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Review
Recent findings from the clinic and the laboratory have
transformed the way proteases and their inhibitors are
perceived in the outermost layer of the skin, the epider-
mis. It now appears that an integrated proteolytic net-
work operates within the epidermis, comprising more
than 30 enzymes that carry out a growing list of essential
functions. Equally, defective regulation or execution of
protease-mediated processes is emerging as a key con-
tributor to diverse human skin pathologies, and in recent
years the number of diseases attributable to aberrant
proteolytic activity has more than doubled. Here, we
survey the different roles of proteases in epidermal
homeostasis (from processing enzymes to signalling
molecules) and explore the spectrum of rare and com-
mon human skin disorders where proteolytic pathways
are dysregulated.

The epidermis: structure meets function
The survival of all living organisms depends on maintain-
ing a clear boundary between themselves and the environ-
ment. This task is relatively simple for single cell
organisms, but for higher order species, more elaborate
defensive structures are required to protect both internal
and external surfaces. For humans and many other terres-
trial animals, the skin establishes a critical border by
providing the body with an impenetrable protective cover-
ing. This function predominantly relies on the outermost
layer of the skin, the epidermis (see Glossary), which
includes hair follicles and their appendages, and is remark-
ably just a few layers of cells in depth. However, this
slender appearance is deceptive. Up close, the epidermis
is exquisitely ordered, incredibly dynamic, and immensely
complex. In addition to being an effective physical barrier,
the epidermis is equipped with biochemical defence sys-
tems, sustains an active self-renewal programme that
regenerates the entire epidermis every few months, and
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works in close partnership with the immune system to
defend against external threats.

Structurally, the epidermis is organised into distinct
layers, which are visible in cross-sections as a continuum of
keratinocytes in all stages of maturation (Box 1). This
stratified arrangement is maintained by the continual
production and differentiation of keratinocytes, a process
that must be tightly regulated to ensure that the epidermal
barrier remains functional as it continues to evolve. Ac-
cordingly, the stepwise maturation of keratinocytes is a
carefully choreographed routine that is guided by converg-
ing signals from a myriad of interconnected pathways [1].
Proteases and their inhibitors are rapidly emerging as
significant contributors throughout this critical operation.

The epidermis is a rich source of proteases that collec-
tively display almost the full repertoire of catalytic chem-
istries (Figure 1). Different proteases and inhibitors are
found in each layer of the epidermis and reside in various
cellular compartments, including within organelles, an-
chored to (and even inside) membranes, and in the extra-
cellular space. Although all proteases have essentially the
same basic function (to cleave peptide bonds), the nature of
their dedicated substrates and the biological effects trig-
gered by their processing are exceptionally diverse. Al-
ready, these actions are known to include degrading
unwanted material, modifying precursor molecules, and
activating key cellular pathways, and there are potentially
many more protease substrates, inhibitors, and functions
that remain to be defined. Each process is vital for epider-
mal homeostasis and thus must be properly executed and
strictly controlled. Indeed, dysregulation of proteolytic
pathways is now recognised as the underlying cause of a
growing number of human skin pathologies.

Intersecting protease cascades exist within the
epidermis
Proteases are typically expressed as inactive precursors, or
zymogens, containing an N-terminal pro-peptide that must
be removed before the protease can acquire full activity.
This is an important checkpoint that separates the activity
of a protease from its expression. Consequently, proteases
are often organised into activation cascades where individ-
ual enzymes lie dormant until their pro-peptide is cleaved.
Newly activated proteases are able to amplify the cascade
by activating downstream protease targets or execute their
intended function.
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Glossary

Acanthosis: abnormal thickening of the living layers of the epidermis (stratum

basale, stratum spinosum, and stratum granulosum), generally resulting from

keratinocyte hyperproliferation.

Cathelicidin antimicrobial peptide: a component of the biochemical defence

system of the skin, cathelicidin is expressed as an 18 kDa inactive precursor

that is cleaved by proteases to liberate a 37 amino acid bioactive peptide

(LL37). LL37 displays potent antimicrobial and inflammatory activity and is

processed further to generate a series of fragments with enhanced antimicro-

bial and diminished inflammatory activity.

Corneocytes: anuclear, non-viable cellular remnants that are produced during

cornification. These subunits possess specialised structural modifications that

make them ideal for forming a resilient and impermeable barrier, namely

reinforced cell-to-cell connections, a fortified cell membrane, and a robust

cytoskeleton.

Cornification (terminal differentiation): the process of programmed cell death

initiated at the interface between the granular and cornified layers that

transforms keratinocytes into corneocytes.

