, motility, invasion, squamous cell carcinoma, metastasis,
cytoskeleton, differentiation

1. Introduction

Intermediate filaments, which are made up of cytokeratins, are responsible for
the structural integration and resiliency of the epithelial linings. To build up the
10-nm filament from the molecular level, a subunit is formed by the dimerization of
one type I keratin and one type II molecule. These heterodimers attach in an
antiparallel arrangement to compose the larger tetrameric subunit common to
10-nm filaments. End-to-end and side-to-side assembly gives rise to the long, flex-
ible filaments seen in images of epithelial cells. When the large number of keratin
genes is considered, plus their posttranslational modifications, there is an impres-
sive variety of filament compositions. Each epithelial cell type is characterized by a
combination of type I and type II cytokeratins. For example, some of the human
cytokeratins discovered recently are highly expressed in the hair follicle [1]. While
the cytokeratin profile of a cell depends on selective expression, which in turn
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depends on its differentiated state, there is considerable latitude in expression
profiles of some cell types.

It has long been suspected that the cytokeratins play a role in growth regulation.
Indeed, CK8, CK17, and CK18 have been investigated with respect to their regula-
tory roles. Several basic or neutral type II proteins, including CK4-CK6, have a
conserved site corresponding to Ser/Thr73 of the CK8 sequence. Posttranslational
modification (PTM) at CK8 Ser/Thr73 was found downstream of proapoptotic
receptor Fas/CD95-mediated c-Jun N-terminal kinase activation (see for review
[2]). In different systems, phosphorylation of type II cytokeratins resulted in
increased solubility of the filaments and/or collapse of the filament network. These
are among the mechanisms contributing to dissolution of intermediate filaments
during mitosis, which allows the cell to round up for division [3–5]. Knockout of the
most commonly expressed pairs, CK5 and CK14 or CK8 and CK18, is often embry-
onic or neonatal lethal (see for review, [2]), affirming the importance of these
keratins for epithelial cell differentiations in the lining tissues. Cell behavior was
directly affected by cytokeratin content, as has been demonstrated by Magin and
coworkers. Keratinocytes deficient in all the cytokeratins showed increased softness
and invasiveness, which were largely restored by re-expression of CK5/CK14 [6].

The cytokeratins are also subject to complex transcriptional regulation. In the
epidermis, the CK6/CK16 pair are induced within a day after injury [7, 8]. The
stress-responsive CK6, CK16, and CK17 were all expressed in response to injury in
skin and during hyperproliferation in psoriasis, suggesting their upregulation by the
transcription factor, Nrf-2 (see for review [9, 10]). CK17 is regulated by several
transcription factors as well as by the possible interaction of the ubiquitylated form
with STAT3 (see for review [11]). High expression of CK17 in lung adenocarcinoma
was predictive of poor overall survival, suggesting a close relationship to malig-
nancy [12]. Evidence also suggested a process regulating CK6 through activator
protein-1 binding, which may be regulated by c-fos and c-jun [13].

Type I also have a role in regulating cell growth. CK17 presence in the nucleus
was shown to allow a complex to be formed by interaction with an integral mem-
brane protein, LAP2β. This was thought to affect gene expression and cell prolifer-
ation [14]. CK18 was modified by phosphorylation at Ser 33 and Ser 52 sites,
enabling it to interact with pathways regulated by parkin, a tumor suppressor [15].
Phosphorylated CK18 and CK19 interacted with 14-3-3 proteins, which promoted
the solubility of cytokeratins and their recruitment to membranes [16, 17]. Whereas
these modifications may modulate some of the non-mechanical functions of the
cytokeratins, it is not known whether they affect growth. One possible way in
which they could affect it is by regulating the formation of a CK8-Akt complex. It
has been proposed that Akt binds to CK8 in the CK8/CK18 protofilament. Failing
this interaction, it is hypophosphoryated specifically at a residue essential for acti-
vation. However, studies in which both CK8/CK18 were knocked down showed that
Akt phosphorylation and activation were enhanced [18].

Previous studies have not addressed the question of whether any changes were
related to oncogenic transformation but independent of the expression patterns
associated with the tumors’ differentiated state. Some 85% of human tumors origi-
nate from epithelial cells. As cytokeratins comprise a large fraction of the cytoskel-
eton, they could have an important role in growth control. Nevertheless, the
profiles of tumors remained roughly similar to those in the tissue of origin (see for
review [19]). Even in the normal state, the epithelial differentiation could be
perturbed by chemical or physical agents, initiating changes in cytokeratin expres-
sion. For example, in upper airway epithelium, vitamin A deficiency caused the
normal pseudostratified epithelium to be replaced by a metaplastic squamous epi-
thelium [20]. This was accompanied by the disappearance of certain cytokeratins
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and a marked increase in expression of one or more others [21]. Both in vivo [22]
and in vitro [23, 24], CK18 expression was reduced while expression of CK13, a
marker for cornified squamous epithelium, was increased. Changes in type II
cytokeratins were also found, especially enhanced expression of CK4, typical of
stratified epithelial tissues (see for review [22]). Another change following toxin
exposure was a reduction in CK15 expression in submucosal glands [25]. Upon
removal of the pathological stimulus, the squamous metaplasia was reversed along
with the cytokeratin profile (see for review [26]).

The cytokeratins of airway tumors were dramatically different from the compo-
sition of the normal epithelium. In parallel to the differentiation of the epithelial
lining into a squamous epithelium, tumors with a squamous differentiation
expressed cytokeratins typical of squamous metaplasia, namely CK4 and CK10. In
contrast, adenocarcinomas, which are thought to arise from hyperplastic adenoma-
tous lesions, expressed keratins typical of mucous cells, namely CK7, CK8, and
CK18 [27]. CK13 was present in most tumors showing squamous differentiation,
while CK4 was found with CKs 7, 18, and 19 in adenocarcinomas of the lung and
adenosquamous tumors [28]. These studies did not screen for “keratinocyte-type”
K5/K14 pair which typically composed the filaments attached to hemidesmosomes
and desmosomes [1], but these cytokeratins were also found in non-small cell lung
cancer [29]. CK6 and, in some cases variable levels of CK14 and CK15, were identi-
fied in squamous cell carcinomas. Altogether, keratins CK4-CK8, 10, 13, 17, 18, and
19 were found in squamous cell carcinomas, although the exact pattern depended
on the differentiated state of each tumor [30].

It was clear from the above studies that cytokeratin profiles from airway epithe-
lium depended on differentiation to such an extent that it was difficult to infer a
relationship to growth control. As the defects that enable epithelial cells to invade
the submucosa and metastasize are of great interest, it was desirable to reinvestigate
the cytokeratins’ relationship to growth potential after having compensated for the
cells’ differentiated state. The cytokeratin profiles of epithelia originating from the
same tissue source could be compared in a well-characterized in vitro model system
for squamous cell carcinoma. In the tissue culture setting, physical barriers to
expansion were removed, and cells entered the logarithmic phase of growth within
48 h of being subcultured. Moreover, the nutritional composition of the environ-
ment could be simplified by growing the cell lines in identical media. Three highly
tumorigenic lines and three lines with lesser tumorigenic potential were used [31],
and the question of whether cytokeratin profiles were related to the altered growth
potential of epithelial cells was revisited.

2. Materials and methods

2.1 Primary cells and cell lines

Normal, primary epithelial cultures were grown out of tracheal explants from
specific-pathogen-free, inbred F344 rats. The cultures were grown in aWaymouth’s
medium enriched with amino acids, putrescine, sodium pyruvate, hydrocortisone,
insulin, fetal bovine serum, penicillin, and streptomycin [32, 33]. Cell lines were
also from the upper airway epithelium of F344 rats. Nonmalignant lines were
derived after treatment with 7,12-dimethylbenz(a)anthracene- or 12-0-tetradeca-
noylphorbol-13-acetate. They were tested in immune-suppressed host animals.
They were found to be nontumorigenic at early passages but became
tumorigenic after prolonged growth in vitro [31, 34–36]. Malignant cell lines
were generated by treating tracheal tissues with benzo[a]pyrene (B2-1 and BP3) or
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3-methylcholanthrene (MCA7). The malignancy of the resulting tumors was
increased further by serial passage in animals [37].

2.2 Characterization of malignancy and differentiation

To classify the cell lines by their growth potential, we determined the number of
cells required to induce tumors in 50% of the animals tested (T.D.50). Cultured cells
were injected into the thighs of immune-deficient rats or athymic nude mice, as
previously described [31]. The highly malignant cell lines were tested by titrating
the dose down from 1000 cells and determining the frequency with which tumors
appeared by 43 weeks. These lines all produced invasive, keratinizing squamous cell
carcinomas. To check for metastases, 1 � 104 cells were injected into the thigh, and
the leg with the primary tumor was amputated 6 weeks after the injection date.
Animals were euthanized and necropsied 6 weeks after the amputation.

Tissue differentiation was studied by removing tumors at 7–13 weeks after
injection and preparing them for histological examination. They were bisected,
fixed in 10% buffered formalin, and embedded in paraffin. Sections were cut at
6 μm thickness, mounted on slides and stained with hematoxylin and eosin.

The tendency of cells to undergo terminal keratinization in vitro was evaluated
by examining cells dislodged from the surface of confluent cultures. A stream of
medium was directed across the surface of the culture and the suspended cells were
recovered by centrifugation at l200 � g. Smears prepared from the pellets were
fixed in 95% ethanol and stained by the Papanicolaou procedure [38].

2.3 Extraction of cytoskeletal proteins

To prepare the cytokeratins for 2D-PAGE, cells were plated at a density of 7–12
� 105 per 100 mm dish and allowed to become confluent. A cytoskeletal prepara-
tion rich in keratins was made by the extraction procedure of Franke and coworkers
[39]. Samples for isoelectric focusing were made by rinsing the dishes twice with
TNM buffer (140 mM NaCl, 5 mM MgCl2, 10 mM Tris-HCl, pH 7.6) and then
treating them with 1% Triton X-100 for 4 min. The detergent-extracted cells were
then washed twice with TMN, harvested with a rubber policeman, and pelleted by
centrifugation at l500 � g at 4°C. An additional extraction was performed in some
preparations. The culture dishes were rinsed with high salt TNM buffer containing
1.5 M KCl and 0.5% Triton X-100 for 10 min, and then the preparation was com-
pleted as above. The pellets were resuspended in sample buffer (2% SDS, 10%
glycerol, 5% β-mercaptoethanol in 25 mM Tris-HCl, pH 8.3) and boiled until solu-
bilized. Each sample was dialysed against 0.l mM phenylmethylsulfonylfluoride at
4°C. The dialysate was lyophilized and resolubilized in lysis buffer (9.S M urea, 2%
Nonidet P-40, and 5% β-mercaptoethanol).

2.4 2D-PAGE and quantification of Coomassie blue staining intensity

Separation of proteins by their isoelectric point was performed by the method of
O’Farrell [40]. Samples containing 300 μg of protein were run for 18–20 h in a
gradient made up of LKB Ampholine pH 3.5–10. The pH profile in the first dimen-
sion was determined by measuring the pH in small sections of gels processed in
parallel with those containing protein samples. After separation in the first dimen-
sion, each sample was electrophoresed into a 4% polyacrylamide stacking gel and
10% polyacrylamide resolving gel in a final concentration of 0.1% sodium dodecyl
sulfate (SDS). For each cell line, 6–10 gels were run. In addition, some 150 μg
samples were run to confirm the identity of the major protein species. The gels were
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fixed in 12% trichloroacetic acid and stained with Coomassie blue, as previously
described [40]. A lane of markers was added for the electrophoretic separation,
including phosphorylase B (92.5 kDa), bovine serum albumin (66.2), ovalbumin
(45.0), carbonic anhydrase (31.0) and soybean trypsin inhibitor (20.1). To analyze
the total mass of cytoskeletal protein, samples were prepared with high-salt extrac-
tion, which ensured greater contrast between proteins and the background. A repre-
sentative digital image from each line was selected, and the integrated absorbance at
each spot on the gel estimated by comparison to the markers. After background
subtraction, the boundaries around the spots were drawn manually, and the mass of
each protein estimated by converting absorbance into intensity values, as previously
described [41]. Total mass varied from �60 to �200 μg per gel.

2.5 Liquid chromatography-mass spectrometry-mass-spectrometry

For analysis by LC-MS-MS, proteins were excised from the gels, destained,
reduced, alkylated, and trypsin-digested by a standard in-gel method. The peptides
from each sample were concentrated and desalted using C18 Zip-Tip and
reconstituted in 0.1% formic acid. Peptide mixtures were loaded onto a peptide trap
cartridge and eluted onto a reversed-phase PicoFrit column (New Objective,
Woburn, MA) as described elsewhere [42]. The eluted peptides were ionized and
sprayed into the mass spectrometer, using a Nanospray Flex Ion Source ES071
(Thermo) and analyzed using a Thermo Scientific Q-Exactive hybrid Quadrupole-
Orbitrap Mass Spectrometer and a Thermo Dionex UltiMate 3000 RSLCnano System.

Raw data files were searched against the rat protein sequences database using
Proteome Discoverer 1.4 software (Thermo, San Jose, CA) based on the SEQUEST
algorithm. Carbamidomethylation (+57.021 Da) of cysteines was set as a fixed
modification, and oxidation/+15.995 Da (M), deamidated/+0.984 Da (N, Q), acetyl/
+42.011 Da (K), phospho/+79.966 Da (S, T, Y), and ubiquitin-K/+114.043 Da (K)
were set as dynamic modifications. The minimum peptide length was specified as
five amino acids, and precursor mass tolerance was set to 15 ppm. The peptides’
sequences and counts of peptide spectrum matches (PSM) were assembled into a
Proteome Discoverer Report [42]. The effect of posttranslational modifications
(PTMs) on the pI and MW of each protein were modeled using the Prot pi online
bioinformatics tool [43].

2.6 Frequency and area analysis on gel spots and bands

For frequency analysis, spots on each gel were traced, converted to a binary
image, and their areas were analyzed using the Particle Analysis module of ImageJ
[44]. Under the assumption that each gel spot was a thin, continuous protein layer,
the area was used to represent fractional volumes of each protein on the gel.

3. Results

3.1 Growth and differentiation of nonmalignant and malignant lines

Lines from the respiratory airway epithelium were divided into two groups on
the basis of their abnormal growth potential as defined by their T.D.50 values.
Tumor production required a 1000-fold greater number of nonmalignant cells than
malignant cells (Tables 1 and 2). Moreover, none of the nonmalignant lines showed
metastasis. Upon histological examination, all of the tumors had characteristics of
invasive squamous cell carcinomas. The entire range of variation was represented
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by the B2-l and BP3 lines, with MCA7 tumors showing intermediate histology
between these two extremes. The keratinized cells of B2-1 tumors were squamous in
shape but rarely if ever became enucleated. Even terminally differentiated cells
showed small, pyknotic nuclei (Figure 1a). Internal portions of the B2-1 and MCA7
tumors became necrotic and also showed areas of infiltration by lymphatic cells. In
BP3 tumors, multiple layers of enucleated squames were readily formed
(Figure 1b). All three lines metastasized to the lymph nodes, and B2-1 also
metastasized to the lung in 60% of the animals. The morphology of the metastases
resembled that of the primary tumors (Figure 1c).

After injection with the specified number of cells, animals were maintained for
24–43 weeks. MCA7, the most immunogenic of the highly malignant cell lines, was
tested similarly and formed tumors in 2 of 2 mice after injection of 1 � 103 cells.
Modified from [31].

After injection with the specified number of cells, animals were maintained
for up to 22 weeks. 165S (T15) was tested in 5 irradiated host animals at a dose of
1 � 103 cells and formed a tumor in one animal. The other nonmalignant lines
were tested under similar conditions but failed to produce tumors. Modified
from [31].

Normal and tumorigenic cells in vitro showed similar tendencies to form strati-
fied squamous epithelia at high-density. The degree of squamous differentiation in
confluent cultures could be assessed by imaging cells exfoliated from the cultures.
In normal, primary cultures, the exfoliated cells were squamous in shape but did not
become enucleated. The exfoliated cells from the lines differed in shape, but exfo-
liated cells from both primary cultures and cell lines commonly had pycnotic nuclei
(Figure 1D–G).

Tumorigenicity tests on cell lines of low malignant potential

Cell line (passage) Number of animals tested Number with tumors

5 � 105 2 � 106

4C9 (17) 3 0/2 0/1

4C9 (38) 4 2/2 1/2

165S (16) 4 0/2 0/2

165S (32) 4 0/2 1/2

2C1 (13) 3 0/1 0/2

2C1 (23) 3 0/1 0/2

Table 1.
Cells of low malignancy tested in athymic nude mice.

Tumorigenicity tests on cell lines of high malignant potential

Cell line Animals tested Number with tumors

1 � 102 3 � 102 1 � 103

B2-1 (37) 25 5/10 8/10 5/5

BP3-0 (1) 15 5/5 5/5 5/5

MCA7 (21) 30 9/10 10/10 10/10

Table 2.
Cells of high malignancy tested in immune-suppressed, isogenic F44 rats.
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3.2 Cytokeratins of normal epithelial cultures

Previous studies provided information about the keratin proteins of different
cell types in the respiratory tract [1, 25, 28, 30, 45–53]. Methods for generating
primary cultures were also well-known, and such cultures maintained the ability to
repopulate normal epithelia after several weeks of growth in vitro [54]. Thus, the
cytokeratins of the upper airways are summarized in Tables 3 and 4, and their
presence or absence determined for cell lines differing in growth potential.

Figure 1.
Morphology of tumorigenic cells in vivo and in vitro. (A) B2-1 tumor. The squamous cells in the outermost
epithelial layer exhibit pycnotic nuclei (arrows). Invasion into the surrounding tissue containing blood vessels
(bottom) is obvious. (B) BP3 tumor. Squamous cells of the differentiated epithelial layers show enucleated cells
(arrows) resembling keratin “pearls” (K). Cells are invading into the mesenchyme at the bottom. (C) Border of
a B2-1 metastasis to the lung. Nests of tumor cells (N) form at the boundary with the compressed lung tissue (L).
(D–G) Exfoliated cells. (D) Squames from normal cell cultures with pycnotic nuclei (arrows), (E) BP3 with
pyknotic nuclei, (F) 165S cells with pyknotic nuclei (arrow), (G) 4C9 cell. Bars, (A) and (B) 500 μm, (C)
200 μm, (D–G) 20 μm.
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Due to the fact that cytokeratins are highly conserved throughout evolution, it
was possible to gather preliminary data by overlaying a map of the cytokeratins [1]
on the proteins separated by 2D-PAGE. As shown in Table 3, the posttranslational
modifications of CK14 and CK15 had minor effects on their position in 2D-PAGE, so
they were used to center the map (Figure 2a). The spot representing CK17 (241
PSM) was confirmed by LC–MS–MS but also contained CK19 (99 PSM) and CK42
(97 PSM). The levels of the latter two appeared high as estimated by PSM, but were
much lower than CK17 when the MS1 area of unique sequence was analyzed. These
proteins, CK19 (89 PSM), CK17 (56 PSM), and CK42 (34 PSM), also made up the
band at 42–43 kDa. CK42 was not displayed on the map of human cytokeratins [1],
because it is a rodent cytokeratin that was lost in primates [56].

