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Epidermal keratinocytes undergo a unique form of terminal differentiation and programmed cell death known as
cornification. Cornification leads to the formation of the outermost skin barrier, i.e. the cornified layer, as well as to
the formation of hair and nails. Different genes are expressed in coordinated waves to provide the structural and
regulatory components of cornification. Differentiation-associated keratin intermediate filaments form a complex
scaffold accumulating in the cytoplasm and, upon removal of cell organelles, fill the entire cell interior mainly to
provide mechanical strength. In addition, a defined set of proteins is cross-linked by transglutamination in the
cell periphery to form the so-called cornified envelope. Extracellular modifications include degradation of the
tight linkages between corneocytes by excreted proteases, which allows corneocyte shedding by desquamation,
and stacking and modification of the excreted lipids that fill the intercellular spaces between corneocytes to
provide a water-repellant barrier. In hard skin appendages such as hair and nails these tight intercorneocyte con-
nections remain permanent. Various lines of evidence exist for a role of organelle disintegration, proteases, nucle-
ases, and transglutaminases contributing to the actual cell death event. However, many mechanistic aspects of
kearatinocyte death during cornification remain elusive. Importantly, it has recently become clear that keratinocytes
activate anti-apoptotic and anti-necroptotic pathways to prevent premature cell death during terminal differentia-
tion. This review gives an overview of the current concept of cornification as a mode of programmed cell death and
the anti-cell death mechanisms in the epidermis that secure epidermal homeostasis. This article is part of a Special
Issue entitled: Cell Death Pathways.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The body surface of terrestrial animals is exposed to air and to me-
chanical stress, both incompatible with the persistence of living cells
at the direct interface between an organism and its environment.
While terrestrial arthropods have evolved an exoskeleton that protects
underlying living epidermal cells against desiccation and mechanical
damage, terrestrial tetrapods utilize a layer of dead cell corpses and ex-
tracellular deposited material as a barrier to the environment. In addi-
tion to the role of the skin in protecting against mechanical stress and
in limiting the diffusion of chemical substances, the skin is also an
eminent barrier to microbial infections. A plethora of antimicrobial pro-
teins are produced by differentiating keratinocytes in a constitutive or

inducible manner that protect against bacteria, viruses, fungi and para-
sites [1,2]. During homeostasis the most superficial cornified layers of
the outer skin barrier are continuously shed by a process called desqua-
mation and replaced by differentiating keratinocytes derived from a
pool of epidermal stemcells. Corneocytes, the building blocks of the epi-
dermal barrier, are formed by a unique form of programmed cell death
referred to as cornification.

Cornification comprises three key elements, (1) the replacement
of intracellular organelles and intracellular content by a compact pro-
teinaceous cytoskeleton, (2) the cross-linking of proteins at the cell
periphery to form a cornified cell envelope, and (3) the linkage of
corneocytes into a multicellular, functional but biologically dead
structure. The latter is in contrast with the classical apoptotic and ne-
crotic cell death modes that are mainly aimed to delete excessive or
damaged cells. There are numerous variants of cornification that lead
to different cornified structures, such as the stratum corneum of the
interfollicular epidermis, the stratum corneum of palmoplantar skin,
the nails, the hair shaft, the inner root sheath of the hair and the papillae
of the tongue. The main focus of this review is on our current under-
standing of the mechanism and special features of cell death by cornifi-
cation for the maintenance of the skin barrier (stratum corneum). We
will also address the distinctive features of hard cornification in hair,
nail and tongue.
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2. Differentiation of epidermal keratinocytes

2.1. A brief guide to keratinocyte differentiation

The structures of the epidermis and skin appendages aremaintained
by differentiation of keratinocytes from a pool of stem cells. The epider-
mal stem cells are located in the basal layer of the epidermis and in spe-
cial niches of the hair follicle [3]. They give rise to transiently amplifying
cells that are still located in the basal layer. By asymmetric division, pro-
liferating keratinocytes generate cells that stop to divide and start
terminal differentiation (Fig. 1). These daughter cells move into the
suprabasal layers of the epidermis or into suprabasal positions in the

bulge of the hair follicle. Once keratinocytes are detached from the base-
ment membrane of the epithelium, they change their gene expression
profile under the control of p63 and other transcription factors [4,5]. In-
stead of keratins K5 andK14, expressed by all proliferating keratinocytes,
the differentiating keratinocytes of the interfollicular epidermis express
K1 and K10. In the hair follicle and in the nail unit differentiating
keratinocytes express cysteine-rich keratins able to form multiple
disulfide bridges that confer additional mechanical strength (so-called
“hair keratins”). Later during differentiation, expression of a gene clus-
ter named the “epidermal differentiation complex” (EDC) generates
proteins such as involucrin and loricrin [5,6]. Both are cross-linked by
enzymes of the transglutaminase (TGase) family [7]. As the main

Fig. 1. The process of terminal differentiation. The epidermis consists of layers (indicated on the left) of different stages of keratinocyte differentiation distinguished by morpho-
logical hallmarks and expression markers. The cells of the basal layer are attached to the basement membrane by hemidesmosomes, have the capacity to proliferate and provide
new cells that will differentiate towards the surface of the skin. Cells of the spinous layer no longer divide and express typical markers of differentiation such as keratins K1 and K10
and caspase-14. In the granular layer, keratohyalin granules are present and proteins of the epidermal differentiation complex (EDC) are expressed. At the transition from the gran-
ular to the cornified layer, a cascade of events occurs: caspase-14 becomes active and contributes to filaggrin degradation, and keratins and other proteins are cross-linked by
transglutaminases. At this point the content of the lamellar bodies (LBs) is extruded into the intercellular space because the LBs fuse with the plasma membrane. At the cytoplasmic
side of the plasma membrane cross-linking of proteins forms the cornified envelope (CE) that is tightly connected to neighboring CEs via corneodesmosomes. The actual physical
skin barrier is formed by the tight junctions, which form strong intercellular interactions, and the lipids in the intercorneocyte spaces. Eventually the corneodesmosomes are pro-
teolytically degraded by extracellular enzymes and the corneocytes are shed during desquamation.
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