Cornified envelope: a specialised structure formed just beneath the cell

membrane during cornification. The cornified envelope comprises several

proteins (including loricrin, involucrin, and small proline-rich proteins) that are

crosslinked by transglutaminases and covalently bound to an outer lipid shell.

Desmosomes: important cell–cell adhesive structures that link adjacent cells

together via their respective keratin intermediate filament networks. The

desmosomal complex contains several proteins, each with a different function:

desmosomal cadherins (extracellular cell–cell connection), plakins (anchorage

to the keratin cytoskeleton), and armadillo family proteins (adaptor proteins).

Modified desmosomes containing specialised components are called corneo-

desmosomes and are located in the stratum corneum.

Desquamation: the active renewal process in the stratum corneum whereby

superficial corneocytes are gradually shed from the surface. This event

counterbalances the continual production of keratinocytes in the basal layer

and depends on the ability of proteases to degrade desmosomal cadherins.

Epidermis: a self-renewing, stratified epithelium that serves as the outermost

layer of the skin. The epidermis primarily comprises keratinocytes, which form

an ordered array overlaying the dermis, but also includes hair follicles and their

appendages, such as sebaceous glands.

Erythroderma: a prominent feature of several inflammatory skin diseases that

is typified by generalised redness of the skin

Filaggrin: an important, multipurpose protein expressed in the upper

epidermis. Filaggrin is produced as a large (>400 kDa), histidine-rich phos-

phoprotein that comprises an N-terminal S100 calcium binding domain

followed by 10–12 filaggrin tandem repeats (each 37 kDa). Additionally, the

filaggrin repeat series is flanked at either end by additional domains of

unknown function. Pro-filaggrin undergoes stepwise proteolytic processing to

generate functional subunits involved in keratin aggregation, cornified

envelope assembly, stratum corneum acidification and hydration, and

protection against UV radiation.

Haploinsufficiency: a situation that arises in diploid organisms when one copy

of a gene is defective and the single remaining copy is unable to support the

normal function of the gene.

Hyperkeratosis: abnormal thickening of the stratum corneum that can result

from keratinocyte hyperproliferation or impaired desquamation.

Ichthyosis: a heterogeneous family of genetic skin disorders characterised by

dry, thickened, and scaly or flaky skin.

Inflammasome: a multicomponent protein complex that is assembled in

response to detection of damage- or pathogen-associated signals. The

inflammasome provides a molecular framework to promote activation of

procaspase-1, an important protease for converting latent cytokines, such as

pro-IL1b and pro-IL18, to their respective bioactive forms.

Keratinocyte: the major cell type in the epidermis. The name keratinocyte

reflects the dense keratin intermediate filament network that serves as the

cytoskeleton within these cells. Keratinocytes arise from multipotent progeni-

tors in the basal layer of the epidermis and undergo a regulated differentiation

programme as they migrate towards the surface, eventually undergoing

cornification to form corneocytes.

Keratoderma: a term used to describe skin pathologies where hyperkeratosis is

a major clinical feature.

Keratohyalin granule: a storage body that accumulates in the cytoplasm of

keratinocytes in the stratum granulosum and contains proteins such as pro-

filaggrin and loricrin.

Lamellar body: an important storage and delivery granule that is synthesised by

differentiating keratinocytes and contains pro-barrier lipids, lipid processing

enzymes, proteases, and their inhibitors. Lamellar bodies fuse with the cell

membrane during cornification to release their contents to the extracellular space.

Monogenic (or Mendelian) disease: a heritable disorder that is caused by

mutation of a single gene.

Palmoplantar: related to palms of the hands or soles of the feet.

Papillomatosis: deep projections of the epidermis into the dermis as a

consequence of keratinocyte hyperproliferation.

Parakeratosis: the retention of nuclei in corneocytes following terminal

differentiation.

Proteases: a structurally diverse family of enzymes whose primary function is

to cleave peptide bonds within a peptide or protein. Each protease class uses a

different mechanism (involving a unique combination of amino acid residues

and/or metal ions) to catalyse this reaction.

Protease inhibitor: a molecule (typically a peptide or protein) that binds to a

protease and prevents it from engaging and cleaving its substrates. Most

protease inhibitors are competitive inhibitors and function by blocking the

active site of the target protease. Different inhibitors are tailored to regulate an

entire class of proteases, a subset of several related proteases, or even a single

protease, and are capable of reversible or irreversible inhibition.