The CK5/CK14 pair was characteristic of basal cells of the normal mouse respi-
ratory tract [52]. However, CK5 often occurred in the absence of CK14 in the
human airway epithelium [57], and the latter was considered a marker for meta-
plasia [58]. Because primary tracheal cultures were largely made up of basal cells
[59], the presence of the CK5/CK14 pair was anticipated. The CK14 spot was
prominent, and the 56-kDa band contained both CK5 (311 PSM) and CK6A

MW kDa, pI* MW (rat) pI (rat) PTM (UniProt) From LC-MS-MS

MW pI MW pI

CK14†,‡ meth R, 1 phos 3 phos, 2 Ac

50, 5.3 52.68 5.09 53.76 5.04 53.01 4.88

CK15†,‡,¶ 7 phos

50, 4.9 48.87 4.81 49.43 4.60

CK19‡,§,¶,|| 9 phos, 5 meth R 2 Ac

40–44
4.6–5.2

44.64 5.23 45.51 4.56 44.72 5.10

CK16‡

46, 5.1 51.61 5.12

CK17‡,§ 2 phos 3 phos, 8 Ac

48, 5.1 48.12 4.97 48.28 4.89 48.62 4.64

CK10 6 phos

56.5, 5.3 56.50 5.11 56.90 4.90

CK18†,§,¶ 4 phos

45, 5.1–5.7 47.76 5.19 48.08 4.99

CK42 50.21 5.10

β-Actin Met oxidation 4 Ac

41.7
5.2–5.3

41.74 5.32 41.77 5.32 41.91 5.03

*The MW (kDa) and pI on the left column are for human keratins [1]. Proteins of the same family are identified by
colored typeface [55]. The effect of PTMs is modeled as described in Section 2. Abbreviations used are phos,
phosphorylation; meth, methyl; Ac, acetylation.
†Submucosal glands.
‡Basal cells.
§Clara cells.
¶Ciliated cells.
||Cuboidal bronchiolar cells.

Table 3.
Type I proteins and β-actin between 4.6 and 5.3 pI compared to the human map.
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(272 PSM), as shown in Figure 2b. The amount of CK13, a marker of cornified
squamous differentiation, was negligible, but another squamous cell marker, CK10,
was sometimes present (Figure 2a).

Cells of the glands and gland ducts were previously shown to express CK14,
CK15, CK18, and CK19 [45], and CK18 was also found in columnar and mucous cells
[27]. CK8/CK18/CK19 characterized all columnar cells in the upper airways in vivo,
including gland cells [28] and Clara cells [53], but were absent from basal cells of
the bronchi [28, 45]. Whereas CK18 was not found in primary rat tracheal cultures,
CK19 was present (Figure 2b). The band of 42–46 kDa spots contained both CK19
and CK42 and included β-actin. Although the theoretical range of β-actin pIs did not
extend further than 5.3 (Table 3), β-actin in this band extended up to pI 6.1. CK8,
which was shown to form heterodimers with both CK18 and CK19, was also present
in primary cells. In addition, small amounts of CK7 were present (Figure 2b).

3.3 Is the cytokeratin profile changed by sequential passage of a cell line?

As oncogenic transformation generally gives rise to genomic instability, it is
possible that sequential passage of a line might alter the cytokeratin expression.
Samples from the 4C9 line were collected in passages 12–14 and compared to
samples collected at passages 33 and 34. Proteins in the MW range of 45 kDa
extended into more basic pIs in 4C9 than in normal cells, but this pattern was
unchanged with passage levels. Similarly, bands of very low pI (less than 3.9) at
approximately 61 and 55 kDA, were unaltered (cf. Figure 2a and Figure 3a).

MW kDa, pI* MW (rat) pI (rat) PTM UniProt (1)
LC-MS-MS (2)

From LC-MS-MS

MW pI MW pI

CK4

59, 7.3 57.67 7.24

CK5† (1) 11 phos
(2) Met oxidation

3 Ac

56, 7.4 61.83 7.37 62.71 5.22 61.95 6.20

61.91 7.37

CK6A† (2) Met oxidation 8 Ac

56, 7.8 59.25 7.62 59.33 7.62 59.58 5.72

CK7†,‡,§ (1) 8 phos 2 Ac

36.7–54,
4.6–6.0

50.71 5.70 51.35 5.29 50.79 5.51

CK8‡,§ (1) 22 phos
(2) Ac

5 Met oxidation

49.7–54,
5.4–6.1

54.02 5.85 55.78 4.65 54.10 5.85

54.10 5.60

*The MW and pI on the left column are for human keratins [1]. Proteins of the same family are identified by colored
typeface [55]. Abbreviations used are phos, phosphorylation; Ac, acetylation.
†Basal cells.
‡Clara cells.
§Ciliated cells.

Table 4.
Type II cytokeratins of upper airways corresponding to pIs 4.6–7.8 of human.
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Although a 4C9 sample from passage 33 showed a trace of CK13, this was also
present in samples from the early passages. K13 was expressed in squamous meta-
plasia [22] and cultured tracheal cells [23]. The sporadic K13 spots observed in the
current studies were consistent with the fact that, although the cells studied here
showed signs of squamous differentiation, they were not cornified.

3.4 Differences in the actin and cytokeratins related to immortalization

The extension of the band containing actin and CK19 proteins into more basic pI
ranges (cf. Figures 2b and 3a) suggested that there may have been posttranslational
modifications. Acetylation occurred on β-actin, as Lys61, Lys113, Lys213, Lys291,
Lys315, Lys326, and Lys328 were found by LC-MS-MS. Modeling the addition of

Figure 2.
Map of human cytokeratins [1] overlaid on a 2D-PAGE gel from normal tracheal epithelial cells. (a) Type I
cytokeratins. There is a small spot at the site of CK10, and CK14 and CK17 are prominent. The proteins at 42–
46 kDa are β-actin and CK19 mixed with degradation products from CK8 and CK5. At a highly acidic pI, the
ubiquitinated CK14 and CK17 proteins are present (see Table 5). (b) Type II cytokeratins. CK6A and CK5
are present at MW �56 kDa, while low MW proteins, CK7 and CK8, migrate to lower pIs than other type II
proteins. Proteins confirmed by LC-MS-MS analysis are underlined in Tables 3 and 4.
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these residues together with Met sulfoxide modifications reported in the Uniprot
database did not markedly change the predicted pI of β-actin, nor did any CK19
modifications found here shift the pI (Table 3). The 2C1 line, which had the lowest
tumorigenic potential (Table 1), resembled 165S in the pIs of these 42–46 kDa
proteins (cf. Figure 3b and c). The three lines showed slight differences in the
cytokeratins of higher MW. In some 165S samples, the protein identified as CK14
was resolved into two spots (Figure 3b). The second was similar in MW but
differed in pI, as would be expected for CK16. Likewise, in certain samples, the
CK17 spot was resolved into two proteins. This is shown in a replicate 2D-PAGE
experiment on the tumorigenic line (see Appendix, Figure A1). Trace amounts of

Figure 3.
Cytokeratins from nonmalignant cell lines. The calculated MW is given in parentheses (see Tables 3 and 4).
(a) 4C9. Type I cytokeratins, CK14 (53 kDa) and CK17 (48 kDa), are present along with actin and CK19
(below the marker for CK18) and type II CK5/CK6A (56 kDa) and CK8 (54 kDa). There is a faint spot in
the region of CK13 (circled). Proteins present at high MW and pI of 3.5–3.9 are ubiquitinated CK14 and
CK17. (b) 165S. The spot identified in (a) as CK14 (53 kDa) is resolved into two spots. CK7 (51 kDa) is
present as a faint band below CK6A. (c) 2C1. The same cytokeratins are present as in (a) including a large
amount of CK5/CK6A. As in (b), the β-actin/CK19 band extends beyond 5.8 pI.
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CK15 and CK16, found by LC-MS-MS analysis, were thought to reflect sporadic
expression of these species. The spots sampled are shown in Appendix A (Portions
of gel sampled for LC-MS-MS, Figure A3).

3.5 Cytokeratin profiles of malignant lines

The profile of samples from MCA7 and BP3 generally resembled normal cells. In
particular, they had prominent bands containing CK8 (cf. Figures 3b and 4a-b, and
Appendix Figure A2). The mass represented in the type II cytokeratin, CK6A,
declined in samples from all malignant lines, compared to primary and
nonmalignant cells (cf. Figures 3 and 4). Unless the decrease in CK6A was

Figure 4.
Cytokeratins from malignant cell lines. The calculated MW is given in parentheses (Tables 3 and 4). (a)
MCA7. The type I CK14, CK17, and K19 were mapped, along with type II cytokeratins, CK5/CK6A
(62 kDa/59 kDa), and CK8 (54 kDa). The actin/CK19 band occupies a similar range of pI as in normal cells.
Faint bands are visible at pI 3.7 (arrowheads). (b) BP3. The profile resembles that in (a), except that the
actin/CK19 range extends beyond 5.9. (c) B2–1. The profile resembles (a) and (b), but CK8 is absent and
proteins of the actin/CK19 band are increased.
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accompanied by an increase in another type II protein or a reduction in type I
proteins, it would mean an imbalance between acidic and basic cytokeratins. This
implication was investigated by determining the frequency of observing each major
cytokeratin in the nonmalignant and malignant lines. The results suggested that the
decline in CK6A content occurred over the entire range of pIs (uppermost markers,
Figure 5a). There were also changes in a lower MW range within the pI range,
5.8–6.0. The actin/CK19 band was slightly more apparent in malignant cell samples
at the extreme end of the pI range (lowermost markers, Figure 5a). With respect to
the type I cytokeratins, two spots were occasionally observed at the location of CK17
in BP3 samples (Figure 5b). CK15 may have been resolved from CK17 at this
location, as mentioned above. Results of replicate experiments on the highly
malignant lines are shown in Appendix Figure A2.

The implication that there was a reduced content of basic cytokeratins was
further investigated by selecting a representative 2D-PAGE image for each line and
measuring the intensities of all spots. The results suggested that CK6A was the
predominant type II cytokeratin in all samples except those from B2-1 where it
varied widely. Thus, the total levels of type II closely followed those of CK6A. In the
B2-1 line, CK7/CK8, and CK19 were elevated (Figure 5c). Heterodimers formed

Figure 5.
Differences among the cytokeratins in selected samples from nonmalignant and malignant lines. (a, b) The
frequency of observing a cytokeratin is represented by symbols for nonmalignant (green) and malignant
(yellow). (a) Percentage of gels in which CK5/CK6A (uppermost), CK8 (middle), and the actin/CK19 band
(lowermost) were present. (b) Percentage of gels in which CK14 (upper) and CK17 (lower) were present.
(c) Content of type II cytokeratins and markers for secretory and hyperproliferating cells. Total type II content
is similar to CK6A content except for the B2-1 line, where there is less CK6A. The results are representative of
27 gels.
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between CK7/CK8 and CK19 were considered a marker for columnar or secretory
cells (Tables 3 and 4). Interestingly, CK18 and CK19 were identified in sero
(mucous) glands [28] and also found, along with CK7 and CK8, in large cell neuro-
endocrine carcinomas in vivo [60]. This suggested that B2-1 arose from a differen-
tiated mucous, neuroendocrine, or Clara cell. Nevertheless, the total mass of type I
cytokeratins also exceeded type II in the MCA7 line, which was apparently not
derived from a differentiated cell type. Thus, the shortfall in type II content was not
restricted to the B2-1 line.

3.6 Is there a general difference between nonmalignant and malignant?

While the results of Figure 5 suggested a decrease of CK6A, a larger mass of
protein in the 42–46 kDa band would automatically have reduced the amount of
CK6A apparent at certain pI intervals. This band made up 25% of the mass in 2D-
PAGE preparations from malignant MCA7 cells. The mass of protein in high MW/
low pI bands was also variable (cf. Figures 2 and 3). For images in which most spots
were present, a quantitative analysis was performed. To this end, the integrated
intensities of proteins in the gels were computed in ImageJ. The results showed that
these ubiquitinated protein bands were present in all cell lines and made up 9–18%
of the total. The comparison also made it clear that lower CK5/CK6A content in the
B2-1 line (Figure 5c) was accompanied by greater CK8 content (Figure 6a).

It is widely thought that cells maintain a stoichiometry of 1:1 type I to type II,
and if any imbalance occurs, that they are able to restore the balance (see for review
[9, 61]). If the entire type II keratin gene cluster was eliminated, the CK14 expres-
sion level was also reduced [62], (see for review [10]), suggesting a dependency of
type I on type II expression. As the laddered arrangement of high MW bands at low
pIs (<3.9) suggested addition of 8.6 kDa subunits from ubiquitin, LC-MS-MS was
performed on tryptic digests to determine whether these proteins showed
SUMOylation or ubiquitination. The main constituents were CK14 (317 PSM), CK17
(179 PSM), CK42 (91 PSM), CK19 (76 PSM), CK12/13 (58 PSM), and CK15 (41
PSM). Some type II proteins, CK6a (67 PSM) and CK5 (47 PSM), were also found.
SUMO1-3 were not found, but sites of ubiquitin addition on CK14 and CK17 were
identified (Table 5). For CK14 Lys153 and CK17 Lys374, the same residue was
alternatively acetylated or ubiquitinated. Most of the peptide represented was in
one of these two forms, suggesting near-universal modification at those sites. One
of the ubiquitinated sites in CK17 (K172) was homologous to that of CK19
(Table 6). Thus, although the bands at very low pI contained some basic
cytokeratins, the shortfall of type II content could not be explained by selective
ubiquitination, as these bands were mainly composed of type I proteins (Table 5).

The reason for the extremely low pI of these proteins was unclear. While both
CK14 and CK17 are acetylated, modeling the effect of this PTM only slightly
changed the estimated pI (Table 3). Modeling the addition of both acetyl groups
and ubiquitin B onto CK17 gave a pI of �5.1 and MW of �74 kDa. The acidic pIs
may have been due to PTMs not detected, or the proteins’ configurations may have
changed, causing basic charges to be sequestered in regions of the protein that were
relatively resistant to unfolding.

In skin in vivo, ubiquitination of CK14 levels occurred in the basal cells, and so
the above data were consistent with the known mechanism whereby Kelch protein,
Cul3 substrate adaptor, recruited CK14 for ubiquitination [63]. As ubiquitinated
cytokeratins were more soluble in Triton X-100 [64], the fractionation method of
the current experiments could have resulted in artifactual loss of ubiquitinated
proteins. As mentioned above for mass determinations, this could have accounted
for a shortfall in type I, but not type II cytokeratins. Another possible source of
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artifact was phosphorylation, which again increased solubility and caused protein to
be lost following dissolution of the filaments [4]. Although phosphosites were
found in the current studies, they occurred in type I and type II alike (Table 6). As
acetylation had a similar effect on solubility (see for review [10]), it is possible that
the higher acetylation of CK6A accounted for some shortfall of the type II proteins.

Another source of artifact could be the variable mass of actin in the actin/CK19
band. Having been counted in the area of the acidic cytokeratins, the mass of actin
could cause an artificial elevation in the mass counted as type I. MCA7 and 4C9
samples were at the opposite extremes of high and low 42–46 kDa content
(Figure 6a). Despite being between these extreme values, BP3 cells still had less
type II, suggesting that the actin band could not explain the effect overall. By
assuming that the proteins at high MW and pI <3.9 were unavailable for filament

Figure 6.
Areas of spots identified on 2D-PAGE gels. The areas occupied were measured and represented as a fraction of
the total area occupied by proteins on the gel. (a) Fraction occupied by CK8, bands of high MW and low pI,
and proteins in the 42–46 kDa band. (b) Fraction of type II cytokeratins as a fraction of the total active
cytokeratin, which was defined as the total area minus the area of the ubiquitinated cytokeratins. (c) Average
integrated intensity of type II cytokeratins of nonmalignant versus malignant lines. Bars, � standard error of the
mean for 4–9 samples from each line.
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ID Name PTM Peptide With PTM (%)

Q6IFV1 CK14 Acetyl-K139 LATYLDKVR 54.5

Acetyl-K153 ALEEANSDLEVKIR 83.6

Ubi-K139 LATYLDKVR 4.0

Ubi-K153 ALEEANSDLEVKIR 16.4

Q6IFU8 CK17 Acetyl-K172 TKFETEQALR 23.7

Acetyl-K374 LLDVKTR 93.0

Acetyl-K172 TKEFETEQALR 0.7%

Ubi-K374 ILLDVKTR 2.5
*Ubiquitinated and acetylated sites of cytokeratins of high MW and low (<3.9) pI.

Table 5.
Ubiquitination in cytokeratin spots of high MW identified by LC-MS-MS.*

ID CK PTM (First residue) Site

Q6IFV1 14 Phos (7) QFTSSSSMKGSCGIGGGSSR T9

14 Phos (209) TKFETEQSLRINVESDINGLR T213, S216

Q6IFU8 17 Phos (7) QFTSSSSIKGSSGLGGGSSR S13

17 Ac (130) DYSAYYQTIEDLKNK K142

17 Ac (202) ADLEMQIENLKEELAYLKK K212, 219, 220

17 Ac (408) TIVEEVQDGKVISSR K420

Q6IFU7 42 Phos (316) SVQNLEIELQSQLSM S316

Q63279 19/17 Ac (94) LASYLDKVR K100

Q63279 19/17 Ac (170) TKFETEQALR K171

Q63279 19/17 Ubi (170) TKFETEQALR K171

Q63279 19 Ac (144) ILGATIENSK K153

19 Ac (257) SQYEAMAEKNRK K265

Q6P6Q2 5 Phos (30) TTFSSVSR T30

5 Phos (45) VSLGGAYGAGGYGSR S46

5 Ac (60) SLYNVGGSKR K68

5 Ubi (60) SLYNVGGSKR K68

5 Ac (274) DVDAAYMNKVELEA K282

5 Ac (426) NKLTELEEALQK K427, 437

5 Ac (262) TTAENEFVMLKK K272

Q6IG12 7 Ac (324) AKLESSIAEAEEQGE K326

Q6IG12 7/8 Ac (182) TAAENEFVLLKK K192

Q6IG12 7/8 Ac (388) KLLEGEESR K388

Q6IG12 7/8 Ac (91) TLNNKFASFIDK K102

Q10758 8 Ac (317) LQAEIDALKGQR K325

Q4FZU2 6A Ac (150) TEEREQIKTLNNK K157

6A Ac (172) FLEQQNKVLDTK K178

6A Ac (240) SKYEDEINRR K241
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formation, it was possible to get an accurate estimate of the type I:type II ratio for
each line. Type II proteins from nonmalignant cells made up 49–52% of the total
(Figure 6b and c), suggesting a balance close to the hypothetical 1:1. In the malig-
nant lines, basic cytokeratins constituted 39–46% of the total protein in 2D-PAGE
gels. Despite its variability in malignant lines (Figure 6c), the lesser fractions
suggested a shortfall of type II in the total cytokeratin fraction.

4. Discussion

Investigators’ attempts to address the relationship between cytokeratins and
growth control have been frustrated by the tremendous complexity of cytokeratin
expression. In the current research, this was overcome by growing cells in media
with the same composition and collecting them in the log phase of growth in vitro.
This relieved the constraints of the in vivo environment. The cytokeratin profile
became surprisingly similar to normal, primary cells, even for lines differing in
growth potential in vivo. Despite the fact that the rat lines all formed squamous cell
carcinomas upon testing in hosts, the cytokeratins typical of human airway squa-
mous cell carcinomas in vivo [28] were much reduced. There was little representa-
tion of cornification markers, and CK4, the characteristic cytokeratin of stratified
epithelia, was rare. In contrast, cytokeratins that were not prominent in vivo, e.g.
CK6A and CK17, were present at high levels.