Proteomic profiling: a method for analysing the full repertoire of proteins

present in complex biological samples. Modern proteomic approaches use

mass spectrometry-based techniques that can be applied to identify changes in

protein abundance or proteolytic cleavage events that coincide with disease.

Pruritus: an itching sensation that prompts scratching.

Pseudoprotease: an inactive protease that is structurally homologous to a

conventional protease but lacks catalytic activity. Pseudoproteases have been

discovered in the rhomboid family and do not contain a catalytic serine

residue. Note that this is distinct from a protease that carries out non-catalytic

functions but is capable of catalytic activity.

Stratum corneum: the non-living, outermost layer of the epidermis. The stratum

corneum comprises a tightly packed array of corneocytes that are linked together

by corneodesmosomes and embedded in an impermeable lipid matrix.

Type 2 T-helper (Th2) cells: a population of T-helper cells that differentiate from

naı̈ve CD4+ T cells and produce proinflammatory and proallergic cytokines,

such as IL4, IL5, and IL13. Th2 cells induce antibody class switching in B cells,

in turn promoting high serum levels of IgE.

Zymogen: the inactive precursor form of a protease. Protease zymogens

contain a regulatory pro-sequence that must be removed by proteolytic

cleavage before the protease can acquire full activity.
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The first proteolytic cascades in the epidermis were
identified as clusters of proteases associated with the
same physiological process. A kallikrein-related peptidase
(KLK) cascade involving KLK5, KLK7, and KLK14 was
uncovered by studying activation interactions between
KLK proteases linked to desquamation [2,3]. Shortly after,
an activation cascade involving membrane-bound serine
proteases, matriptase and prostasin, was identified and
found to be initiated during terminal differentiation [4].
Activation of transglutaminases involved in crosslinking
components of the cornified envelope is controlled by a
protease cascade involving legumain, cathepsin L, and
cathepsin D [5,6]. Additionally, activation interactions
have been identified between matrix metalloproteases
(MMPs) involved in wound healing and various serine
proteases released by infiltrating immune cells [7].

Recent findings indicate that the degree of cooperation
among epidermal proteases is greater than first thought and
that the various function-specific cascades may represent
different branches of a larger, integrated proteolytic net-
work (Figure 2). This view is supported by in vivo proteomic
profiling studies, which have revealed that loss of a single
protease in the skin has unexpectedly broad effects on global
proteolytic activity [8,9]. Indeed, new activation interactions
continue to be discovered, such as the recent link between
matriptase and the KLK cascade [10]. The matriptase–
prostasin cascade has itself been revised following the dis-
covery that prostasin is an essential cofactor for matriptase
activation [11]. This suggests that the initially proposed
linear cascade is in fact a reciprocal relationship in which
non-catalytic binding interactions have a key role as pros-
tasin mutants that lack catalytic activity still support
matriptase activation [11]. Cleavage events that remove
part of the activation pro-sequence have also surfaced.
Meprin-b is able to remove part of the KLK7 pro-sequence
to generate an intermediate form that can be activated more



Box 1. Ordered keratinocyte maturation confers the stratified architecture of the epidermis

Keratinocytes arise from a population of multipotent progenitor cells

residing at the base of the epidermis and in the hair follicle bulge, and

undergo a regulated differentiation programme as they migrate

towards the surface (Figure IA). The switch from proliferation to

differentiation is controlled by several signalling cues, such as p63

and Notch, and stimulates changes in the intermediate filament

network (keratin 1 and 10 replace keratin 5 and 14) and structures

providing cell–cell adhesion. During their outward transit, keratino-

cytes synthesise the necessary protein and lipid components to

construct the epidermal barrier. As cells enter the stratum granulo-

sum and the maturation process approaches its finale (cornification),

cellular activity crescendos and the last remaining preparations are

made to convert keratinocytes into corneocytes (inert cellular

remnants). This transformation is initiated at the interface between

the stratum granulosum and the stratum corneum, and involves a

series of dramatic changes both inside and outside the cell. The

intracellular space is completely reorganised as organelles are

dismantled and the intermediate filament network is condensed into

dense keratin macrofibrils. Additionally, the cell membrane is

fortified by formation of the cornified envelope, cell-to-cell links are

reinforced by insertion of new components into the desmosomal

complex, and precursor lipids are secreted from lamellar bodies,

processed, and aligned to form a highly impermeable matrix. These

changes transform relatively ordinary cells into resilient subunits that

form a durable and water-resistant cellular array. Disruption of the

ordered keratinocyte differentiation programme occurs in many

human skin disorders and impairs the normal structure and function

of the epidermis (Figure IB–E).

Stratum corneum

Stratum granulosum

Stratum spinosum

Stratum basale

Basement membrane

(A) (B) (C)

(D) (E)
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Figure I. The tiered structure of the epidermis and clinical features of human skin disorders. (A) Schematic representation of the normal structure of the epidermis. The

four layers of the epidermis are labelled and each is shown in a different colour (stratum basale, blue; stratum spinosum, green; stratum granulosum, orange; stratum

corneum, yellow). Hair follicles and their appendages are also part of the epidermis but are not represented here for simplicity. (B–E) Clinical features of human skin

disorders illustrating the range of biological processes affected in different diseases: (B) Netherton syndrome, (C) ichthyosis hypotrichosis syndrome (reproduced, with

permission, from [56]), (D) atopic dermatitis, and (E) tylosis oesophageal cancer syndrome (reproduced, with permission, from [43]).
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efficiently [12] and KLK7 cleaves procaspase-14 to produce a
secondary form that subsequently mediates conventional
procaspase-14 activation [13]. These observations add sev-
eral new layers of complexity to protease activation, indi-
cating that current understanding of the epidermal protease
network remains far from complete.

Protease inhibitors: a vital countermeasure in the
epidermis
Although proteolytic cascades are important regulatory
mechanisms, additional measures that focus on active
proteases are needed. This task is performed by a large
collection of protease inhibitors, each of which is tailored to
target a different subset of proteases (Figure 1). Desqua-
mation is regulated by lympho-epithelial Kazal-type inhib-
itor (LEKTI), a 15 domain protease inhibitor that is
separated into smaller fragments by furin [14], and inhi-
bits KLK5, KLK7, and KLK14 [15]. KLK proteolytic activ-
ity is fine-tuned by related inhibitors including serine
protease inhibitor Kazal-type (SPINK)6 [16] and SPINK9
[17,18]. Matriptase and prostasin are tightly controlled by
the membrane-bound inhibitor, hepatocyte growth factor
activator inhibitor-1 (HAI-1) [19,20], which is proposed to
capture either protease into a stable inhibited complex
shortly after activation [21]. Elafin and secretory leukocyte
protease inhibitor (SLPI) are elastase inhibitors [22,23]
that are upregulated following skin injury [24] and act to
limit the degree of tissue destruction inflicted by immune
cell proteases.

Cystatins are the predominant inhibitors of cysteine
proteases in the epidermis. Cystatin A is incorporated into
the cornified envelope and inhibits both endogenous
(cathepsin L, cathepsin V) and exogenous proteases (dust
mite cysteine proteases) [25,26]. By contrast, cystatin M/E
seems to be mainly involved in regulating protease-medi-
ated transglutaminase activation [6]. Tissue inhibitors of
metalloproteases (TIMPs) are the major inhibitors of
MMPs and are predominantly expressed during wound
healing [7]. Members of the serpin superfamily complete
the complement of epidermal protease inhibitors and pro-
vide the ability for irreversible inhibition. Squamous cell
carcinoma antigen (SCCA)1 targets cysteine cathepsins
[27], whereas SCCA2 inhibits chymotrypsin-like serine
proteases [28]. Additionally, SERPINA12 (vaspin) has
3



Table I. Epidermal protease inhibitors and their known protease targetsa

Inhibitor Known in vitro protease targets Refs Inhibitor Known in vitro protease targets Refs

Cystatin A Cathepsin L, cathepsin V, dust mite cysteine

proteases (Derp1, Derf1)

[25,26] SCCA2

(SERPINB4)

Cathepsin G, mast cell chymase,

proteinase 3

[28]

Cystatin M/E Cathepsin L, cathepsin V, legumain [26] SERPINB6 Trypsin, plasmin, cathepsin G, KLK8 [30]

Elafin Neutrophil elastase, proteinase 3, elastase 2 [22,64] SLPI Neutrophil elastase, cathepsin G,

elastase 2, KLK7

[23,102]

HAI-1 Matriptase, prostasin [19,20] SPINK6 KLK5, KLK13, KLK14 [16]

LEKTI KLK5, KLK7, KLK14, plasmin, cathepsin G,

caspase-14

[15,103] SPINK9 KLK5 [17,18]

SCCA1 (SERPINB3) Cathepsin L, cathepsin K, cathepsin S [27] TIMP-1 ADAM10 and most MMPs including

MMP2, MMP3, MMP9, MMP13

[104,105]

aAbbreviations: ADAM, a disintegrin and metalloprotease; HAI, hepatocyte growth factor activator inhibitor; KLK, kallikrein-related peptidase; LEKTI, lympho-epithelial