Thus, the conservatism of cytokeratin expression, which has made these pro-
teins useful markers of a tumor’s cell type of origin, was overcome by the in vitro
conditions. Comparisons among the cultured lines suggested that B2-1 cells were
derived from mucous cells or Clara cells, but otherwise there was a dearth of
differentiation markers. For example, CK5/CK14 characterize the basal cells of
compound epithelia, but the in vitro cultures showed CK5 levels that were far lower
than CK14. The CK8/CK18 pair making up loose filaments, called “the simple-
epithelial keratins”, characterized the lumen linings of pseudostratified and com-
plex epithelia (see for review [1]). This pair was found in most non-small cell lung
cancer lines [65]. Whereas CK8 was present in most of the samples analyzed here, it
was at lower levels than CK6A, except in the B2-1 line which apparently originated

ID CK PTM (First residue) Site

6A Ac (250) TAAENEFVTLKK K260, 261

6A Ac (328) AQYEEIAKR K335

6A Phos, Glyc (339) AEAESWYQTKYEELQITAGR S342, O-GalNAc

6A Ac (365) NTKQEISEINR K367

6A Ac (380) LRSEIDHVKK K388

6A Ac (389) KQIANLQAAIAEAEQ K389

6A Ac (414) GKLEGLEDALQK K415

6A Ac (433) LLKEYQDLMNVK K435

6A Ac (523) GISSGLSSSGGSSSTIK K539

6A Glyc (523) GISSGLSSSGGSSSTIK S525
*PTMs are on unique peptides unless otherwise designated. Ac = acetyl, Phos = phosphate, Glyc = O-GalNAc,
Ubi = ubiquitin.

Table 6.
PTMs identified by LC-MS-MS in the cytokeratins of airway epithelium.*
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from a columnar cell type. In the airway epithelium in vivo, CK6 and CK16 were
upregulated during development of squamous metaplasia [22, 66], as was CK14 in
proliferating airway cells [52]. CK6A, typically paired with CK16, was a marker of
hyperproliferation and wound healing, but the current results suggested that CK17
substituted for CK16 in the airway epithelial cultures. The CK6A/CK17 pair charac-
terized both normal cells, nonmalignant, and malignant cell lines, suggesting that it
was a hyperproliferation marker and unrelated to malignancy.

One novel observation from these studies was that �10% or more of the
cytokeratin mass is ubiquitinated. These species do not seem to have been reported
previously but may have been missed because they occupy very low pI regions after
2D-PAGE. Although these bands might represent disordered proteins that are being
recycled, only ubiquitin-mediated targeting for degradation has been reported to date
[61, 63, 64]. As very little type II cytokeratin content was found in the highly acidic,
ubiquitinated bands, turnover mainly affected type I proteins. A previous proposal,
based on knockout of the type II genes, held that acidic cytokeratins were degraded
rapidly in the absence of basic cytokeratins [67]. This is supported by the current
work. The type I and II cytokeratin content is normally equal, but the contents here
were not equally weighted. If the ubiquitinated protein content had been included in
the mass estimates, an even higher type I:type II ratio would have been represented.
The shortfall, however, became noticeable in the lines of high malignancy.

Previous evidence suggested that high levels of CK8 can facilitate tumor pro-
gression (see for review [9]). Although CK8 levels were elevated in some samples of
the metastasizing cell line, B2-1, this may reflect its derivation from a differentiated
secretory cell rather than oncogenic transformation. On the other hand, the species
of 42–46 kDa and high pI, especially CK19, are of interest. The samples from
tumorigenic and malignant lines generally differed in the migration of CK19 and/or
actin to higher pI. PTMs leading to a high pI in CK19 were previously associated
with worse prognoses in adenocarcinoma [51]. While subcellular reorganization of
cytokeratins is typical of cells with invasive or malignant traits [6, 31], it remains
unclear whether this is due to signaling or merely mechanical properties. Some of
the cytokeratins were implicated in signaling, but clear relationships to growth
control were lacking. CK18 and CK19 bound 14-3-3 proteins (see Introduction) and
Src kinase was inhibited by its association with CK6 [68]. If type I cytokeratin
expression depended on the presence of type II, as suggested above, it is possible
that greater turnover of acidic proteins occurred. This may account for the current
finding of ubiquitylated proteins at low pI. Thus, further studies on the deficit in 1:1
ratio of basic to acidic cytokeratins may shed light on the mechanism of structural
revision during tumor progression.
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A. Appendix

A.1 Portions of gel sampled for LC-MS-MS

The identity of the proteins on gels was determined by reference to a 4C9
sample. Six positions on the gel, shown on Figure A3, were excised for LC-MS-MS.
The MS raw files can be found at pCloud.
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https://u.pcloud.link/publink/show?code=kZuGtUXZjqkXZG6pCyJ-
TO3VJHoKAWna7dM8gSU9gV

Figure A1.
Replicate experiments on cytokeratins from nonmalignant lines. In 4C9, CK14 (53 kDa) and CK17 (48 kDa)
are present along with actin and CK19 (below the marker for human CK18) and type II CK5/CK6A
(56 kDa) and CK8 (54 kDa). Bands are also present at high MW and low pI (3.5–3.9). In 165S, CK14 and
CK17 are present, along with actin and CK19. Type II cytokeratins are represented by CK5/CK6A (56 kDa)
and CK7 (51 kDa). In 2C1, the same cytokeratins are present as in 4C9.
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Figure A2.
Replicate experiments on cytokeratins from malignant lines. Type I cytokeratins, CK14 and CK17, were
identified in all samples by reference to the map of human cytokeratins. Spots representing CK42 and CK19 are
close to the CK18 marker. In MCA7, the type II cytokeratins found were CK5/CK6A (62 kDa/59 kDa), and
CK8 (54 kDa). Faint bands are visible at low pI. In BP3, the profile is similar except that CK6A is the
predominant type II cytokeratin. There is also a faint spot near the marker for CK15, as well as four bands at
low pI. In B2-1, the CK8 band and proteins of the actin/CK42/CK19 band are prominent. Again, there are
four discrete bands at low pI.
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Figure A3.
Cytokeratins from 4C9 identified by LS-MS-MS.
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Chapter 2

Genetic Abnormalities, 
Melanosomal Transfer,  
and Degradation inside 
Keratinocytes Affect Skin 
Pigmentation
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Abstract

Skin pigmentation is a specific and complex mechanism that occurs as a result 
of the quantity and quality of melanin produced, as well as the size, number, 
composition, mode of transfer, distribution, and degradation of the melanosomes 
inside keratinocytes and the handling of the melanin product by the keratinocyte 
consumer. Melanocyte numbers typically remain relatively constant. Melanin syn-
thesis, melanosome maturation, and melanoblast translocation are considered to 
be responsible for hereditary pigmentary disorders. Keratinocytes play a significant 
role in regulating the adhesion, proliferation, survival, and morphology of mela-
nocytes. In the epidermis, each melanocyte is surrounded by 30–40 keratinocytes 
through dendrites and transfers mature melanosomes into the cytoplasm of kerati-
nocytes, which are then digested. Melanocytes are believed to transfer melanosomes 
to neighboring keratinocytes via exocytosis-endocytosis, microvesicle shedding, 
phagocytosis, or the fusion of the plasma membrane, protecting skin cells against 
ultraviolet (UV) damage by creating a physical barrier (cap structure) over the 
nucleus. An understanding of the factors of melanocytes and keratinocytes that 
induce pigmentation and the transfer mechanism of melanosomes to keratinocytes 
and how genetic abnormalities in keratinocytes affect pigmentary skin disorders 
will help us to elucidate hereditary pigmentary disorders more transparently and 
provide a conceptual framework for the importance of keratinocytes in the case of 
pigmentary disorders.

Keywords: melanin transfer, melanosome, melanocytes, keratin, keratinocytes,  
skin pigmentation

1. Introduction

The skin is the outermost organ, covering the whole body. It helps with tempera-
ture regulation, immune defense, vitamin production, and sensation. However, skin is 
also associated with many potential problems, with over 3,000 possible disorders [1]. 
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Furthermore, its color has social, spiritual, cosmetic, and medical issues associated 
with it. The color of human skin depends on the distribution of melanin, a pigment 
produced in melanosomes in the melanocyte cytoplasm via the tyrosinase reaction. 
Skin produces melanin within the melanocytes of the interfollicular epidermis through 
a multi-stage process called melanogenesis. The subsequent transfer, translocation, 
and degradation of melanin to, in, and by the recipient keratinocytes, respectively, 
causes pigmentation. The skin can protect itself from solar irradiation, thanks to this spe-
cific and complex pigmentation mechanism. The nature of pigmentation is determined 
by the quantity and quality (pheo/eumelanin ratio) of melanin and the size, number, 
composition, mode of transfer, distribution, and degradation of the melanosomes 
inside keratinocytes, as well as the handling of the melanin product by macrophages. 
On the other hand, melanocyte numbers tend to remain relatively constant. The 
dysregulation of the process of melanogenesis can cause several types of pigmentary 
defects, classified as either hypopigmentation, hyperpigmentation, or mixed hyper/
hypopigmentation [2–4]. Hereditary pigmentary disorders occur mostly due to genetic 
deficiency in melanin, irregular melanin synthesis in melanocytes, abnormal melano-
some maturation, and melanoblast translocation. Various physiological factors, includ-
ing autocrine and paracrine hormones/cytokines, also modulate skin pigmentation.

Keratins are specific to epithelial cells and one of the cytoskeletal proteins 
that provide structural support to keratinocytes through intermediate filament 
networks. Approximately 21 different keratins have been reported to be associated 
with different hereditary disorders [5]. Keratinocytes are crucial in the organization 
of cell adhesion, as well as the proliferation, survival, and morphology of melano-
cytes. Keratins also play a pivotal role in the uptake of melanosomes into keratino-
cytes, organelle transport, and nuclear anchorage, indicative of their involvement 
in intracellular transportation [6]. Several studies have claimed that the keratin 
5 head domain interacts with heat shock cognate 70 (Hsc70) and is involved in 
organelle transport [7, 8] and chaperone-mediated autophagy.

Many studies have been performed to elucidate the role of keratinocytes in 
pigmentation; however, the transfer mechanism of melanin to keratinocytes 
remains ambiguous. It has been postulated that melanocytes transfer melanosomes 
to neighboring keratinocytes via exocytosis-endocytosis, microvesicle shedding, 
or phagocytosis. In this chapter, the factors of melanocytes and keratinocytes that 
induce pigmentation and the potential mechanism of melanosomal transportation 
to the surrounding keratinocytes, and how genetic abnormalities in keratinocytes 
affect pigmentary skin disorders are reviewed to develop a basis for the role of 
keratinocytes in pigmentation.

2. Skin pigmentation is regulated by several factors of melanocytes

2.1 Melanosome biogenesis and melanogenesis process

Melanocytes are unique neural crest-derived cells that synthesize and 
store melanin pigments in melanosomes, which are specific membrane-bound 
organelles that share several features with lysosomes. In particular, they contain 
acid-dependent hydrolases and lysosomal-associated membrane proteins [9]. 
Melanosomes are members of the cell-specific organelle family, termed lysosome-
related organelles (LROs), which also comprise lytic granules observed in cyto-
toxic T lymphocytes and natural killer cells, MHC class II compartments (MIICs) 
observed in antigen-presenting cells, basophil granules, platelet-dense granules, 
azurophil granules observed in neutrophils, and Weibel-Palade bodies observed in 
endothelial cells [10].
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Most pigment-specific proteins are localized in melanosomes [11] and are 
divided into three distinct groups—structural fibrillar proteins required for 
melanosome structure and binding of melanin, enzymatic components required 
for melanin synthesis, and proteins required for melanosome transport and 
 distribution [12, 13].

Melanosomes can be morphologically classified into four distinct stages (I–IV) 
based on melanosomal maturation and three important structural proteins that form 
melanosomes—melanosomal matrix protein (PMEL17/Silv/GP100), melanoma 
antigen recognized by T cell-1 (MART-1), and glycoprotein nonmetastatic mela-
noma protein b (GPNMB/DC-HIL/osteoactivin) (Figure 1). Intraluminal fibrils 
begin to form in amorphous spherical stage I melanosomes and develop a meshwork 
characteristic of stage II melanosomes, both of which are considered to be pre-
melanosomes and do not contain melanin. MART-1 has been previously observed 
in earlier melanosomal stages [14]. In stage II, melanin synthesis begins within the 
fibrillar and is deposited uniformly on the internal fibrils that evolve into stage III. 
Melanin is deposited on the PMEL17 fibrils in stage III. MART-1 plays a significant 
role in the maturation of PMEL17 [14]. In the last stage (IV) of maturation, copious 
amounts of melanin fill the melanosomes and form a masked internal structure and 
dark color. GPNMB, a melanosome-specific and proteolytically released protein, is 
superabundant in late melanosomes [15] and is crucial for the formation of melano-
somes in a microphthalmia transcription factor (MITF)-independent fashion [16]. 
Recent studies have shown that early melanosomes are derived from the endoplasmic 
reticulum (ER), coated vesicles, lysosomes, and endosomes [17–19].

The enzymatic components of melanosomes help melanosomes reach their 
ultimate stage of melanosomal maturation. Melanosomal enzymatic components, 
including TYR, tyrosinase-related protein-1 (TYRP1), and dopachrome tautomer-
ase/tyrosinase-related protein-2 (DCT/TYRP2), play major roles in melanin synthe-
sis (Figure 1). TYRP, a critical copper-dependent enzyme, catalyzes the conversion 
of L-tyrosine to L-3,4-dihydroxyphenylalanine (L-DOPA), the rate-limiting step in 
melanin synthesis. Copper oxidization deactivates this enzyme but can be activated 
by electron donors, such as L-DOPA, ascorbic acid, superoxide anion, and nitric 

Figure 1. 
Factors of melanocyte that regulate skin pigmentation. The figure illustrates components that are involved in 
melanosomal transportation, enzymatic activates, motor activates, and transcriptional regulation.
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oxide (NO) [3, 20, 21]. Protein kinase C-β (PKC-β) phosphorylates two serine 
residues of the cytoplasmic domain and activates tyrosinase [22]. Mutations that 
inactivate this enzyme result in the most severe form of oculocutaneous albinism 
(OCAIa). TYRP1 and TYRP2 are also found in the membrane of melanosomes, and 
it is assumed that TYRP1 is involved in the activation and stabilization of tyrosi-
nase, melanosome synthesis, increasing the eumelanin/pheomelanin ratio, and 
working against oxidative stress due to its peroxidase effect [3, 20].

2.2 Melanosome trafficking

Melanosomes move from the perinuclear area to the periphery of melanocytes, 
and melanocytes transfer packaged melanin into adjacent keratinocytes because 
of the function of microtubules, actin filaments, and myosin, resulting in skin 
pigmentation [13]. Early melanosomes originate in the perinuclear area and move 
toward the periphery of melanocytes (i.e., dendrites) by kinesin and dynein 
mediate microtubule-dependent intracellular transportation systems (Figure 1). 
During this period, they eventually mature and turn into late (pigmented) mela-
nosomes [23, 24]. Kinesins ensure the centrifugal movement of melanosomes, 
and melanosomal cargo is transferred from microtubules to F-actin in dendrites. 
RAB27A, melanophilin (MLPH), and myosin-Va (MYO5A) induce complexes to 
connect melanosomes to F-actin-based motors. Mutations in any of these genes 
induce a noticeable accumulation of pigments in the perinuclear region of mutant 
melanocytes due to the disruption of their transport to the dendrites [25], result-
ing in various forms of Griscelli syndrome (types II, III, and I, respectively) in 
humans [26]. This is manifested by mouse Melan-a cells by RAB27A linking to 
synaptotagmin-like 2 (SYTL2), prompting SYTL2 to dock melanosomes at the 
plasma membrane, suggesting that SYTL2 plays a role as a regulator of melano-
some exocytosis [27–29].

2.3 Melanogenic regulation in melanocytes

The most vital transcription factor that regulates melanocyte function is 
MITF, which controls the expression of the melanogenesis enzymes TYR, TYRP1, 
and TYRP2 (Figure 1) [30]. Mutations in MITF result in Waardenburg syndrome 
type 2 (WS2) [31]. The MITF promoter is regulated by various other transcription 
factors, including a paired box protein 3 (PAX3), sex-determining region Y-box 
9 and 10 (SOX9 and SOX10), lymphoid enhancer-binding factor 1 (LEF-1), and 
cyclic adenosine monophosphate (cAMP) responsive element-binding protein 
(CREB), which is phosphorylated by signals via the melanocortin-1 recep-
tor (MC1R) [13]. The roles of polymorphisms in MC1R have been thoroughly 
investigated in response to UV radiation and/or in controlling constitutive skin 
pigmentation among racial/ethnic groups [32]. Several physiological factors from 
fibroblasts, keratinocytes, and other sources also regulate the expression levels 
and functions of MITF [33].

3. Skin pigmentation is regulated by several factors of keratinocytes

Keratinocytes derived from dark skin, such as microphthalmia-associated 
transcription factors and tyrosinase, significantly stimulate the expression of 
melanocyte-specific proteins. It has been suggested that keratinocytes regulate skin 
pigmentation, at least in part, regardless of whether the melanocytes are derived 
from light or dark skin [34, 35].
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3.1 Keratinocyte-derived factors regulate melanocytes

Currently, it has been postulated that Foxn1/Whn/Hfh11, a transcription factor 
expressed by keratinocytes, is a regulator of keratinocyte growth and differentiation, 
and is also involved in melanocyte recruitment and induction of pigmentation in the 
skin through basic fibroblast growth factor (bFGF) production [36]. In summary, 
Foxn1 recruits melanocytes to their desired position and induces melanosome trans-
fer, acting as an activator of the pigment-recipient phenotype. Keratinocyte-derived 
factors that act as activators of melanocytes also include stem cell factor (SCF), 
hepatocyte growth factor (HGF), granulocyte-macrophage colony-stimulating 
factor (GM-CSF), nerve growth factor (NGF), α-melanocyte-stimulating hormone 
(α-MSH), adrenocorticotropic hormone (ACTH), endorphin, endothelin-1 (ET-1), 
prostaglandin (PG)E2/PGF2a, and leukemia inhibitory factor (LIF) (Figure 2) [37]. 
However, whether any of these factors are regulated by Foxn1 is unclear.

3.2 Melanosome transfer

Synapses between melanocytes and keratinocytes are believed to exist, such as 
in the neural system, wherein melanosome transfer occurs through these synapses 
via some unknown mechanisms. Protease (proteinase)-activated receptor-2 (PAR-
2), a G-protein coupled receptor, which is expressed on keratinocytes, seems to be 
closely involved in melanosome transfer. PAR-2 has a crucial role in mediating the 
phagocytosis of melanosomes in a Rho-dependent manner and in determining skin 
color phenotype [38]. Recently, it has been shown that the keratinocyte growth fac-
tor receptor (KGFR) plays a role similar to PAR-2 [39]. Keratinocyte phagocytosis of 
latex beads is enhanced by KGFR activation, and the addition of KGF to co-cultures 
induces the transfer of tyrosinase-positive granules. Phagocytosis via KGFR is 
dependent on the PAR-2-Rho pathway, as well as on Rac and Cdc42 activation [39]. 
Apart from phagocytosis, PAR-2 stimulates melanocyte dendricity and contributes 
to skin pigmentation. Stimulated keratinocytes release prostaglandins, PGE2, 
and PGF2a, which bind to the surface of melanocytes, thereby inducing dendrite 

Figure 2. 
Factors of Keratinocyte that regulate skin pigmentation. Foxn1 and p53 are directly involved in the 
up-regulation of pigmentation through bFGF and POMC derivatives, receptively. The figure shows all the 
relevant factors that enhance melanocyte growth and function.
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Figure 3. 
Exocytosis as a mode of melanosomal transfer to the keratinocyte. Melanosomal membrane fuses with the 
plasma membrane, thus release melanin. This released melanin is taken up by keratinocytes either endocytosis 
or phagocytosis.

formation [40]. Several physiological factors regulate the expression of PAR-2 (38), 
such as dickkopf 1 (DKK1), an inhibitor of the Wnt/b-catenin pathway [41].