Kazal-type inhibitor; MMP, matrix metalloprotease; SCCA, squamous cell carcinoma antigen; SLPI, secretory leukocyte protease inhibitor; SPINK, serine protease inhibitor

Kazal-type; TIMP, tissue inhibitor of metalloproteases.
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Figure 1. Proteases and their inhibitors are distributed throughout the epidermis. Localisation of key proteases and protease inhibitors produced by keratinocytes in human

skin (determined from immunostaining data available in the literature). Proteases are coloured by catalytic family (metalloproteases, red; serine proteases, blue; cysteine

proteases, orange; aspartic proteases, green). Purple shading indicates iRhom2, a catalytically inactive member of the rhomboid family. Protease inhibitors are coloured to

reflect their target protease class (serine proteases, blue; cysteine proteases, orange). SCCA1/2 is shaded orange and blue to indicate that SCCA1 inhibits cysteine proteases

and SCCA2 inhibits serine proteases. Dark blue shading indicates localisation in diseased skin and the asterisk denotes specific expression in palmoplantar epidermis

(SPINK9). Table I shows the known target proteases for each inhibitor. Abbreviations: ADAM, a disintegrin and metalloprotease; bleomycin hyd., bleomycin hydrolase; cst.

M/E, cystatin-M/E; HAI-1, hepatocyte growth factor activator inhibitor-1; KLK, kallikrein-related peptidase; LEKTI, lympho-epithelial Kazal-type inhibitor; MBTPS2,

membrane-bound transcription factor protease, site-2; MMP, matrix metalloprotease; SASPase, skin aspartic protease; SCCA, squamous cell carcinoma antigen; SKALP,

skin-derived antileukoproteinase; SLPI, secretory leukocyte peptidase inhibitor; SPINK, serine protease inhibitor Kazal-type; TIMP, tissue inhibitor of metalloproteases.
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recently been shown to inhibit KLK7 [29] and covalent
KLK8/SERPINB6 complexes have been detected in differ-
entiated keratinocytes [30]. Physiological gradients (pH
and calcium) that extend throughout the epidermis also
modulate proteolytic activity and broadly influence differ-
ent protease classes.

New mechanisms for protease inhibitor regulation have
emerged recently. Certain inhibitors appear to be sub-
strates for non-target proteases and are inactivated once
cleaved. This phenomenon has an important role in cuta-
neous inflammation, as illustrated by MMP2-mediated
inactivation of C1 inhibitor, which promotes increased
vascular permeability and complement activation [9]. Ad-
ditionally, potential functions for inhibitors beyond prote-
ase regulation have surfaced, such as the proposed role of
cystatin A in cornified envelope function and protecting the
links between desmosomes and the keratin intermediate
filament network [31].

Ordered keratinocyte differentiation relies on proteases
and pseudoproteases
The involvement of proteases in epidermal homeostasis
can be traced back to the first steps in the keratinocyte
maturation process. As keratinocytes withdraw from the
4

cell cycle and commit to differentiation, proteases begin the
task of liberating signalling molecules from the cell surface
in order to modulate the activity of key cellular pathways.
Membrane-bound ADAMs (a disintegrin and metallopro-
teases) feature prominently in this process and their abili-
ty to select the right ligand at the right time is guided by
several layers of regulation [32].

Known substrates for ADAM10 are associated with core
signalling pathways in the early stages of differentiation.
Ligand binding to the Notch receptor unmasks an ADAM
cleavage site within the Notch extracellular domain.
ADAM10 predominantly catalyses this cleavage in vivo
[33], which prompts a second cleavage event, by g-secretase,
to liberate the Notch intracellular domain. This fragment
subsequently translocates to the nucleus and interacts with
DNA-binding proteins to modulate transcription. In a simi-
lar manner, ADAM10 cleaves E-cadherin, an adherens
junction component, to stimulate translocation of b-catenin
to the nucleus where it activates expression of downstream
target genes [34]. ADAM10 also liberates epidermal growth
factor (EGF) from the cell surface [35], although this func-
tion is shared with other proteases, such as the intramem-
brane rhomboid serine protease, rhomboid-like 2 (RHBDL2)
[36].
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Figure 2. Piecing together the current epidermal protease network. An overview of the epidermal proteolytic network and its convoluted web of activation interactions

(shown with arrows). Each box represents a different biological process involved in epidermal homeostasis. Black arrows represent conventional protease activation

interactions resulting in conversion of a protease zymogen into a fully active form. Broken silver arrows indicate additional regulatory interactions including cleavage to

generate an intermediate form, degradation of a regulatory domain, regulation of protease trafficking, or zymogen cleavage to produce an atypical active form.

Transglutaminase-1 and -3 are shown in grey italic lettering to highlight that they are not proteolytic enzymes. Abbreviations: ADAM, a disintegrin and metalloprotease;

ENaC, epithelial sodium channel; KLK, kallikrein-related peptidase; LEKTI, lympho-epithelial Kazal-type inhibitor; MBTPS2, membrane-bound transcription factor protease,

site-2; MMP, matrix metalloprotease; PAR2, protease activated receptor 2; PEP, pro-filaggrin endopeptidase; RHBDL2, rhomboid-like 2; SASPase, skin aspartic protease.
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Conversely, substrates for ADAM17 seem to be predom-
inantly required in the later phases of maturation. These
include several EGF receptor ligands such as transforming
growth factor-a (TGF-a), heparin-binding EGF, and epir-
egulin [35,37]. A new regulatory mechanism for ADAM17
and EGF receptor ligands has recently emerged involving
iRhom pseudoproteases, which are catalytically inactive
members of the rhomboid family. iRhom1 and iRhom2 are
both expressed in human skin and coordinately regulate
trafficking of EGF and ADAM17 from the endoplasmic
reticulum in vivo [38,39]. This process is particularly im-
portant for ADAM17 because it must reach the next stage
of the secretory pathway, the Golgi apparatus, to be acti-
vated by furin. Additionally, iRhoms have been shown to
influence stimulus-induced shedding of certain ADAM17
substrates in vitro [38,40].

The importance of proteases and pseudoproteases dur-
ing the initial stages of keratinocyte differentiation is
evident in the pathogenesis of several recently elucidated
monogenic diseases (Table 1). Loss-of-function mutations
in ADAM10 cause reticulate acropigmentation of Kita-
mura [41], a disorder characterised by recessed, pigmented
skin lesions that first appear on the hands and feet before
progressing to other sites. These lesions are associated
with a reduction in epidermal thickness below the granular
layer and melanocyte hyperactivity [41], indicating that
ADAM10 haploinsufficiency affects both keratinocytes and
melanocytes. Indeed, similar effects are seen in murine
models of ADAM10 deficiency. Keratinocyte-specific
deletion of ADAM10 by conditional knockout causes im-
paired Notch signalling and markedly reduces the depth of
the stratum spinosum [33], whereas ADAM10 haploinsuf-
ficiency in Hairless mice causes pigmented lesions due to
melanocyte hyperproliferation [42].

Additionally, gain-of-function mutations in RHBDF2
(rhomboid family member 2), encoding iRhom2, have been
identified to cause tylosis oesophageal cancer syndrome
[43]. Hallmarks of this disease include palmoplantar
acanthosis with hyperkeratosis and a significantly elevat-
ed lifetime risk of developing oesophageal cancer. Cultured
keratinocytes from tylosis patients display inherent
tumourigenic potential and show increased proliferation
and migration rates, even when exogenous EGF is with-
drawn [43]. These effects are proposed to involve enhanced
ADAM17 shedding of EGF receptor ligands [44], demon-
strating that iRhom pseudoproteases are critical regula-
tors of the EGF signalling axis.

Conversely, ADAM17 deficiency has been shown to
cause inflammatory skin and bowel syndrome [45]. Fea-
tures of this disease include a generalised pustular rash
with erythema, scaling, and increased susceptibility to
infection. The defective pathway or pathways in this dis-
order are yet to be elucidated, although impaired liberation
of EGF ligands is likely to be involved. Indeed, chemothera-
pies targeting the EGF receptor often cause cutaneous side
effects, including a pustular rash, dry skin, and pruritus
[1]. Similar features are seen in keratinocyte-specific
ADAM17-deficient mice, which suffer from epidermal
5



Table 1. The origin and pathogenesis of human skin disorders involving proteasesa

Proliferation Differentiation Cornification Inflammation Desquamationb Disease Genetic origin Pathogenesis

Tylosis oesophageal cancer

syndrome (OMIM 148500)

Gain-of-function mutations

in RHBDF2 (17q25.1),

autosomal dominant

Dysfunctional iRhom2 leads to aberrant ADAM17-mediated

EGF receptor ligand shedding, causing palmoplantar

keratoderma and elevated risk of oesophageal cancer

Reticulate

acropigmentation of

Kitamura

(OMIM 179850)