The process of melanosome transfer to keratinocytes is not completely under-
stood at this time, although various assumptions have been proposed, including 
exocytosis, cytophagocytosis, fusion, and membrane vesicle transport [26].

4. Proposed mechanism of melanosomal transfer to keratinocytes

4.1 Exo/endocytosis

Regulated exocytosis is a multistage process in which the membranes of cyto-
plasmic organelles fuse with the plasma membrane in response to stimulation 
through which secretions are released from the vesicle to the cell exterior. Several 
types of regulated secretory exocytosis exist, including the exocytosis of synaptic 
vesicles and dense-core vesicles in the presynaptic compartment of neuronal cells, 
exocytosis of these vesicles (all over the plasma membrane) by neuroendocrine and 
endocrine cells, exocytosis of secretory granules at the apical plasma membrane of 
exocrine cells, and exocytosis by hematopoietic cells of various types of secretory 
organelles (Figure 3) [42].

According to the exocytosis theory, the melanosomal membrane fuses with the 
melanocyte plasma membrane, resulting in extracellular melanin, and the melanin 
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that is released is phagocytosed by a neighboring keratinocyte. As a result, melanin 
is transferred from melanocytes to keratinocytes (Figure 3).

This hypothesis is based on observations of human skin and hair follicles using an 
electron microscope, depicting ranased is phagocytosed by a neighboring keratinocyte. 
As a result, melanin is trannin is tranratinocyte. As a resultclathrin-coated pits [43, 44].

Melanocytes release melanin in the extracellular space in vitro after being stimu-
lated either with α-melanocyte-stimulating hormone or with the soluble domain 
of the β-amyloid precursor protein [45, 46]. The process is referred to as exocytosis 
because the released melanin is not surrounded by a membrane, as observed by 
electron microscopy, and melanocytes are known to express SNAREs and Rab 
GTPases molecules, which are involved in the regulation of exocytosis.

SNAREs contain three conserved families of membrane-associated proteins 
(synaptobrevin/VAMP, syntaxin, and SNAP25 families) that play a significant role in 
the later stages of membrane fusion. Several SNAREs have been identified in mela-
nosome-enriched fractions, including SNAP23, SNAP25, VAMP2, syntaxin 4, and 
syntaxin 6 [47, 48]. SNAP25 and syntaxin on the plasma membrane bind VAMP to the 
vesicle membrane. Some immunoprecipitation experiments have reported a degree of 
interaction between VAMP2 and SNAP23, but not with syntaxin 4, to achieve fusion.

Rab GTPases are another family of proteins that act in the tethering and docking 
of membranes before fusion. RAB27A contributes to the regulated exocytosis of 
various types of organelles [27]. Synaptotagmin-like protein2-a (Slp2-a) is a concur-
rent RAB27A effector that has been found in melanocytes [27]. It links RAB27A with 
phosphatidylserine and facilitates the attachment of melanosomes to the plasma 
membrane, which is an essential step in exocytosis. Interestingly, Slp2-a is a putative 
regulator of exocytosis at the neuronal synapse and is structurally homologous to 
synaptotagmin. Coupled exo/endocytosis of melanin transfer from melanocytes 
to keratinocytes in the core of the melanosome, termed melanocore [49] and the 
small GTPase Rab11b mediates the final steps of melanocore exocytosis prior to the 
transfer to keratinocytes [49]. One study found that the depletion of Rab11b, but not 
RAB27A, causes a decrease in keratinocyte-induced melanin exocytosis [49]. The 
exocyst is an evolutionarily conserved protein complex comprising eight subunits, 
including Sec8, Sec15, and Exo70 [50]. This complex plays an essential role in various 
processes, including cell migration, vesicle tethering, membrane trafficking, cilio-
genesis, autophagy, and cytokinesis. It is postulated that the exocyst is essential for 
melanocyte exocytosis and keratinocyte transfer [51]. Rab3, consisting of Rab3a-d, 
is also involved in exocytosis in several cell types [52, 53]. Rab3a is expressed in 
melanocytes, and its expression is downregulated by UV irradiation [47, 54].

Further support for the exocytosis hypothesis is based on findings regarding 
melanin in the keratinocyte cytoplasm, which are present in the same way it exog-
enously administered melanin by melanocytes [45, 55–58]. The distribution pattern 
of melanin granules seems to be dependent on size. The phagocytosis of small or 
large latex beads also results in aggregates and singly dispersed beads, respectively. 
Melanin granules aggregate after being ingested as single granules, indicative of the 
final stage in the lifecycle of melanin in keratinocytes.

Finally, melanocytes are closely related to both neuronal and hematopoietic cells 
because of their neural crest origin and secretory lysosome family belonging, respec-
tively [59]. Both synaptic vesicles and secretory lysosomes help regulate exocytosis 
upon stimulation, which suggests that melanin transfer occurs via similar mechanisms.

4.2 Cytophagocytosis

Phagocytosis is an essential process that maintains cellular homeostasis and is 
defined as the cellular engulfment of particles with a diameter of more than 0.5 



Keratinocyte Biology - Structure and Function in the Epidermis

36

mm. In the epidermis, the phagocytosis of melanosomes into keratinocytes is vital 
to protect their DNA against damage from ultraviolet B (UVB) radiation and is 
essential for triggering host defenses against invading pathogens, as well as in the 
elimination of damaged, senescent, and apoptotic cells in mammals. Phagocytes 
can be classified into two types—professional, such as macrophages, dendritic 
cells, and granulocytes and non-professional (or amateur), such as keratinocytes. 
Amateur phagocytes are slower, less mobile, and have a limited range of particles 
that they can take up [60]. Their phagocytic nature has been shown both in vitro 
[55] and in vivo [56].

The phagocytosis of a viable cell or an intact part of a viable cell is known as 
cytophagocytosis. The cytophagocytosis hypothesis of melanin transfer denotes the 
phagocytosis of intact melanocytic dendrite cells, known as the “dendrite tip.” First, 
the melanocytes extend their dendrites towards the surrounding keratinocytes 
to make contact. The keratinocytes respond with extensive membrane ruffling 
and engulf the dendrite tip using villus-like cytoplasmic projections. Next, the 
dendrite tip is squeezed and pinched off, thus forming a cytoplasmic poach filled 
with melanosomes. Then, a phagolysosome is formed by the fusion of lysosomes, 
and the degradation of the melanocyte membranes and cytoplasmic constituents 
occurs. Meanwhile, phagolysosomes are transported to the supranuclear region. 
Finally, the phagolysosome disintegrates into smaller vesicles containing a single 
melanin granule or aggregates of melanin granules, and are then dispersed over the 
cytoplasm (Figure 4) [61].

The hypothesis of the cytophagocytosis of melanosomes by keratinocytes is sup-
ported by evidence obtained using electron microscopy [43, 62–64]. Additionally, 
measuring the internalization of latex microsphere beads by keratinocyte phago-
cytosis has been shown to be activated by keratinocyte growth factor, which acts 
only on the recipient keratinocytes [39, 45]. The activation or inhibition of PAR-2 
expressed by keratinocytes, but not by melanocytes [65], regulates melanosome 
transfer via keratinocyte phagocytosis [39, 66]. Light and electron microscopy 
showed that exogenously added melanosomes are taken up by normal human kera-
tinocytes in a time-dependent manner, reflecting a possible melanosome transfer 
process in which melanosomes released into the extracellular space are phagocy-
tosed by keratinocytes [67].

Figure 4. 
Cytophagocytosis as a mode of melanosomal transfer to the keratinocyte. In this process, melanocytic dendrite is 
pinched off and phagocytosed, and resulting in the phagolysosome. Melanin granules are dispersed throughout 
the cytoplasm from this phagolysosome.
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4.3 Fusion of plasma membranes as a mode of transfer

The melanocyte plasma membrane fuses with the keratinocyte plasma mem-
brane, thus creating a pore or channel that connects the cytoplasm of both cells and 
through which melanosomes are transported (Figure 5).

The fusion assumption of pigment transfer has been suggested in pigmented 
basal cell carcinoma and the skin of black guinea pig ears [68]. Recently, it has been 
suggested that filopodia extend from the dendrite tips and cell body of melanocytes 
and fuse with the neighboring keratinocyte membrane, allowing for the passage of 
melanosomes [69] towards the keratinocyte membrane. Although the melanosomal 
transfer was observed via these protrusions, proof of membrane fusion was not 
unambiguously obtained. The similar optical properties of melanocyte and kera-
tinocyte membranes make it difficult to distinguish fusion via light microscopy. 
In contrast, thin projections were found directly connecting the melanocyte and 
keratinocyte cytoplasm in the electron micrographs of their co-cultures.

This mode of cell-cell communication transport could be considered as tunnel-
ing nanotubes [69], providing a network of various cultured cells and functioning 
as channels for organelle transport [70].

Figure 5. 
Fusion as a mode of melanosomal transfer to the keratinocyte. Melanosomes are passage through a channel. The 
plasma membrane of the melanocyte fuses with the plasma membrane of Keratinocyte to form this channel.
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Figure 6. 
Membrane vesicles as a mode of melanosomal transfer to the keratinocyte. Melanosomal vesicles either fuse with 
the plasma membrane of keratinocytes or ingest through phagocytosis.

Filopodial fusion with neighboring cells forms a tubular structure composed of 
actin filaments, with a diameter of 50–200 nm, directly connecting the cytoplasm 
of cells. The tube allows for the unidirectional transport of organelles and plasma 
membrane molecules, as opposed to soluble cytoplasmic molecules.

Similarly, interconnecting channels have been observed between cytotoxic T 
lymphocytes or natural killer cells, antigen-presenting cells to B cells and their 
respective targets, allowing for membrane transfer [71–73]. Tunneling nanotubes 
are observed in several cell types, indicating that they can provide a general mode 
of intercellular communication. However, further research on the phenomena of 
intercellular communication is still needed.

4.4 Membrane vesicles as a mode of transfer

These pieces of the membrane have been reported to travel from cell to cell. 
Proteins and lipids destined for transfer are concentrated on the plasma membrane, 
resulting in the formation of an extracellular vesicle, which travels to distant cells 
(Figure 6).

This mode of melanin transfer is usually not considered a mode of pigment 
transfer. However, two studies suggest that melanosome-containing membrane 
vesicles are phagocytosed by keratinocytes or fused with the keratinocyte plasma 
membrane as a model of melanin transfer. Flow cytometry analysis of a human 
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melanoma cell line revealed that vesicles can be identified according to their size 
and fluorescent properties upon neoglycoprotein binding [74]. The addition of neo-
glycoproteins could partially inhibit vesicle adhesion to keratinocytes because of the 
participation of carbohydrates in this interaction. The vesicles are finally swallowed 
by keratinocytes, thereby delivering melanin.

Another study showed that melanin transfers melanophores to fibroblasts [75]. 
Double membrane-covered melanin is transferred to distinct groups of recipient 
cells, some of which are located at a distance from the melanophore, suggesting that 
melanophores release melanin by the shedding of vesicles, and are subsequently 
recognized by fibroblasts through specific interactions.

Microparticles or microvesicles shed by live cells are believed to be formed upon 
the induction of cell stress, including cell activation and apoptosis, indicating true 
vectors of information exchange between cells [76]. This ubiquitous mode of material 
transfer for the delivery of melanosomes should be considered as a potential model.

In short, it is difficult to draw conclusions because none of the hypotheses 
provide concrete evidence. Naturally, these mechanisms are not mutually exclusive. 
Within this context, phagocytosis seems to be a necessary step for all proposed 
mechanisms, except for the fusion of plasma membranes.

5.  Translocation, distribution, and degradation of melanosomes  
by the keratinocyte

After being transferred into recipient keratinocytes, melanosomes are selec-
tively and predominantly translocated to the apical pole of the keratinocyte. As a 
result, they protect the underlying nucleus from mutagenic damage by absorbing 
UV light. This trafficking is mediated by cytoskeletal elements and microtubule-
associated motor proteins. Studies have reported that dynein co-localizes with 
phagocytosed melanosomal aggregates throughout the cytoplasm, predominantly 
at the microtubule-organizing center in keratinocytes [24].

The distribution of recipient melanosomes within the keratinocytes varies accord-
ing to complexion coloration, as demonstrated over a quarter of a century ago [77, 78]. 
Melanosomes are maintained as individual organelles throughout the cytosol of kerati-
nocytes in the dark. In light-skinned individuals, melanosomes are significantly smaller 
and aggregated into membrane-bound clusters of 4–8 organelles. Whether these distinct 
distribution patterns are determined by factors within the transferred melanosome or 
are innate to the recipient keratinocytes remains unclear.

A recent study showed that the distribution pattern of recipient melanosomes 
is dictated by the type of donor melanocyte. An in vitro skin reconstruction model 
was assessed using combinations of keratinocytes and melanocytes from different 
complexion colorations [79]. In contrast, the skin type from which the recipient 
keratinocyte was derived regulates the distribution pattern of transferred mela-
nosomes regardless of their size, as illustrated in the melanocyte/keratinocyte 
co-culture experiment [34]. However, the experimental context of these approaches 
casts doubt on the results. Therefore, the mechanism underlying the regulation of 
the distribution of melanosomes in the skin remains to be fully elucidated.

Melanosomes undergo degradation by the time they differentiate into cor-
neocytes. As observed in the interface between the stratum granulosum and the 
stratum corneum, few melanosome structures remain in corneocytes of very darkly 
pigmented skin 49, and no apparent melanosomes remain in the corneocytes of 
light skin. There is a need to identify the hydrolytic processes used by keratinocytes 
to degrade the dense melanosome/melanin. Hydrolytic enzymes have been found to 
be involved in melanosome degradation by keratinocytes [80].
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6.  Dermatological evidence of abnormal pigmentation due to 
abnormalities in keratinocytes

6.1 EBS with mottled pigmentation (EBS-MP)

Epidermolysis bullosa simplex (EBS) is an autosomal dominant inherited skin 
disease characterized by blistering. EBS with mottled pigmentation (EBS-MP) 
is a rare form of generalized EBS characterized by non-scarring blistering and 
small hyper- and hypopigmented spots that form a mottled to the reticulate pat-
tern. Using electron microscopy, an increased number of melanosomes within 
basal keratinocytes, dermal macrophages, and Schwann cells has been reported in 
EBS-MP patients. EBS-MP mostly involves the distal extremities and progressive 
mottled hyperpigmentation. During the neonatal period, differentiating EBS-MP 
from other subtypes is challenging due to the fact that pigmentary changes usually 
start later in infancy or childhood [81]. In the literature, most cases of EBS-MP 
have been attributed to a heterozygous missense mutation of KRT5 that results in 
the substitution of proline 25 with leucine (p25L) in the nonhelical V1 domain of 
KRT5 [81]. A 25-year-old Japanese woman and her cousin and a Chinese family 
have been reported as rare cases of EBS-MP due to a 1649delG mutation in the KRT5 
tail domain (V2) [82, 83]. Figure 7 shows a familial case of a 1-year-old girl and her 
father with EBS-MP, who developed mottled to reticulate pattern hyperpigmenta-
tion on the extremities, trunk, and face (Figure 7). Electron microscopy was used 
to evaluate a skin sample from the father (unpublished).

6.2 Dowling-Degos disease (DDD)

DDD is characterized by progressive and disfiguring hyperpigmentation 
primarily in the flexural areas, which is a rare autosomal dominant genodermatosis 
with variable penetrance due to haploinsufficiency of the KRT5 gene [84, 85] on 
chromosome 12q [84]. KRT5/KRT14 is a crucial element of the basal keratinocyte 
cytoskeleton. KRT5 dysfunction alters organelle transportation and epidermal 
differentiation. DDD usually develops after puberty and is clinically distinguished 
by brownish hyperpigmented macules that alter a reticular pattern. These macules 
are mostly located in the skin flexures (sub-mammary, axillae, and groin), cervical 
region, trunk, and anterior surface of the thighs and upper arms. Pinpoint papules 
with keratin plugs that simulate comedones are also found in the palmar,  axillary, 
cervical, perioral, and gluteal regions. Some studies have shown that DDD is 
associated with Hidradenitis suppurativa and can develop depressed perioral scars 
[84, 86, 87]. An interconnected hyperpigmented epidermal proliferation projection 
in the dermis denoted as the “antler-like” pattern, is characterized by a filiform 
pattern and is a key differentiating feature. In the case of DDD, hyperpigmented 

Figure 7. 
Many brown macules scattered on arms, legs and face of a 1-year-old girl with EBS-MP.
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proliferation is derived from both the epidermis and the follicular wall. This 
feature makes DDD different from other keratinized disorders. At present, there 
have not been any successful medicinal therapeutic approaches reported in the 
literature.

6.3 Galli-Galli disease (GGD)

GGD is a rare autosomal dominant genodermatosis that is considered an acan-
tholytic variant of DDD, characterized by hyperkeratotic papules and progressive 
reticular hyperpigmentation involving the neck, trunk, and proximal extremities. 
GGD is associated with autosomal dominant mutations in KRT5, POGLUT1, and 
POFUT1 genes, and is clinically characterized as red-to-brown hyperkeratotic 
papules that gradually develop into brown reticulate lentigo-like macules over 
the trunk, neck, flexor, and extensor surfaces of the extremities. Severe flares 
and more diffuse distribution of cutaneous participation may be observed in rare 
cases [88]. A successful medicinal therapeutic approach has yet to be reported in 
the literature.

7. Potential mechanism of keratin mutation affects melanin distribution

It has been reported that the KRT5 head domain is noticeably more stable 
than the KRT14 head, and its distribution is altered following the depolymeriza-
tion of microtubules. Several studies have reported that the KRT5 head domain 
interacts with heat shock cognate 70 (HSC70) and is involved in organelle 
transport [8, 89] and chaperone-mediated autophagy. In this context, the KRT5 
mutation may affect melanosome degradation by modulating the interaction 
between KRT5 and HSC70, resulting in an abnormal accumulation of melanin in 
the keratinocytes (Figure 8).

Figure 8. 
Speculated mechanism of how keratin mutation affects melanin distribution.
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8. Conclusion

The regulation of pigmentation in melanogenesis in melanocytes has been 
thoroughly investigated. However, the mechanism by which melanosomes are 
transferred into keratinocytes and the interaction among different molecules dur-
ing this transfer process have yet to be well characterized. Recently, keratinocytes 
have become an interesting subject for pigmentary disorders. Surprisingly, little 
is known about the mechanism by which human melanosomes are transferred to 
keratinocytes and the degradation of melanosomes inside keratinocytes, and how 
genetic abnormalities in keratinocytes, but not in melanocytes, cause pigmentary 
skin disorders. This chapter covers the most important aspects of melanocytes and 
keratinocytes that induce pigmentation and summarizes the mechanism underlying 
the transfer of melanosomes to keratinocytes and the degradation of melanosomes 
inside keratinocytes. How genetic abnormalities in keratinocytes affect pigmentary 
skin disorders are also discussed in an attempt to shed light on hereditary pigmen-
tary disorders and provide a conceptual framework for the role of keratinocytes in 
pigmentary disorders.
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Chapter 3

Effects of IL-17 on Epidermal 
Development
Emi Sato and Shinichi Imafuku

Abstract

Immunotherapies targeting interleukin 17 (IL-17) have a strong effect on plaque 
psoriasis. However, many previous studies on IL-17 focused only on the T-helper 17 
(Th17) immune response, and a few studies have reported that IL-17A may affect 
psoriatic epidermal structure. IL-17 includes six family members, namely IL-17A–F, 
which are involved in a wide variety of biological responses. IL-17A is produced 
mainly by Th17 cells or group 3 innate lymphoid cells (ILC3), while IL-17C is locally 
produced by epithelial cells, such as keratinocytes. In contrast to IL-17C, which is 
locally produced in various cells such as keratinocytes, it is predicted that IL-17A, 
which is produced by limited cells and has systemic effects, has different roles in 
epidermal development. For example, several research studies have shown that 
IL-17A affects terminal differentiation of epidermis by suppressing the expression 
of filaggrin or loricrin in keratinocytes. On the other hand, IL-17C, which is pro-
duced by keratinocytes themselves, does not have as strong as an effect on epider-
mal development as IL-17A. In this chapter, we summarized the effects of IL-17A 
and other IL-17 members on epidermal development and their comprehensive roles 
based on previously reported papers.

Keywords: psoriasis, IL-17, epidermal structure, terminal differentiation genes

1. Introduction

Since 2003, biologics targeting inflammatory cytokines have been used to 
treat a wide range of diseases, especially those in which excessive autoimmunity 
is involved in the pathogenesis, such as rheumatoid arthritis, inflammatory bowel 
disease, psoriasis, and atopic dermatitis [1–6]. Before biologics targeting specific 
pro-inflammatory cytokines were introduced, the mechanisms involved in the 
pathogenesis of diseases were understood to a certain extent. However, once the 
therapy was actually started, various contradictions were seen. For example, 
psoriasis is thought to be mainly caused by T-helper 1 (Th1) and T-helper 17 (Th17) 
cells [7–9]; therefore, treatments that inhibit the differentiation of undifferentiated 
T-cells into Th1 and Th17 (e.g., CD80/86, CD2, CD11a, and RORγT inhibitors) were 
expected to be the most effective in correcting the root of the disease. However, 
contrary to expectations, biologics targeting interleukin 17 (IL-17) are actually 
considered to be the most effective treatment for psoriasis [1]. In other words, 
direct inhibition of terminal IL-17 is more effective than inhibition of Th17 differ-
entiation in psoriasis, as suggested by actual patient data. This suggested that IL-17, 
especially IL-17A, might be produced by cells other than Th17 cells. Subsequent 
studies also revealed that group 3 innate lymphoid cells (ILC3) and γδ T-cells in the 
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skin produce IL-17A [10–12]. Although new facts may be revealed in the future, this 
chapter summarizes our current knowledge of the role of IL-17 and its sources of 
production, with a focus on epidermal development.

2. Which cells produce IL-17 in the skin?

IL-17 is a homodimeric glycoprotein consisting of 20–30 kDa peptides. The 
IL-17 family can be divided into six family members, IL-17A-IL-17F (Table 1). This 
section summarizes the roles of each IL-17 member and the cells that produce them 
(Figure 1).

2.1 IL-17A

Th17 cells are thought to be the major producers of IL-17A. However, the biologics 
that target IL-17A have a greater effect on psoriasis compared with subunits, such as 
p40, that are required for differentiation into Th17 [13]. This suggests that cells other 
than Th17 cells are also responsible for IL-17A production. Non-Th17 cells that have 
been reported in the past include: neutrophils [14], mast cells [15, 16], CD8+ T-cells 
[17], αβ T-cells [18], γδ T-cells [12], and innate lymphoid cells (ILC) [10, 11]. IL-17A 
has effects on various cells, such as fibroblasts, keratinocytes, endothelial cells, and 
macrophages, to induce release of inflammatory cytokines/chemokines such as IL-6, 
TNF-α, and IL-8, as well as promoting neutrophil migration to induce inflammation 
[19]. In particular, IL-17A induces granulocyte-colony stimulating factor (G-CSF) 
and IL-8, cytokines that are strongly involved in the activation of neutrophils [19–21]. 
The inflammation that is induced by IL-17A contributes greatly to the defense 
against bacterial, fungal, and viral infections, but excessive inflammation can lead to 
autoimmune diseases and the creation of unfortunate conditions in the skin, such as 
psoriasis and hidradenitis suppurativa (HS), as described below. Additionally, IL-17A 
is directly involved in epidermal differentiation, as described below, and this may also 
be related to the formation of a pathological epidermis, such as psoriasis [22–24].

Ligand Receptor Producer cells Effects

IL-17A IL-17RA/RC T cells (RORγt+ (Th17,Tc17), γδ+, 
αβ+), innate lymphoid cells (ILC3), 
neutrophils, and mast cells

protection against pathogens 
and inflammation, epidermal 
proliferation, and differentiation

IL-17B IL-17RB tumor cells (lung cancer, breast 
cancer, and leukemia), intestinal 
epithelium, chondrocyte and neuron

embryonic development, tissue 
regeneration, inflammation, and 
tumorgenesis

IL-17C IL-17RA/RE keratinocytes, epithelial cells, 
dendritic cell, macrophages, and 
CD4+ T-cells

protection against pathogens and 
inflammation

IL-17D Unknown resting CD4+ T cells and resting 
CD19+ B cells

inhibition of hematopoiesis

IL-17E 
(IL-25)

IL-17RA/RB T cells (GATA3+ (Th2), CD8+), mast 
cells, eosinophils, epithelial cells and 
endothelial cells

Th2 type immune response

IL-17F IL-17RA/RC T cells (Th17, Tc17) and innate 
lymphoid cells (ILC3)

protection against pathogens and 
inflammation

Bolded areas indicate important producing cells.

Table 1. 
Overview of the Human IL-17 Family Members.
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2.2 IL-17B

Compared with IL-17A, IL-17B has not been studied as much, and so, its role 
remains unknown. IL-17B is the second most homologous to IL-17A, after IL-17F, 
but it is not produced by Th17 cells [25, 26]. In humans, IL-17B mRNA expres-
sion was confirmed in the tissues of the pancreas, small intestine, and stomach 
[27]. Although IL-17B did not induce a strong production of IL-6 directly from 
fibroblasts as IL-17A did, it did enhance the production of G-CSF and IL-6 in TNF-
α-stimulated fibroblasts [27, 28]. However, there are reports that IL-17B has anti-
inflammatory effects and is protective against asthma and colitis [29]. Recently, 
it was reported that IL-17B is positioned as a new component in the regulation of 
human type 2 immunity [30]. IL-17B has also been reported to promote the pro-
gression of malignant tumors such as lung cancer and breast cancer [31, 32]. The 
role of IL-17B on the epidermis is unknown and needs to be verified in the future.

2.3 IL-17C

IL-17C is known to be expressed by epithelial cells including keratinocytes, 
innate immune cells such as dendritic cells and macrophages, and CD4+ T-cells 
[19]. IL-17C stimulates Th17 T-cells to increase synthesis of IL-17A/F and IL-22, 

Figure 1. 
The role of IL-17A in the skin. Immune cells, mainly Th17 cells, produce IL-17A, which promotes inflammation 
and proliferation of the epidermis, inhibits terminal differentiation, and causes loss of the granular layer.
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and then IL-17A strongly induces IL-17C in keratinocytes, forming an inflamma-
tory loop [33]. One study reported that overexpression of IL-17C in keratinocytes 
promotes psoriasiform skin inflammation in mouse experiments [34]. It has 
also been reported that neutralizing IL-17C suppressed atopic dermatitis and 
psoriasis-like dermatitis in mice [35]. IL-17C neutralizing antibody, MOR106, 
inhibits both Th2-type and Th17-type immune responses; and clinical trials for 
atopic dermatitis are being conducted against the IL-17C neutralizing antibody 
MOR106 [33, 36]. In a three-dimensional human epidermal model using normal 
human keratinocytes, nine genes, including S100A7A, were reported to be com-
monly upregulated by IL-17A and IL-17C, but IL-17A induced the loss of the 
granular layer in the epidermis, whereas IL-17C did not induce such epidermal 
changes [22]. Also, although IL-17A is protective against fungal infections, IL-17C 
deficiency is reported as lethal against systemic infection with Candida albicans 
by IL-17C deficient mouse model [37]. However, another study using IL-17C 
deficient mice reported that IL-17C is not involved in immunity against Candida 
infection [38]. In murine bacterial infection models, IL-17C has been shown to be 
protective against infection by Citrobacter rodentium, Pseudomonas aeruginosa, 
and Haemophilus influenzae [39–41]. In viral infections, ex vivo administration of 
IL-17C to mice reduced the apoptosis of neurons caused by HSV-2 infection, sug-
gesting that keratinocyte-derived IL-17C acts to protect nerve fibers during HSV-2 
reactivation in the skin [42]. It is also known that IL-17C is secreted through 
NF-κB activation by stimulation of pathogen-associated molecular patterns 
(PAMPs) [43] and is secreted in an autocrine manner to play a role in the initial 
defense response against pathogens [44, 45].

2.4 IL-17D

IL-17D has not been studied as much as IL-17A [46]. IL-17D was found to be 
highly expressed in the skeletal muscle, brain, adipose tissue, heart, lung, and 
pancreas, while low in the bone marrow, fetal liver, kidney, leukocyte, liver, lymph 
node, placenta, spleen, thymus, and tonsillar tissue [47]. IL-17D is also expressed 
at low levels on resting CD4+ T-cells and resting CD19+ B cells. IL-17D was poorly 
expressed on activated CD4+ T-cells, resting and activated CD8+ T-cells, resting 
and activated CD14+ monocytes, and activated CD19+ B cells. [47]. IL-17D, like 
other IL-17 family members, was capable of stimulating the production of other 
cytokines such as IL-6, IL-8, and granulocyte-macrophage colony-stimulating 
factor (GM-CSF) [48]. IL-17D stimulates human umbilical vein endothelial cells 
to produce IL-8 to levels in the physiological range that inhibit hematopoiesis [49]. 
However, it has also been reported that the level of GM-CSF produced by human 
umbilical vein endothelial cells is much lower than that required to stimulate 
myeloid proliferation [50]. The expression of IL-17D mRNA has been found to be 
decreased in psoriatic skin, but the reason for this is still unresolved [51].

2.5 IL-17E

IL-17E, also known as IL-25, has the lowest homology with IL-17A, among its 
other five family members [25, 26]. The most important difference between IL-17E 
and IL-17A is that IL-17E is involved in the Th2 type immune response [19]. On 
the other hand, IL-17E induces immune responses by IL-5 and IL-13 through ILC2 
in a T cell-independent manner [52]. In autoimmune diseases, IL-17E has been 
thought to negatively regulate pathogenesis by suppressing Th17-type immune 
responses [53]. However, it was recently reported that IL-17E is highly expressed in 
the epidermis of imiquimod-induced psoriasis in mice, and that IL-17E promotes 
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keratinocyte proliferation and inflammatory responses, leading to psoriasis-like 
skin inflammation [54]. These two contradictory reports are both based on experi-
ments using IL-17E deficient mice, but need to be validated in actual human 
psoriasis epidermis in the future.

2.6 IL-17F

IL-17F has the highest homology (40–55%) with IL-17A, followed by IL-17B 
(29%), IL-17D (25%), IL-17C (23%), and IL-17E (17%) [25, 26]. Like IL-17A, 
IL-17F binds to the IL-17RA/IL-17RC heterodimer receptor. Also, studies have 
known that IL-17F forms a homodimer or heterodimer with IL-17A when it binds to 
the receptor [55, 56]. As well as loss-of-function mutations in IL-17RA, it has been 
confirmed that partial loss-of-function mutations in IL-17F cause chronic muco-
cutaneous candidiasis [57]. IL-17F induces a variety of inflammatory molecules 
such as IL-6 and IL-8 via NF-κB, mitogen-activated protein kinase (MAPK), and 
CCAAT/ enhancer binding protein (C/EBP) [19]. IL-17F is derived primarily from 
Th17, Tc17, and ILC3 to enhance skin inflammation [58]. Bimekizumab (a biologic 
of both IL-17A and IL-17F) has been reported to be more effective than blocking 
IL-17A or IL-17F alone, particularly in inhibiting neutrophil chemotaxis and activa-
tion of synovial cells or human dermal fibroblasts in vitro [59].

3. What effect does IL-17 have on the epidermis?

3.1 Inflammation

IL-17A and IL-17F bind to IL-17RA/IL-17RC heterodimeric receptors and activate 
NF-κB, MAPK, and C/EBP, thereby inducing inflammation with cytokines such as 
IL-1, IL-6, and TNF-α and chemokines such as IL-8 (CXCL-8) and CXCL-1. These 
then activate neutrophils and cause migration to inflammatory sites [19, 60]. IL-17C 
is also known to activate NF-κB and MAPK pathways after binding to IL-17RA/
IL-17RE receptors [36, 45]. IL-17C stimulates Th17 T-cells to increase synthesis of 
IL-17A/F and IL-22, and IL-17A strongly induces IL-17C in keratinocytes, forming 
an inflammatory loop [33]. IL-17E binds to IL-17RA/IL-17RB receptors and activates 
NF-κB, MAPK, and C/EBP, but differs from IL-17A in that it induces Th2-type 
immune responses and then suppresses Th-17 [53]. IL-17E promotes the migration 
of eosinophils, but not neutrophils [19].

3.2 Proliferation and differentiation

Mice overexpressing IL-17A in K14+ keratinocytes showed yellowish thicken-
ing of the epidermis, loss of the stratum granulosum, elongation of the dermal 
papillae, areas of hyperkeratosis and parakeratosis in the stratum corneum, and 
multiple neutrophilic abscesses, which are strikingly reminiscent of the epidermis 
of psoriasis [61]. In a three-dimensional epidermal model using normal human 
keratinocytes, IL-17A downregulated the expression of epidermal terminal differ-
entiation markers such as filaggrin and loricrin after 5–6 days of incubation [22, 23] 
and caused the loss of the epidermal granular layer [22]. It has been reported that 
MAP17, whose expression is enhanced in normal human keratinocytes by IL-17A 
stimulation, downregulates mRNA expression of filaggrin [62]. On the other hand, 
there is a report that IL-17A did not downregulate mRNA of filaggrin and loricrin in 
the 3D epidermis 24 h after administration of IL-17A recombinant [63]. Similarly, in 
an experiment in which IL-17A recombinant was administered to confluent in vitro 
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keratinocytes transfected with control and TRAF3IP2 shRNA-expressing lentivi-
ruses, mRNA expression was confirmed 24 h after recombinant administration, and 
at this point, there was still no significant difference in the terminal differentiation 
marker genes [64]. What these papers have in common is that they confirmed the 
expression of terminal differentiation marker genes after a short period of IL-17A 
stimulation (24 h), which may have led to different data from those reported above 
[22, 23]. In fact, another paper using in vitro normal human keratinocytes showed 
that mRNA expression of keratin 10, an intermediate differentiation marker gene, 
was downregulated at 48 h after IL-17A stimulation [65]. They also showed in the 
same paper that IL-17A promoted keratinocyte proliferation as well as IL-22 [65]. 
There are several reports that IL-17A promotes epidermal proliferation as shown 
in this paper. In particular, it is known that asymmetric cell divisions predominate 
over symmetric cell divisions in the epidermis of psoriasis, and IL-17A was reported 
to cause asymmetric cell divisions in normal human keratinocytes [66]. It has been 
reported that the promotion of epidermal proliferation by IL-17A is mediated by 
C/EBPα [67]. Furthermore, regenerating islet-derived protein 3-alpha (REG3A) 
promotes proliferation by suppressing keratinocyte terminal differentiation after 
injury to the epidermis [68]. In an experiment using a three-dimensional human 
epidermis model, IL-17C had no specific effect on the final differentiation mark-
ers of the epidermis and did not cause granular layer loss [22]. However, there is a 
report that overexpression of IL-17C in K5+ keratinocytes promotes psoriasiform 
skin inflammation in mouse experiments [34]. IL-17E promoted keratinocyte 
proliferation and upregulated the expression of keratin 10 in two- and three-
dimensional cultures [69].

3.3 Migration

IL-17A increased actin stress fibers, promoted cellular contractility, and 
increased proteolytic collagen degradation, resulting in the increased migration 
potential of normal human keratinocytes [70]. A431, an epidermoid carcinoma cell 
line, also showed similar findings, suggesting that IL-17A may promote the invasion 
of malignant skin tumors. There are also reports of IL-17E affecting cell migration. 
This was accompanied by specific changes in the organization of the actin cytoskel-
eton and cell-substrate adhesion [69].

3.4 Adhesion

In a study using HaCaT cells, microarray experiments showed that IL-17A 
decreased the expression of 16 adhesion-related genes, including various integrins, 
plakoglobin, plakophilin, cadherin (including E-cadherin), claudin 7, and ZO-2 
protein [71]. However, studies using normal human keratinocytes have not clari-
fied the down regulation of adhesion molecules, and this needs to be verified in 
the future.

4. Skin diseases in which IL-17 is clearly involved

4.1 Psoriasis

The mRNA expression of IL-17A, IL-17C, IL-17E, and IL-17F is upregulated in 
psoriatic skin [51, 54, 72]. However, the fact that anti-IL-17A antibodies resolve the 
psoriatic skin lesions indicates that IL-17A is the most important player in the patho-
genesis of psoriasis [1–3]. IL-17A induces inflammation and is directly involved in 
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neutrophil migration and epidermal differentiation [19–22]. IL-17C stimulates Th17 
T-cells to increase the synthesis of IL-17A/F and IL-22, and IL-17A strongly induces 
IL-17C in keratinocytes to form an inflammatory loop [33], but there are still 
insufficient human data indicating that IL-17C inhibition is effective in psoriasis. 
IL-17C may not be an essential component of IL-17A synthesis. In addition, there is 
no significant difference between the effects of IL-17RA antibodies (Brodalumab) 
and IL-17A antibodies (Ixekizumab and Secukinumab), which are the major recep-
tors for IL-17A, IL-17E, and IL-17F. IL-17RA antibodies inhibit IL-17A and IL-17F 
signaling, but also block IL-17E signaling, so the possibility of offsetting Th17 
suppression should be considered. If Bimekizumab, IL-17A/IL-17F antibodies, show 
greater efficacy than IL-17A in the future, the importance of IL-17F in psoriasis will 
be firmly established.