Loss-of-function mutations

in ADAM10 (15q22),

autosomal dominant

ADAM10 haploinsufficiency causes recessed, pigmented

lesions, probably involving defective Notch signalling in

keratinocytes and melanocytes

Inflammatory skin and

bowel syndrome (OMIM

614328)

Loss-of-function mutations

in ADAM17 (2p25),

autosomal recessive

Absence of functional ADAM17 causes chronic

inflammation, presumably linked to defective EGF receptor

ligand shedding

� Ichthyosis hypotrichosis

syndrome

(OMIM 610765)

Loss-of-function mutations

in ST14 (11q24–q25),

autosomal recessive

Matriptase hypoactivity results in pronounced scaling,

hyperkeratosis due to impaired desquamation, and hair

defects

� Ichthyosis, follicular

atrophoderma, and

hypotrichosis

(OMIM 602400)

Absence of matriptase prevents prostasin activation,

causing scaling and hyperkeratosis (like IHS) but also

impaired filaggrin processing and lamellar defects

Ichthyosis follicularis with

atrichia and photophobia

(OMIM 308205)

Loss-of-function mutations

in MBTPS2 (Xp22.12–

p22.11),

X-linked recessive

MBTPS2 hypoactivity appears to prevent proper liberation

of transcription factors from the Golgi membrane,

impairing cholesterol biosynthesis and cornification

Olmsted syndrome, X-

linked form

Mutations close to the catalytic zinc-binding site impair

MBTPS2 function and disrupt key differentiation signalling

pathways

Nagashima-type

palmoplantar keratosis

Loss-of-function mutations

in SERPINB7 (18q21.3),

autosomal recessive

Premature truncation mutations result in absence of

functional SERPINB7, an intracellular protease inhibitor,

causing hyperkeratosis, barrier defects, and mild

inflammation affecting the hands and feet

� Papillon–Lefévre syndrome

(OMIM 245000)

Loss-of-function mutations

in CTSC (11q14.2),

autosomal recessive

Absence of functional cathepsin C causes palmoplantar

acanthosis and hyperkeratosis, involving a proliferation/

differentiation imbalance and impaired desquamation

+ Netherton syndrome

(OMIM 256500)

Loss-of-function mutations

in SPINK5 (5q32),

autosomal recessive

Absence of LEKTI propagates an uncontrolled KLK cascade,

causing stratum corneum detachment, lipid defects,

inflammation, and severe allergic manifestations

+ Acral peeling skin

syndrome

(OMIM 609796)

Loss-of-function mutations

in CSTA (3q21),

autosomal recessive

Cystatin A truncation causes superficial peeling associated

with defective desmosome/keratin filament anchorage

(observed in the stratum corneum)

+ Exfoliative ichthyosis

(OMIM 607936)

Four residue deletion within cystatin A causes superficial

peeling associated with defective desmosome/keratin

filament anchorage (observed in the lower epidermis)

Atopic dermatitis Complex, strongest risk

conveyed by loss-of-

function mutations in FLG

(1q21.3)

Epidermal barrier defects and dysregulation of the immune

system trigger sensitisation to allergens, persistent

inflammation, pruritus, and atopic manifestations

Rosacea Unknown Dysregulation of the innate immune response causes

erythema, vasodilatation, and inflammation. One candidate

pathway involves TLR2 and improper cathelicidin

processing by KLK proteases

aAbbreviations: ADAM, a disintegrin and metalloprotease; CSTA, cystatin A; CTSC, cathepsin C; EGF, epidermal growth factor; FLG, filaggrin; IHS, ichthyosis hypotrichosis syndrome; iRhom, inactive rhomboid; KLK, kallikrein-related

peptidase; LEKTI, lympho-epithelial Kazal-type inhibitor; MBTPS2, membrane-bound transcription factor protease, site-2; OMIM, online Mendelian inheritance in man; RHBDF2, rhomboid family member 2; SERPINB7, serine protease

inhibitor B7; SPINK5, serine protease inhibitor Kazal-type 5; ST14, suppressor of tumourigenesis-14; TLR2, Toll-like receptor 2.

bPlus (+) or minus (�) signs indicate overactive or impaired desquamation, respectively.
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barrier defects and chronic inflammation associated with
impaired liberation of TGF-a from the cell surface and low
expression of transglutaminase-1 and -3 [37].