4.2 Hidradenitis suppurativa

The pathogenesis of Hidradenitis Suppurativa (HS) is still not fully understood 
[73]. HS is reported to be caused by follicular occlusion induced by keratosis and 
hyperplasia of the follicular epithelium, which eventually leads to the development 
of cysts [73, 74]. The occluded follicles eventually rupture, releasing their contents 
into the dermis, including keratin fibers, dermal detritus, multiple injuries, and 
pathogen-associated molecular patterns. Inflammatory immune pathways such as 
inflammasomes, Toll-like receptors, and IL-23/IL-17 signaling pathways are then 
activated [75]. The keratinocytes and innate immune cells activated will likely 
prompt a strong Th17 response, further activating the keratinocytes and recruiting 
neutrophils and other innate immune cells in an inflammatory loop. Th17 cells and 
neutrophils have been reported as the major IL-17-producing cells in the lesioned 
skin of HS [76, 77], and IL-17A gene expression in the lesioned skin of HS patients 
has been found to be 30- to 149-fold increased compared with healthy control skin 
[78, 79]. Recently, it has also been suggested that IL-17C may be involved in the 
pathogenesis of HS [80]. A variety of IL-17-related biologics are currently being 
investigated for HS, including CJM-112, secukinumab, bimekizumab, brodalumab, 
and guselkumab. Secukinumab treatment in HS has shown positive results in a 
series of case studies and open-label trials, with a Phase III trial underway [81, 82].

5. Conclusion

The effect of IL-17 on keratinocytes and the epidermis has a direct and signifi-
cant impact not only on inflammation but also on epidermal differentiation. In 
particular, IL-17A has been the most studied, as clinical findings indicate that it is 
strongly involved in the pathogenesis of psoriasis and HS. However, other IL-17 
family members have not been studied as extensively as IL-17A, and further basic 
research will provide new insights.
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Abstract

Stem cells located in the skin are responsible for continual regeneration, 
wound healing, and differentiation of different cell lineages of the skin. The three 
main locations of skin stem cells are the epidermis, dermis, and hair follicles. The 
keratinocyte stem cells are located in the epidermal basal layer (the interfollicular 
stem cells), hair follicle bulge region (the hair follicle stem cells), and sebaceous 
glands (the sebaceous gland stem cells) and are responsible for the epidermal 
proliferation, differentiation, and apoptosis. The interfollicular (IF) stem cells are 
responsible for epidermis regeneration by proliferating basal cells that attach to the 
underlying basement membrane and with time they exit from the cell cycle, start 
terminal differentiation, and move upward to form the spinous, the granular, and 
the stratum corneum layers. The hair follicle (HF) stem cells are responsible for 
hair regeneration and these stem cells undergo a cycle consists three stages; growth 
cycles (anagen), degeneration (catagen), and relative resting phase (telogen). The 
sebaceous gland (SG) stem cells located in between the hair follicle bulge and the 
gland and are responsible for producing the entire sebaceous gland which secretes 
oils to moisture our skin. The role of epidermal stem cells is extremely crucial 
because they produce enormous numbers of keratinocytes over a lifetime to main-
tain epidermal homeostasis. However, the age-associated changes in the skin; for 
example; alopecia, reduced hair density, gray or thin hair, reduced wound healing 
capacity are related to skin stem cells’ decline functionality with age.

Keywords: interfollicular stem cells, hair follicle stem cells, melanocyte stem cells, 
chronological aging, photoaging

1. Introduction

Skin, the largest organ in the human body gives a protective barrier against the 
harmful events of the environment, for example, radiation, germs, temperature, 
and toxic substances. Moreover, the skin also protects our body from excessive 
dehydration and works as a permeability barrier. To support the above-mentioned 
roles and repair skin injury and wounds, the skin needs to regenerate and prolifer-
ate with the help of skin stem cells. Broadly the skin can be divided into three 
parts: Epidermis, the outermost layer, is mainly composed of keratinocytes and 
is known as the squamous stratified epithelium. The dermis, the middle layer, is 
separated by the basement membrane from the epidermis and is mainly composed 
of the extracellular matrix of tough collagen fibers, blood vessels, and nerves. The 
hypodermis, the third layer, mainly consists of fibroblasts, adipose tissues, and 
connective tissues. Adult skin development involves a multi-stage process that 
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involved cells from diverse embryonic origins. Following gastrulation, the neuro-
ectoderm cells stimulate the formation of the nervous system and skin epidermis. 
The neural and epidermal fate of these cells is dependent on different signaling 
pathways, for example, Wnt signaling, fibroblast growth factor (FGF), and bone 
morphogenetic protein (BMP) signaling, and Notch signaling pathway [1]. During 
development, the ectoderm-derived cells are become the epidermal basal layer and 
are responsible for all epidermal structures, for example, the hair follicles, sebaceous 
glands, and sweat glands [2]. A complex and multiple embryonic origins contribute 
to the dermis formation at different regions of the body. In a broad perspective, 
the mesoderm-derived cells are responsible for the dermis of the ventral and flank 
regions of the body and neural-crest-derived cells are responsible for the head 
dermis [2]. The mesoderm-derived cells are also responsible for the development of 
the adipose tissues in the hypodermis [3].

In everyday life skin has to perform many functions which are essential for our 
survival, for example, to protect from physical and mechanical injuries, harmful 
radiations, and after injury, it needs to form new cells to repair. In this regard, the 
skin stem cells (SCs) in the epidermis play the most essential roles to maintain 
skin renewal throughout life and repairing wounds after injury. In this review, we 
attempt to clarify the 1. Types of stem cells located in the epidermis, 2. The location, 
function, and markers to identify the epidermal SCs, 3. Role of chronological and 
photoaging on epidermal stem cells.

2. Epidermal stem cell

The epidermis is mainly consisting of five sub-layers with distinct characteris-
tics although they function together to maintain tissue homeostasis and regenera-
tion (Figure 1). The innermost or the deepest layer of the epidermis is the Basal 
layer, which is a single layer of proliferative basal cells that attach to a basement 
membrane (BM) by hemidesmosomes. These cells can continually divide and after 
some period lose attachment from the BM, get pushed by new cells and a program 
of differentiation has triggered. Above the basal layer, the Squamous cell layer 
contains the mature basal cells which are now known as squamous cells. This is 
the thickest layer of the epidermis and spiny projections that are attached to the 
surrounding cells by desmosomes. The keratinocytes are then got bigger and flatter 
and push towards two thin layers of the epidermis; the Stratum granulosum and 
the Stratum lucidum. The stratum corneum is the uppermost layer of the epidermis 
which contains the dead keratinocytes also referred to as anucleate squamous cells. 
The skin appendages include the sweat glands, sebaceous gland, nails, hair shafts, 
and hair follicles, and have both epidermal and dermal components which help the 
skin to complete its function [4]. The epidermal SCs reside in the basal layer are 
responsible for the maintenance of the epidermal stratified epithelium by self-
renewal, wound repair, and differentiation capabilities. The epidermal proliferative 
unit (EPU) consists of basal cells that are responsible for the maintenance of the 
cornified layers by self-renewing and producing stem cells and non-stem cells [5]. 
There are several techniques available to understand and locate epidermal stem 
cells, for example, lineage tracing and genetic fate mapping. In the case of lineage 
tracing, an individual cell is labeled and the location, status, and the number of 
descendants from that cell can be identified by that label [6]. The genetic fate 
mapping technique involves marking an individual cell or a group of cells in the 
embryo and the trace the final position of all descendant cells until the completion 
of the development [7]. The epidermal SCs are also found in skin appendages, for 
example, the hair follicle bulge and the sebaceous glands, and have the potency to 
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differentiate into different lineages that are present in adult skin [8]. The epidermal 
SCs niche can be classified into three groups according to their location; (1) The 
interfollicular (IF) stem cell located in the basal layer, (2) The hair follicle (HF) 
stem cell located in the bulge, and (3) The sebaceous gland (SG) stem cell located in 
between the bulge and hair shaft (Figure 2) [9, 10].

2.1 The interfollicular (IF) stem cell

The IF stem cells are found along with the basement membrane which is a 
specialized thin layer of extracellular matrices. The IF stem cells help to maintain 
the epidermis regeneration by self-renewal as well as produce progenitor cells 
named transit-amplifying (TA) cells which divide a limited number of times and 
then undergo terminal differentiation and give rise to flattened and dead kerati-
nocytes in the cornified layer [11]. Apart from the multipotency these IF stem cells 
also show other characteristics, such as plasticity, which means these cells can lose 
their original identity and differentiate into other lineages [12]. Depending on the 
proximity from the wound and the specific stem cell niche origin, the epidermal 
stem cells participate in wound healing and tissue regeneration. By performing 
genetic fate mapping analysis, one report demonstrated that during initial wound 
healing there is an abundance of long-lived IF stem cells recruitment which promote 
re-epithelialization, and as the wound repairing the HF-derived stem cells increased 
in the wound area [13].

2.1.1 IF stem cell markers

There are several markers that can be used to identify IF stem cells (Figure 3). 
Integrins are the heterodimeric cell-surface receptors that consist of α and β subunits 

Figure 1. 
The five main layers of epidermis. The basal cells can divide themselves and move upwards. As they move to the 
next layer they become flatter and start losing nuclei.
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and are responsible for cell adhesion, proliferation, and migration [14]. Adherence 
of the IF stem cells with the BM and extracellular matrixes is regulated by the 
integrins [15]. Several types of integrins are expressed in the epidermis; α2β1  
(receptor for Collagen), α3β1 (receptor for laminin 5), α6β4 (receptor for laminin), 
α5β1 (receptor for fibronectin), [16, 17]. Among all integrins, the α6 or CD49f is 
the most used marker for epidermal stem cells [18]. The well-recognized marker 

Figure 2. 
Location of epidermal stem cells. The interfollicular (IF) stem cells located in the basal layer of the epidermis. 
Hair follicle (HF) stem cells located in the bulge area of the hair shaft. Melanocyte stem cells are found in the 
bulge and also in the hair matrix. The sebaceous gland (SG) stem cell located in the sebaceous gland.

Figure 3. 
Markers of epidermal stem cells.
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for IF stem cells are the high α6 and the low transferrin receptor CD71 (α6-bright/
CD71-dim) [19]. As there is a positive correlation between the IF stem cell prolifera-
tion and adherence, the proliferative IF stem cells can be distinguished from the 
low-adhered TA cells with the higher β1 integrins expression [20]. During terminal 
differentiation, the IF stem cells express involucrin, a differentiation marker, and 
filaggrin, an intermediate filament (IF)-associated protein [21, 22].

2.2 The hair follicle (HF) stem cell

The HF is one of the mini-organs in our body which go through life-long cyclic 
regeneration and involution [23–25]. The HF is located in attachment with the 
sebaceous gland and arrector pili muscle and it has two main segments; an epithe-
lium made of keratinocytes and a dermal papilla (DP) made of mesenchymal cells 
[26, 27]. The cyclic regeneration of HF is mainly consisting of these phases; an active 
growth phase (anagen), a regression or involution phase (catagen), and a relative 
rest phase (telogen) and after the hair is shed a new hair cycle begins [28, 29]. The 
upper HF does not cycle visibly and is mainly divided into 2 segments; the infun-
dibulum and the isthmus and the lower HF which consistently regenerates within 
the hair cycle divided into the hair bulb and the suprabulbar region [30, 31]. The 
infundibulum is the uppermost segment of the follicle which is funnel-shaped and 
begins from the epidermis surface and extends to the sebaceous gland opening [32]. 
The isthmus is the lower part of the upper HF and is located between the sebaceous 
gland and the bulge [27]. The bulb is the cyclic portion and the base of the HF which 
regenerates in every hair cycle and includes dermal papilla and HF matrix [28]. The 
suprabulbar region includes three parts; outer root sheath, inner root sheath, and the 
hair shaft and it lies between the hair bulb and the isthmus [33]. Bulge is the region 
where the HF stem cells are located and which lies between the sebaceous gland and 
the arrector pili muscle. These quiescent and long-lived stem cells have the potential 
to generate all epithelial lineages of the skin, including HF and hair [34–36]. The HF 
stem cells contribute to wound healing by recruiting multipotent SCs and life-long 
HF regeneration by providing new cells. They are normally known as quiescent, 
slow-cycling, and label-retaining cells.

Another type of stem cell that resides in the bulge of the HF is the long-lived 
neural-crest cell-derived melanocyte stem cell, which performs a crucial role in hair 
pigmentation maintenance [37]. Generally, melanoblasts, the immature progeni-
tors of melanocytes, proliferate and differentiate into melanocytes in the epidermis 
and migrate to the hair follicle and divided into two categories; the hair matrix 
melanocytes responsible for pigmenting the original hair and the bulge melanocyte 
stem cells which are responsible for the following hair cycle pigmentation [38]. The 
regeneration of the follicular Melanocyte stem cells is synchronized with the HF 
cycle. During the anagen phase, the melanogenically active Melanocyte stem cells 
reside in the hair matrix proliferate and differentiate into Melanocyte progenitors 
to produce melanin and transfer to the neighboring keratinocytes and serve as a 
reservoir of the pigmentary unit for eye, hair, and skin [39]. In the catagen phase, 
the differentiated Melanocyte stem cells die because of the high apoptosis rate 
[40]. Melanin not only gives the essential pigmentation but also protects our skin 
from harmful UV radiation as the melanin granules work like a UV absorbent. To 
identify the lineage of the Melanocyte stem cell, a transgenic mouse model has been 
developed. The undifferentiated Melanocyte stem cells reside in the bulge express 
Dopachrome tautomerase (DCT) and tyrosinase-related proteins 1 (TRP-1) and 
serve as an early marker of Melanocyte stem cell. Nishimura et al. developed a 
transgenic mouse by using a lacz reporter manipulated by the DCT promoter and 
which enables people to find out the DCT positive melanoblasts [37]. However, both 
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progenitor and mature melanocyte stem cells express DCT, so it cannot be regarded 
as a specific marker for the Melanocyte stem cell [41]. The CD34 can also use to 
identify the Melanocyte stem cells, for example, one paper reported that CD34 
negative Melanocyte expressed high DCT, KIT (KIT Proto-Oncogene, Receptor 
Tyrosine Kinase), Tyr (tyrosinase), Tyrp1, Pmel17 (premelanosome protein), and 
MITF (Melanocyte Inducing Transcription Factor) [42]. Sox10 (Sry-related high-
mobility-group box 10) can also be used as a marker for Melanocyte stem cells as 
this transcription factor plays an important role during the differentiation of the 
neural crest cell to Melanocyte stem cell [43, 44].

2.2.1 Location

There are some differences of opinion regarding the location of the stem cells 
and between the species. Some reports demonstrated that the germinative cells 
located in the lower area of the bulb are the HF stem cells as they have the dif-
ferentiation ability [45, 46], however, several reports have challenged this idea and 
showed that HF stem cells are located in the bulge which is the upper and perma-
nent portion of the HF. Several lines of experiments using pulse-chase experiment, 
in-vitro analysis, lineage analysis, seminal experiments, and BrdU- labeling experi-
ments have proven the HF stem cells residing in the bulge [35, 46–51]. The in-vitro 
clonal analysis has shown that 95% of multipotent stem cells reside in the bulge and 
the rest of 5% are in the bulb, which is known as matrix cells or transit-amplifying 
(TA) cells [2, 52, 53].

2.2.2 Major functions

The HF stem cells located in the HF bulge area are label-retaining slow-cycling 
cells that perform several functions; for example, hair regeneration, reepitheliza-
tion after a wound. HF stem cells play an important role in the generation of all 
layers of HF and hair regeneration by fueling the hair cycle [46, 48, 49, 54]. In 
general, when an anagen phase starts, the HF stem cells become activated and 
an HF will grow and regenerate and push the club hair above. During the anagen 
phase, the stem cells from the bulge area and the hair germ cells are activated 
by the mesenchymal cells from the DP, start proliferating in descending order, 
move to the bulb area, and create an outer root sheath (ORS) [55]. Throughout 
the anagen, the matrix or transit-amplifying (TA) cells originated from the bulge 
stem cells, move upward, and start to differentiate into follicle cells [49, 56]. 
By performing lineage tracing and double pulse-chase experiments one report 
confirmed that these TA cells then return to the bulge niche and lose the stemness 
property [55]. The catagen phase started when the matrix TA cells are exhausted 
and undergo apoptosis [47]. During catagen, apoptosis causes a huge decline in TA 
cell number, regression of approximately two-thirds of the hair follicles and only 
long-lived stem cells survive [57, 58]. After catagen, the resting phase or telogen 
phase will start. The telogen phase includes quiescent HF stem cells and shedding 
of the old HFs and this phase becomes longer progressively throughout life [57, 58]. 
In response to the signals from the DP, a new anagen phase started after the telogen 
phase and a new hair cycle begins [30, 59].

In addition to hair regeneration, the HF stem cells also play an important role in 
wound healing and re-epithelization. HF stem cells have the potential to differenti-
ate into multiple lineages; for example, keratinocytes, smooth muscle cells, glial 
cells, neurons, and melanocytes and promote angiogenesis [60–63]. Many reports 
perform in-vitro and ex-vivo analysis using rodent and human samples showed that 
the HF stem cell can differentiate into audiogenic, osteogenic lineages as well as 



75

Keratinocyte Stem Cells: Role in Aging
DOI: http://dx.doi.org/10.5772/intechopen.102805

illustrate similar properties as bone-marrow-derived mesenchymal stem cells [64, 
65]. Because of this property, the HF stem cells are regarded as one of the powerful 
stem cell candidates for cell therapy in the case of cutaneous wound healing and tis-
sue regeneration [66]. In clinical studies, using graft transplantation from the scalp 
in patients with leg ulcers showed better therapeutic potential compared to the non-
hairy grafts [67–70]. Performing double-label analysis and lineage tracing in the 
wound-repair model in animal reports showed that HF stem cells rapidly mobilize 
to the epidermis after injury and participate in epidermal repair by proliferating TA 
cells [36, 49, 71]. Using HF patch transplantation assay it has been demonstrated that 
HF stem cells contribute to generating new follicles in wounded mouse skin areas 
[72]. A complete reduction of HF stem cells in transgenic mice displayed a delay in 
wound healing after a full-thickness wound in the dorsal area [73]. Similarly, a delay 
in re-epithelization after the wound is observed in Edaraddcr/cr mice, that have a 
mutation in HF development [74]. Additionally, it has been shown that administra-
tion of HF stem cell in the wound area accelerates the healing process [75, 76].

2.2.3 HF stem cell markers

Several signaling pathways are important for the regulation and initiation of the 
anagen phase in the quiescent, slow-cycling label-retaining bulge stem cells [77]. 
Wnt/β catenin pathway plays an essential role in HF stem cells activation, mainte-
nance, and differentiation [78]. The importance of Wnt/β catenin signaling in HF 
development is further proven by the report that showed complete HF follicle loss 
in a transgenic mouse with ectopic expression of Wnt inhibitor (Dickkopf 1) [79]. 
The fibroblast growth factor (FGF) signaling plays a crucial role in HF stem cell dif-
ferentiation, hair cycle clock regulation, and angiogenesis [80, 81]. Sonic hedgehog 
(Shh) signaling expressed in the HF matrix is crucial for HF regeneration and 
neogenesis [82, 83]. Bone morphogenetic proteins (BMP) are also essential for HF 
regeneration, activation, quiescence, and TA cell differentiation and are expressed 
in the matrix [77, 84].

There are primarily four techniques to study skin stem cells; for example, label 
retention, clonogenic assays, skin reconstitution, and genetic lineage tracing [85]. 
Several markers have been identified to locate bulge and non-bulge stem cells in 
murine and human skin. Among the epithelial stem or progenitor markers, the 
most widely used marker for murine bulge stem cells are Keratin 15 (K15) and 
Clusters of differentiation 34 (CD34) [86–88]. In the case of human bulge stem 
cells, the most used markers are K15, Keratin 19 (K19), and Clusters of differentia-
tion 200 (CD200) [89, 90]. The leucine-rich G protein–coupled receptor 5 (Lgr5), 
a Wnt target gene label the mouse lower bulge stem cells during the telogen phase 
and lower ORS HF during the anagen phase [91]. Several transcriptional factors are 
used to mark HF stem cells; such as Lim-homeodomain transcription factor Lhx2, 
SRY (Sex-determining region Y)-box 9 (Sox-9), transcription factor 3 (TCF-3), 
cytoplasmic 1 (NFATC1) (Figure 3) [92–94].

2.3 The sebaceous gland (SG) stem cell

Among other appendages in the skin, the sebaceous glands produce sebocytes 
and sebum to keep the lipid homeostasis and plays important role in barrier func-
tions [95]. Unlike HF’s cyclic growth, the SG has a continuous growth similar to the 
epidermis, and SG is typically found in association with the HF or as a modified 
version found independently in eyelids [96]. The resident stem cells in SG prolifer-
ate in the basal layer of the SG, differentiate into sebocytes and gather sebum, then 
move upwards and rupture the content inside into the pilosebaceous canal [97]. 
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The specific markers that are used to identify the SG stem cells are K5, K14, K79, 
Leucine Rich Repeats, and Immunoglobulin Like Domains 1 (LRIG1), leucine-rich 
repeat-containing G protein-coupled receptor 1 (LGR6), B lymphocyte-induced 
maturation protein 1 (Blimp1) [98–101].

3. Epidermal stem cells and aging

Skin stem cells, residing in a protective niche, maintain the skin homeostasis by 
self-renewal and terminal differentiation. Unlike other somatic stem cells, the skin 
stem cells are quite resistant to aging as the number and self-renewal capacity of 
the stem cell do not reduce with age [102]. In general, stem cells stay at a quiescent 
state for a long time in their niche, and upon activation by numerous intrinsic and 
extrinsic factors these stem cells can exit this quiescent stage and differentiate into 
multiple lineages. Stem cell exhaustion is a state where the stem cells fail to renew 
themselves and thereby decrease in number which is mainly caused by aging. 
Several reports compared IF stem cells between young and old mice showed no 
difference in the number of stem cells, telomere length, gene expression related to 
aging, an abundance of K15 positive HF stem cells, and multipotency [103, 104]. 
On the contrary, by performing colony-forming essays in human keratinocytes, one 
report demonstrated that the cells from the aged donor have retarded colony-form-
ing ability [105]. As we age there is an increase in senescent cells accumulation and 
DNA damage resulting in a decline in stem cells’ function to produce new progeni-
tor and effector cells [106, 107]. In this notion, Ultraviolet radiation (UVR) plays a 
crucial role in DNA damage in stem cells that ultimately lead to photoaging [108].

3.1 Photoaging and epidermal stem cell

The major characteristics of aged HF stem cells are imbalance in the phases of the 
hair cycle, stem cell exhaustion, and loss of hair (alopecia) and the appearance of the 
hair becoming dry, gray, or thin [109, 110]. A proper balance between the prolifera-
tion and quiescence state of the hair cycle is a prerequisite for HF stem cell lifespan 
and self-renewal. In this regard, the competitive balance between Wnt and BMP 
pathways is essential for HF homeostasis and cycle activation. During the regression 
phase, there is a decreased expression of Wnt and increased expression of BMP path-
ways which cause inhibition in keratinocyte proliferation and differentiation [111]. 
Specifically, the Wnt10 activated the anagen phase and BMP6 is the inhibitor of the 
hair cycle [77]. One report showed that persistent expression of Wnt1 causes mice 
HF to retain in the growth phase, initiate cellular senescence, and finally cause stem 
cell exhaustion and premature hair loss [112]. Increased Wnt signaling pathway, 
specially Wnt10 and β-catenin expression is observed in C57BL6/J mice exposed to 
UVR which causes HF miniaturization and gray hair [113]. UVR exposure can cause 
p53, a checkpoint protein, overactivation through DNA damage which is also associ-
ated with decreased stem cell renewal capacity, stem cell exhaustion, and premature 
aging [114]. The stem cell niche or microenvironment homeostasis is maintained 
by the interaction among mesenchymal cells, integrins expressed by the stem cells, 
and the extracellular matrix. It has been reported that UVR increased the expres-
sion of c-Myc, a transcriptional factor, which reduces the β1 integrin expression and 
thus impair β1 integrin-initiated adherence to the niche and migration [115–117]. 
Reactive oxidative species (ROS) induced by the UVR also cause a decrease in stem 
cell renewal capacity, senescence, and exhaustion [118, 119]. Another indication of 
stem cell aging is telomere shortening which resulted in hair loss and impaired stem 
cell proliferation and ultimately premature aging [120]. One report demonstrated 
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chronic UV exposure to transgenic mice causes DNA damage and telomere shorten-
ing by modulating telomerase activity [121, 122]. A major hallmark of photoaged 
skin is altered wound repair capacity. Mitogen-activated protein kinase (MAPK) 
plays an essential role in cutaneous wound healing and an in-vivo study one report 
showed that chronic UV irradiation cause MAPK downregulation [123, 124].

3.2 Chronological aging and epidermal stem cell

A progressive decline in skin regeneration, repair, and homeostasis, thin hair, 
loss of hair, wrinkle, thin dermis, and epidermis, etc. are associated with acceler-
ated aging. The major characteristic of the aged hair follicles is the hair density 
reduction and the resting period of the hair cycle increase. One report compared 
HF stem cell functions between 2 month and 24-month-old mice and found that 
the old mice HF showed a longer telogen phase, defective proliferation, and shorter 
hair growth phase [109]. Loss of HF stem cells is also associated with age-related 
hair shaft miniaturization [125]. Another typically aged phenotype related to hair 
is hair thinning, graying, or hair loss. There are several genetic mutation mice 
models that depicts accelerated aging phenotypes, for example, gray, brittle, and 
fragile hair and alopecia as a result of genetic instability [126]. It has been reported 
that DNA damage causes downregulation of Collagen 17 (Col17) expression in 
HF stem cells and these defected stem cells start to differentiate terminally and 
pushed themselves upward and eliminate [127]. As it is well known that Col17 is a 
crucial component in HF homeostasis and Col17 deficit can cause premature aging 
phenotype in hair, for example, alopecia or atrophy in HF [128]. In comparison to 
HF stem cells the role of aging on IF stem cells are not yet clarified. Some reports 
showed increased proliferation in epidermal stem cells and others confirmed the 
proliferation decreased as organisms aged. There are several proteins (Heat shock 
cognet 71, Stress protein 70, Myc associated protein, Cyclin D1, Glucose related 
protein) that expressed similarly in epidermal stem cells of adult and aged human 
skin and epidermal stem cells collected from the neonatal and aged mice have the 
same plasticity when injected into the blastocysts [129].

In normal physiological conditions, melanocytes, differentiated from the 
Melanocyte stem cell in the hair matrix, produce melanin during the anagen phase 
and transfer it to the neighboring keratinocytes. Following hair cycles, the TA 
melanocytes produced from the melanocyte stem cells are responsible for producing 
melanin and pigmenting new hair follicles. Several external or internal factors can 
cause aging-associated modifications in Melanocyte stem cells which cause gray 
hair, one of the most evident signs of aging. The genotoxic stress caused by radiation 
results in differentiation of the Mc stem cells in the niche and thereby diminish their 
self-renewal ability and which leads to hair pigmentation impairment in the follow-
ing hair cycle [130]. Aging, itself is associated with Melanocyte stem cell reduction. 
An age-associated decline in Melanocyte stem cells measured by immunofluores-
cence with Kit antibody was observed in aged mice [109]. Another paper confirmed 
that the number of melanoblasts in the niche decreased with aging as well as the 
incidence of pigmented melanoblasts which means the ectopic differentiation 
increased with aging [131]. It can be speculated that due to the lack of enough 
progenitor cells the melanin production may be hampered and cause hair graying.

4. Conclusions

Skin stem cells participate in wound healing and maintain skin integrity and 
homeostasis by self-renewal and producing progenitor cells. Unlike other stem cells, 
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epidermal stem cells maintain an appropriate number throughout life and showed 
quite a resistance against aging. However, as we age the increased amount of DNA 
damage response and senescence can affect the epidermal stem cell’s functions; for 
example, self-renewal capacity, increase exhaustion, mobility to the wound area 
or reduction in the number and that lead to skin aging phenotypes, for example, 
premature hair loss, gray or thin hair, reduced wound healing capacity (Figure 4).
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Abstract

Keratinocytes are the major structural component of the epidermis. They 
differentiate from the basal through spinous to granular layers, and abrupt loss of 
nucleus pushes them to differentiate into cornified layers, which exfoliates as scales. 
Differentiation process is tightly controlled by the organized expression of tran-
scription factors and other regulators, which sustains the physiological function of 
the skin barrier. The genetic abnormality of the molecules expressed in this pathway 
causes hereditary skin disorders and defects in barrier function. Ichthyosis is caused 
by keratins, enzymes, and structural proteins involved in lipid metabolism and 
cornified envelope formation. Atopic dermatitis seemed to be an immune-oriented 
disease, but the recent finding revealed filaggrin as a causative factor. Keratinocytes 
respond to acute injury by releasing alarmins. IL-33 is one of such alarmins, which 
provoke Th2-type inflammation. IL-33 works as a cytokine and, at the same time, 
as nuclear protein. IL-33 has double-faced nature, with pro- and anti-inflammatory 
functions. Epidermis, covering the entire body, should stay silent at minor insults, 
while it should provoke inflammatory signals at emergency. IL-33 and other double-
faced molecules may play a role in fine tuning the complexed function of epidermal 
keratinocytes to maintain the homeostasis of human body.

Keywords: keratinocytes, keratin, mutation, ichthyosis, hereditary skin disorders

1. Introduction

Keratinocytes are the principal epidermal cells constituting the outermost 
layer of the skin—the external and largest organ of the human body. They are 
immunologically active in that they produce various cytokines and chemo-
kines, stimulating dendritic cells and lymphocytes to trigger inflammatory 
skin diseases, as well as they respond to cytokines produced from immune cells 
to establish skin lesions of inflammatory skin diseases, such as psoriasis and 
atopic dermatitis. They are also very efficient in avoiding harsh environmental 
assaults, such as chemical, mechanical, radiological, and microbial insults. The 
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keratinocytes protect the dermal homeostasis by having a constant turnover 
whereby the basal (inner) layer differentiates into the cornified (outer) layer. 
Thus, they form a constant and perfect outer barrier to the inner dermal layers 
and the body. They also form a rigid mechanical barrier by cornification—con-
structing a brick-and-mortar type of structure with cornified cells and lipids, 
the defects in either of which cause hereditary skin disorders upon mutation. 
They also secrete various antimicrobial peptides, such as cathelicidin, psoriasin, 
defensin, and many S100 proteins, to protect the skin from infection. The nuclei 
of keratinocytes contain various alarmins, such as HMGB1, IL-33, and IL-1alpha, 
which can induce rapid and strong inflammation upon injury, but also can get 
promptly inactivated by the enzymes present in the inflammatory environment. 
However, malfunctioning of the keratinocytes at its immunological level or at a 
genetic/protein level can lead to pathological conditions such as psoriasis, atopic 
dermatitis, and hereditary skin disorders.

Keratinocytes, as the main component of outermost epidermal layer, should 
provoke and at the same time stop inflammation at appropriate time points to 
maintain a stable and healthy condition of not only the skin, but also the entire 
body. Keratinocytes harbor anti-inflammatory properties more than other types of 
cells do, such as lymphocytes, macrophages, and dendritic cells, as keratinocytes are 
always exposed to environmental insults. The mechanism of developing inflamma-
tory conditions has been intensely investigated; however, the mechanism of ceasing 
inflammation has not been fully investigated. I speculate that a novel approach 
to maintaining healthy conditions would be unraveled when the mechanism of 
sequestrating inflammation is investigated and that epidermal keratinocytes are 
good candidates to investigate these mechanisms because they present pro- and 
anti-inflammatory properties in vivo and in vitro.

In this chapter, various cutaneous disorders have been discussed with emphasis 
on keratinocyte function and roles in pathogenesis. We have surveyed PubMed with 
each disease name, picked up the original literature with pivotal findings, reviewed 
articles covering the related area of interest, and wrote this chapter.

2. Epidermal keratinocytes

Epidermal keratinocytes form a stratified epithelium, consisting of basal, 
spinous, granular, and cornified layers starting from the dermal side. Epidermal 
keratinocytes exert their functions through structural components such as actin, 
microtubules, keratin filaments, desmosomes, hemidesmosomes, tight junctions, 
and adherence junctions; their motility, proliferation, and cytokine production 
being controlled by these structural proteins. Epidermal keratinocytes gradually 
differentiate through the layers—from the basal, spinous, and granular, ultimately 
to the cornified cell layer. They demonstrate various characteristic features owing 
to their differential function and according to their differentiation state, which 
are sometimes more complex than those of simple epithelial cells constituting the 
digestive tract and glands [1].

The primary and most important function of epidermal keratinocytes is their 
role as a physical barrier of the skin, in addition to their role as a responder to the 
external stimuli. The cornified cells, together with inter-cornified cell lipids, form 
cornified cell barriers to protect the inner body from harsh external environmental 
stimuli. The cornified cells, upon catalysis by transglutaminase 1, form a cornified 
cell envelope—a strong structure composed of filaggrin that aggregates keratin 
filaments, with various protein components such as involucrin, loricrin, SPR, and 
desmosomal proteins. Defects in the enzymes and protein components essential in 
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forming cornified cell envelopes cause skin barrier dysfunction, resulting in skin 
disorders [2, 3].

Recent findings have revealed that some patients with atopic dermatitis (AD) 
harbor loss-of-function mutations in the filaggrin gene, resulting in severe skin 
barrier defects. Ichthyosis vulgaris (IV) is also caused by mutations in the filaggrin 
gene, but patients with this mutation develop either AD, IV, or both, indicating that 
mutations in the filaggrin gene alone are not enough to determine the phenotypes 
[4–7]. Mutations in the transglutaminase 1 gene and other genes important in the 
cornification processes, such as ATP-binding cassette subfamily A member 12 
(ABCA12), and arachidonate 12-lipoxygenase 12 s type (ALOX12), cause hereditary 
ichthyosis, also known as acquired recessive congenital ichthyosis [8]. Connexin is a 
component of the gap junction, and mutation in gap junction protein beta 3 (GJB3) 
gene, which encodes connexin (Cx31) causes erythrokeratodermia variabilis, in 
which inflammatory erythematous eruptions with hyperkeratinization gradually 
changes its form [9]. Mutations in the loricrin gene cause loricrin keratoderma, 
with characteristic finger constriction ring formation or congenital ichthyosiform 
erythroderma [10, 11].

Steroid sulfatase is an enzyme that catalyzes the degradation of cholesterol 
sulfate, a molecule that functions in the attachment of cornified cells. The mutation 
in its gene causes X-lined ichthyosis, with retarded detachment of cornified cells, 
termed as retention hyperkeratosis. Point mutations result in typical skin mani-
festations; whereas, mutations spanning bigger lengths of this gene involving the 
surrounding genomic region are accompanied by other syndromic symptoms, such 
as mental retardation, short stature, and epilepsy [12].

Figure 1. 
Characteristic skin manifestation in hereditary skin disorders with mutation in genes expressed in keratinocytes. 
a) Bulla formation on the foot of a child having epidermolysis bullosa simplex (EBS) and with mutation in the 
KRT5 gene. b) Macular brownish pigmentation in EBS with mottled pigmentation in patients with mutation 
in KRT5 gene. c) Hyperkeratosis in hands, d) nail deformity and e) dental decay in patients with dystrophic 
EB and with mutation in the integrin beta 4 gene. f) Diffuse hyperkeratosis in hands, with lichenification in 
wrist, g) hyperkeratosis with lichenification in cubital fossa, h) small bulla formation on diffuse erythema and 
i) its histopathology with hematoxylin and eosin staining in patients with Epidermolytic hyperkeratosis and 
mutation in KRT1 gene.
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I. Common Ichthyosis

Ichthyosis vulgaris AD FLG

X-linked ichthyosis XR STS

II. Autosomal recessive congenital 
ichthyosis

Harlequin ichthyosis AR ABCA12

Lamellar ichthyosis AR TGM1; NIPAL4; ALOX12B; ABCA12

Congenital ichthyosiform 
erythroderma

AR ALOXE3; ALOX12B; ABCA12; NIPAL4; 
TGM1 CYP4F22

III. Keratinopathic ichthyosis

Epidermolytic ichthyosis AD KRT1; KRT10

Superficial epidermolytic ichthyosis AD KRT2

IV. Others

Loricrin keratoderma AD LOR

V. X-linked ichthyosis syndrome

X-linked ichthyosis syndromic 
presentation

XR STS and others

FPAP syndrome XR MBTPS2

VI. Autosomal ichthyosis syndrome

Netherton syndrome AR SPINK5

Figure 2. 
Characteristic skin manifestation and electron microscopic findings of genetic skin disorders. a) Clinical 
manifestation of X-liked ichthyosis (XI) patient, b) histopathology with hematoxylin and eosin staining, 
c) electron microscopic features in patients with XI and deletion in STS gene. d) Clinical manifestation of 
autosomal dominant type dystrophic EB (AD-DEB) patient, e) electron microscopy of skin sample from 
AD-DEB patient with heterozygous mutation in collagen type VII (COL7). f) Clinical manifestation of 
autosomal recessive type dystrophic EB patient, g) electron microscopy of skin sample AR-DEB patient with 
homozygous mutation in COL7.
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Some hereditary keratinizing disorders are accompanied by syndromic symp-
toms other than skin manifestations. Mutations in GJB2 gene, encoding Cx26, 
cause KID syndrome—with keratitis, ichthyosis, and deafness as triads, exhibiting 
papillomatous and spinous keratotic eruptions on the face and extremities, and 
with palmoplantar keratoderma and alopecia [13]. Mutation in the serine protease 
inhibitor SPINK5 causes Netherton syndrome, with atopic dermatitis-like skin 
eruptions, characteristic ichthyosis linearis circumflexa and bamboo hair [14]. 
Sjogren-Larsson syndrome is caused by a mutation in the fatty aldehyde dehydro-
genase (ALDH3A2) gene, with clinical symptoms including ichthyosis, spastic limb 
paralysis, and mental retardation [15]. Figures 1 and 2 shows skin manifestations of 
several hereditary skin disorders. Table 1 shows a summary of the types of ichthyo-
sis and their accompanying gene mutations.

3. Keratinopathies

Keratins are the main intermediate filaments of epidermal keratinocytes. The 
keratin family consists of more than 50 members; acidic keratin and basic keratin 
monomers pair to form heterodimers, which are then organized into tetramers 
with an anti-parallel alignment. Tetramers of keratins are stored at the peripheral 
boundaries of cells for filament formation when needed. Lateral and longitudinal 
aggregations of these tetramers and octamers form keratin filaments. Local pH, 
osmotic conditions, and phosphorylation status are thought to be the driving forces 
of filament formation [16].

Simple epithelia consist of simple epithelial keratins, such as K8, K18, and K19. 
Basal cells of the simple and stratified epithelia express K5 and K14, while the 
suprabasal cells express K1 and K10 in the interfollicular epidermis, K3 and K12 in 
the corneal epithelium, K4 and K13 in the esophageal epithelium, and K6 and K16 
in the oral epithelium. The follicular epidermis and palmoplantar epidermis express 
K6, K16, and K17. Their expression is tightly controlled by transcription factors in a 
differentiation- and localization-dependent manner.

Mutations in keratin genes cause various hereditary skin disorders [17]. 
Mutations either in KRT5 and KRT14 gene cause epidermolysis bullosa simplex 
(EBS), manifested by bulla formation with slight mechanical forces from child-
hood. KRT1 or KRT10 gene mutations cause epidermolytic ichthyosis (EI), with 
characteristic histopathological features called epidermolytic hyperkeratosis 
characterized by large droplets of keratohyalin granules with vacuolization and 
hyperkeratosis in epidermal keratinocytes. A similar mutation in the KRT9 gene 
causes Voerner-type palmoplantar keratoderma (PPK), with similar epidermolytic 
hyperkeratosis on the palm and soles, owing to the exclusive KRT9 expression and 
distribution on palms and soles in humans. Similarly, a mutation in the KRT2e, 
expression of which is distributed in the granular layer of the epidermis, causes 
superficial epidermolytic ichthyosis. Pachyonychia congenita, manifested by 
thickening of finger and toenails and sometimes accompanying steatocystoma 

Sjogren Larsson syndrome AR ALDH3A2

Refsum syndrome AR PHYH; PEX7

Gaucher syndrome II AR GBA

KID syndrome AD GJB2; GJB6

Table 1. 
Representative non-syndromic and syndromic ichthyosis with causative genes. Modified citation from Ref. [3].
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multiplex, is caused by mutations in KRT6, KRT16, or KRT17, which is expressed 
in nails and follicular epithelium [18]. White sponge nevus usually seen in the 
oral epithelium is caused by mutations in the KRT4 or KRT13 gene, with whit-
ish, somewhat keratinized oral epithelium showing papillomatous growth [19]. 
Simple epithelial keratins, such as KRT7, KRT8, KRT18, and KRT19, are distributed 
not only in cutaneous glandular structures, such as sweat glands and sebaceous 
glands but also in various internal organs, including the digestive tract and liver. 
Mutations of these simple epithelial keratins in skin disorders have not yet been 
elucidated, but the importance of KRT8 and KRT18 mutations in liver diseases 
have been postulated. End-stage liver disease patients have been reported to show 
higher rates of KRT 8/18 mutations [20]. The solubility of keratins depends on their 
phosphorylation status, and mutations in the phosphorylation site affect the solu-
bility of keratin filaments, resulting in cell damage. Recent findings revealed that 
the phosphorylation of keratins is also affected by the acetylation or methylation 
status of keratins; thus, mutations at these sites also cause cell damage. Mutations 
in KRT8 and KRT18 affect the keratin phosphorylation, acetylation, or methyla-
tion, in turn, affecting the stability in keratin filaments, resulting in an imbalance 
between KRT8 and KRT18 proteins, and causing excessive oxidative stress and 
susceptibility to liver disorders [21, 22].

4. Adherence machinery of epidermal keratinocytes

Adherence machinery is indispensable for controlling keratinocyte cell motil-
ity, proliferation, and viability, as well as the epidermal barrier function by 
controlling cell attachment and cell tension. Keratinocytes have six major adher-
ence mechanisms [23, 24]: 1) Hemidesmosomes, which connect basal keratino-
cytes to the dermal component, with cytoskeletal molecules such as keratins, 2) 
desmosomes, which connect neighboring keratinocytes, sustain the epidermal 
sheet structure and maintain tension by connecting to cytoskeletal molecules, such 
as keratins, 3) Adherence junctions, which control keratinocyte motility by con-
necting intracellular actin to E-cadherin in the adherence junctions to neighboring 
keratinocytes [25], 4) Gap junctions, which also have ion-transporter functions, 
indirectly control keratinocyte barrier function, 5) Tight junctions, which control 
the liquid interface in epithelia and consist of claudins and occludins [26], and 
6) Focal adhesion—attachment of plaques connecting cells to the extracellular 
matrix, thereby, making connections to scaffolds to maintain the keratinocyte 
motility, proliferation, and viability.

Hemidesmosomal proteins are indispensable for maintaining normal dermal-
epidermal structures (Figure 3) [27, 28]. Mutations in hemidesmosomal protein 
genes, such as integrin alpha 6 or beta 4, cause junctional epidermolysis bullosa 
[29]. Mutations in plectin, a constituent of desmosomes and hemidesmosomes, 
cause junctional type epidermolysis bullosa with pyloric atresia [30]. Collagen type 
VII localizes from just beneath lamina densa to support attachment of lamina densa 
to the dermal structure. Mutations in the collagen type VII gene cause dystrophic 
epidermolysis bullosa with prominent skin ulcer and scar formation [31, 32]. These 
severe EBs usually occur in patients with homozygous mutation or compound 
heterozygous mutations. A heterozygous mutation, the same mutation but which 
harbors on only one allele of the gene, causes a milder form of EB, leading to the 
development of nodular prurigo-like lesions or scar formations in autosomal 
dominant type dystrophic EB or development of palmoplantar keratoderma with 
alopecia and dental deformation in autosomal dominant type junctional EB. A 
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recent study revealed that mutations in desmoplakin cause lethal acantholytic 
epidermolysis bullosa [33].

5. Skin barrier dysfunction in diseases

Atopic dermatitis patients present decreased filaggrin and ceramide contents in 
their cornified layers, along with decreased skin barrier function [34]. This dys-
functional barrier allows allergens to penetrate the skin, thus, resulting in sensitiza-
tion to environmental allergens [35]. Peanut allergies are often observed in infants 
of families that consume large amounts of peanut and have detectable levels of 
peanut debris in the surrounding environment [36]. Exercise-induced food allergy 
also develops in relation to filaggrin mutation [37]. A previous study has shown that 
infants with frequent emollient hydration of skin showed a lower rate of bronchial 
asthma development compared to babies without emollient hydration of skin, 
indicating the importance of the skin barrier functioning in maintaining overall 
health and stable homeostasis [38]. Figure 4 illustrates the epidermal structure 
with barrier proteins.

Mutations in filaggrin and protease inhibitors can cause atopic dermatitis. 
Netherton syndrome is caused by a mutation in the serine protease inhibitor 
KAZAL type5 (SPINK5), which results in atopic dermatitis-like skin eruption [39]. 
Nagashima-type PPK is caused by a mutation in SERPINB7, a serine protease inhibi-
tor, with low-grade hyperkeratosis on the palms and soles, involving the backside of 
the fingers, toes, and a triangular lesion on the wrist. Some cases of Nagashima-type 
PPK also develop food allergies or atopic dermatitis [40]. Protease inhibitors are 
essential for stopping the catalyzing reaction by proteases, thus, protecting the skin 
barrier from over-degradation. The precise mechanisms underlying the develop-
ment of atopic dermatitis or allergy in Nagashima-type PPK patients are not clear, 
but one theory is that proteinase activation receptors are potent pro-inflammatory 

Figure 3. 
The structure of hemidesmosome. a) Electron microscopy of hemidesmosomes and basal lamina of a 
normal human subject. b) Schematic view of a hemidesmosome structure. Plectin forms a platform where 
keratin filaments and hemidesmosomal proteins bind, crosslinking keratin filaments with integrin beta4. 
Transmembrane protein bullous pemphigoid antigen 1 (BP180) connects hemidesmosomes to laminin 332, a 
component of the lamina densa. Bullous pemphigoid antigen 2 (BP230) is an intra-cytoplasmic protein that 
composes the hemidesmosome from inside the cells.
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Figure 4. 
The structure of epidermis and its adhesion molecules. a) Schematic view of epidermis structure and its 
adhesion molecules. Basal keratinocytes attach to basement membrane through hemidesmosomes, having 
keratins such as KRT5 and KRT14. Suprabasal keratinocytes start to produce KRT1 and KRT10 and attach 
to neighboring keratinocytes with desmosomes. Granular layer cells express KRT2 containing keratohyalin 
granules and attach to the neighboring cells with tight junctions, which also have desmosomes. Corneocytes 
lose nuclei and embed in lipid layers, connecting each other with corneodesmosomes. Cornified cell envelope 
develops when cells become corneal layer cells from granular layer cells. Adherence junctions exist from 
basal keratinocytes to granular layer keratinocytes. b) Cornified envelope development from its components. 
Filaggrin aggregates keratin filaments and involucrin, and other cornified envelope proteins gather to form a 
cornified cell envelope, upon catalysis by transglutaminase 1.

molecules that react with proteinases to induce inflammation. Thus, protease 
inhibitors could be a therapeutic target for atopic dermatitis [41].

Lipid abnormalities could be another cause of atopic dermatitis, demonstrating 
the skin barrier dysfunction. A decrease in ceramide content of the cornified layer 
has been demonstrated in patients with atopic dermatitis, which is another cause 
of skin barrier dysfunction [42]. Ceramide constitutes almost 50% of the lipids in 
the corneal layer and is indispensable for skin barrier function. Mutations in genes 
involved in lipid metabolism are not known in atopic dermatitis, but gene metabolic 
diseases, such as Gauche disease and Nieman-Pick disease that are characterized by 
mutations in the glucocerebrosidase and sphingomyelin phosphodiesterase 1 gene, 
respectively, which are indispensable in ceramide synthesis, resulting in develop-
ment of atopic dermatitis-like skin eruptions from early childhood. Abnormalities 
in lipid metabolism could be another cause of atopic dermatitis, which requires 
further investigation [43].

Skin barrier function is affected not only by genetic conditions but also by 
ordinary routines of daily life. People who often scrub too much during bathing, 
bathe for a long time period or very frequently, and especially those who scrub their 
skin with nylon towels or scrubbing brushes show very dry skin with small scales all 
over the body. These individuals often complain of severe itching, especially after 
bathing, often resulting in eczema development. Excessive use of detergent also 
causes barrier disruption by increasing the pH of the skin, resulting in enhanced 
enzymatic activity of proteinases in the cornified layers [44]. These lifestyle 
routines would exacerbate eczematous changes in individuals having a genetic 
predisposition that makes them more susceptible to barrier disruption.

Keratinocytes form not only mechanical barriers but also chemical or immuno-
logical barriers for humans. They express several antimicrobial peptides, such as 
cathelicidin, defensin, psoriasin, and various S100 proteins. These antimicrobial 
peptides prevent pathogenic microbes from colonizing the skin surface, thus 
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conferring resistance to microbial infections [45]. Certain conditions such as atopic 
dermatitis have decreased production of antimicrobial peptides, leaving the indi-
viduals more susceptible to bacterial or viral infections through the skin [46, 47]. 
Filaggrin mutations are at times the direct cause of barrier disruption, but T helper 
(Th)2-skewed immune conditions can be another cause too, as Th2 type cytokines 
cause a less differentiated state of keratinocytes thus resulting in lower production of 
antimicrobial molecules and barrier proteins [48]. Mutations in filaggrin also cause 
ichthyosis vulgaris, which often co-exists in atopic dermatitis patients. However, not 
all patients with atopic dermatitis have ichthyosis vulgaris and vice versa, even in the 
presence of filaggrin gene mutations [7]. Thus, the filaggrin mutation alone cannot 
explain the pathogenesis of atopic dermatitis.

Psoriasis is another major inflammatory skin disorder that shows hyperproduc-
tion of antimicrobial peptides in the epidermis induced by skewed Th17 populations 
thus making patients resistant to skin infections [49, 50]. Cathelicidin—one of 
the antimicrobial peptides, complexes with self RNA or DNA to induce the activa-
tion of myeloid dendritic cells and plasmacytoid dendritic cells, respectively. This 
activation further triggers psoriatic inflammation, thus creating a positive feedback 
loop in pathogenesis of psoriasis [51, 52]. Recent advancements in translational 
research produced many “biologics”, which target inflammatory cytokines, such as 
IL-17, TNF, and IL-23, as a treatment option for psoriasis. These include anti-TNF 
antibodies (adalimumab [53], infliximab [54], certolizumab-pegol [55]), anti-IL-17 
antibodies (secukinumab [56, 57], ixekizumab [58], brodalumab [59], bimeki-
zumab [60]), anti-IL-12/23p40 antibody (ustekinumab [61, 62]), and anti-IL-23p19 
antibodies (guselkumab [63], risankizumab [64, 65], thildrakizumab [66–69]). 
Janus kinases (JAKs) are important intracellular signaling molecules downstream of 
cytokine receptors [70]. They are also deeply involved in inflammation in psoriasis, 
and JAK inhibitors have been developed as therapeutic options in psoriasis [71–76].

Ichthyosis has also been shown to have a Th17-skewed immune balance [77], and 
Th17 is a potent inducer of antifungal immunity. However, ichthyosis patients often 
develop cutaneous superficial fungal infections [78, 79]. Taken together, this sug-
gests that the immune imbalance by itself cannot explain the susceptibility to fungal 
infections, meanwhile also implicating the importance of proper functioning of the 
skin barrier to avoid superficial fungal infections.

6. Danger signals from keratinocytes

As a barrier, keratinocytes respond to emergency conditions by releasing 
danger-associated molecular patterns (DAMPs) when acutely injured. IL-33 is one 
such emergency molecule, which resides in the nucleus in a steady-state, but is 
released when cells undergo necrosis to stimulate immune reactions [80]. IL-33 is a 
relatively recently identified member of the IL-1 family and functions mainly as a 
pro-inflammatory molecule, although under certain conditions, it can also work as 
an anti-inflammatory molecule. IL-1 alpha—the prototype of IL-1 family members, 
was identified as an alarmin several decades ago. The Koebner phenomenon in pso-
riasis is attributed to the release of IL-1 alpha from damaged keratinocytes, which 
induces psoriasis in regions after skin injury [81]. IL-1 alpha is an interesting cyto-
kine that mainly functions as a soluble cytokine, but also shows a nuclear presence. 
It has been reported that IL-1 alpha repeatedly travels between the cytoplasm and 
nucleus, and is released into the extracellular space upon cell damage to provoke 
inflammation [82]. IL-33 has similar characteristics in that it resides in the nucleus 
too, is released during cell necrosis, and induces inflammation. IL-33, similar to 
IL-1 beta, is produced as a full-length pro-form. IL-33 pro-form is active, but even 
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more, activated when digested by neutrophil elastases or cathepsin. It is, however, 
inactivated when digested by caspases, unlike IL-1 beta, which is activated by 
caspases during activation of NRLP3 inflammasomes. ST2L—a receptor of IL-33, is 
expressed on Th2 cells, group 2 innate lymphoid cells, and regulatory T cells, and its 
soluble form—sST2, blocks the interaction of IL-33 with ST2L [83].

IL-33 exhibits both pro-inflammatory and anti-inflammatory roles. As a Th2 
cytokine, it stimulates ST2L-expressing cells, including mast cells, Th2, and ILC2 
cells. This enhances Th2 type inflammation by inducing expression of Th2 type 
cytokines, such as IL-5 and IL-13. However, upon Th1 or Th17 activation, IL-33 may 
attenuate pathological conditions by skewing Th2 type inflammation. The graft ver-
sus host disease (GVHD) reaction [84] was reported to be attenuated by IL-33, and 
experimental autoimmune encephalomyelitis showed reduction in response to IL-33 
action [85]. Graft rejection in heart transplantation was reported to be attenuated by 
treatment with IL-33 [86]. IL-33, by inducing regulatory T cell function, was shown 
to induce immunosuppression [87]. UVB-induced immunosuppression too has been 
shown to be attributed with IL-33 [87]. Immune dysregulation in coronavirus infec-
tion is hypothesized to be caused by the IL-1 family member of cytokines [88]. IL-33 
has also been shown to induce neutrophilic infiltration in several animal models and 
disease conditions, which may be interpreted as a pro-inflammatory effect [89].

IL-33 has dual nuclear and soluble cytokine forms. Nuclear IL-33 functions 
as a transcriptional regulator. In acute wound healing processes, IL-33 functions 
by attenuating inflammation by affecting the NF kappa B activity and enhancing 
wound healing [90]. On the other hand, IL-33 as a cytokine enhances immune reac-
tions in decubitus ulcer models (unpublished). Both IL-33 and IL-1 alpha, when in 
the nucleus, bind to chromatin and are not released easily, thus, forming a reservoir 
for inflammatory signals. The regulation of nuclear or cytoplasmic localization of 
IL-33 is not clear but maybe dependent on its nuclear localization signal. Tsuda et al. 
[91] revealed that there are several different forms of splice variants of naturally 
occurring IL-33, of which expression is regulated by distinct promoters [92]. These 
splice variants should have distinct roles, which could regulate the pro- or anti-
inflammatory properties of IL-33.

In the steady-state, keratinocytes should remain silent as a constitutively active 
state could result in excessive inflammation, which in turn can harm the overall 
human health. Cultured keratinocytes usually require higher concentrations of 
cytokines to provoke inflammatory signals; for example, keratinocytes need TNF 
in the range of several ng/ml to produce inflammatory cytokines, while dendritic 
cells or lymphocytes require only several pg/ml of the same cytokine to produce an 
inflammatory effect to the same or even a greater extent [93, 94]. Keratinocytes by 
differentiating to cornified cells become resistant to environmental stimuli, such 
as UVB; i.e., they usually respond sensitively to UVB in monolayer culture, but 
they become resistant to UVB stimulation when they differentiate in 3D-culture 
[95]. Some chemokines, such as MIP3 alpha/CCL20 are produced more in supra-
basal cells than from basal cells [96], but production of IL-1 receptor antagonist is 
enhanced when keratinocytes are differentiated [97], which may result in attenua-
tion of inflammatory response in differentiated keratinocytes. IL-33 and IL-1 alpha, 
more clearly expressed in suprabasal cells [98], when in the nucleus bind to chro-
matin not to be released easily, thus forming the reservoir for inflammatory signals.

7. Conclusion

Epidermal keratinocytes protect humans from the outer environment by 
forming an efficient mechanical, chemical, and antimicrobial barrier. Mutations 
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in various molecules present in the keratinocyte can cause hereditary disorders. 
The keratinocyte structure is maintained by many structural molecules, including 
keratins, actin, microtubules, and associated proteins and adhesion molecules. 
The barrier function depends on these structural molecules, as well as other 
antimicrobial and immunological components, such as infiltrating or resident 
immune cells, such as lymphocytes, dendritic cells, and macrophages. At the same 
time, keratinocytes are resistant to stimulation in comparison to other cell types, 
such as lymphocytes and dendritic cells, as shown in some pieces of literature that 
they respond to the same stimuli with much fewer attitudes compared to immune 
cells. IL-33, an alarmin released during insults into the skin, works as an alarmin 
to provoke inflammation, but at the same time often attenuates inflammation by 
activating regulatory T cells and skewing Th2 mediated inflammation. This relative 
unresponsiveness and dual-faced character with pro- and anti-inflammatory prop-
erties would be the characteristics of keratinocytes, which cover the entire body by 
facing environmental stimuli all the time. Thus, the differentiation and structural 
characteristics of epidermal keratinocytes prevent the skin from hypersensitivity to 
environmental stimuli.

The mechanism of developing inflammatory conditions has been intensively 
investigated, but the mechanism by which the inflammation status returns to the 
steady-state, or how inflammatory status remains under control to prevent exces-
sive inflammation in healthy humans has not been fully investigated.

A novel approach to maintaining healthy conditions would be unraveled when 
the mechanism of sequestrating inflammation and returning to normal steady-state 
condition is investigated. Epidermal keratinocytes are good candidates to inves-
tigate these mechanisms because they present both pro- and anti-inflammatory 
properties in vivo and in vitro.
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