Proteases ensure a smooth transition from life to death
during cornification
Proteases continue to be heavily involved in the closing
stages of the differentiation process as it reaches its finale:
the transformation of keratinocytes into corneocytes [46].
This event is a defining moment in the formation of the
stratum corneum and lays the foundation for epidermal
barrier function. The first clue that caspases were involved
in cornification was provided by similarities between ter-
minal differentiation and programmed cell death. Howev-
er, cornification is distinct from apoptosis because its
initiation coincides with activation of caspase-14 but not
classical executioner caspases [47]. The important role
of caspase-14 in terminal differentiation is evident in
caspase-14 knockout mice, which show delayed cornifica-
tion, parakeratosis, and incomplete filaggrin processing
[48,49]. Caspase-8 also contributes to epidermal homeo-
stasis and its absence causes hyperproliferation in the
basal and spinous layers associated with persistent inflam-
mation [50]. This protease has an intriguing regulatory
mechanism and can activate cell survival or death path-
ways depending on its binding partner [51].

Cathepsin D and cathepsin L influence assembly of the
cornified envelope by activating transglutaminase-1 and -3.
Loss of cathepsin D in mice causes insufficient transgluta-
minase-1 activation leading to corneocyte structural defects
and hyperkeratosis [5]. Conversely, cathepsin L deficiency is
primarily associated with hair follicle abnormalities and
epidermal hyperplasia in mice. Indeed, cathepsin L has
been shown to function as a tumour suppressor in a squa-
mous cell carcinoma murine model by restricting growth
factor recycling [52]. Nonetheless, deleting an inhibitor of
cathepsin L (cystatin M/E) in mice causes defective cornifi-
cation, which is propagated by unrestrained cathepsin ac-
tivity and premature transglutaminase induction, and can
only be rescued by cathepsin L knockout [6].

Defects in corneocyte structure, assembly of the lamel-
lar matrix, and filaggrin processing are also evident in the
absence of membrane-bound serine proteases, matriptase
[53], or prostasin [54]. Although the complete molecular
basis for these features remains to be elucidated, the
epithelial sodium channel (ENaC) is known to undergo
proteolytic processing and is a likely candidate. Channel
activation appears to be dependent on furin, which cleaves
ENaC at sites within the a and g subunits. A second
cleavage event mediated by proteases, including prostasin
and matriptase, is proposed to further increase channel
activity. Deleting the a-ENaC subunit causes elevated stra-
tum corneum pH and lipid abnormalities in mice, demon-
strating that ENaC is vital for proper cornification [55], and
may provide the link between prostasin or matriptase defi-
ciency and lipid defects [53,54]. However, a-ENaC deletion
does not alter the expression of differentiation markers or
disrupt pro-filaggrin (pro-FLG) processing [55], indicating
that other pathways are also affected.

Protease loss-of-function mutations have been identified
in a diverse series of human skin disorders characterised by
cornification defects (Table 1). Mutations in ST14 (suppres-
sor of tumourigenesis-14), which encodes matriptase, cause
ichthyosis hypotrichosis syndrome (IHS) [56] and ichthyo-
sis, follicular atrophoderma, and hypotrichosis (IFAH) syn-
drome [57]. Both recessive diseases involve distinct plate-
like scaling and hair defects, whereas lipid abnormalities,
impaired filaggrin processing, and absence of active pros-
tasin have only been observed in IFAH to date [56,57]. These
differences may reflect the type of ST14 mutations found in
each disease, namely missense mutations in IHS and pre-
mature truncations in IFAH, which is significant given that
non-catalytic interactions have an important role in regu-
lating matriptase and prostasin activation [11].

Additionally, loss-of-function mutations in MBTPS2,
encoding membrane-bound transcription factor protease,
site-2, have been identified as the cause of ichthyosis
follicularis with atrichia and photophobia (IFAP) syn-
drome [58]. MBTPS2 is located in the Golgi apparatus
and performs the second of two cleavage events to liberate
membrane-anchored transcription factors involved in ste-
rol homeostasis and the endoplasmic reticulum stress
response. Cells transfected with mutant forms of MBTPS2
display impaired induction of genes under the control of
sterol-responsive elements accompanied by deficient cho-
lesterol biosynthesis compared with cells expressing wild
type MBTPS2 [58]. MBTPS2 mutations have also been
identified in X-linked Olmsted syndrome [59], a severe and
debilitating palmoplantar keratoderma, highlighting the
essential role of MBTPS2 in differentiation signalling
pathways.

Very recently, loss-of-function mutations in SERPINB7
have been found to cause Nagashima-type palmoplantar
keratosis (NPPK) [60]. This disorder is typified by hyper-
keratosis with mild erythema that mainly affects the
hands and feet, and increased skin permeability, which
causes a white, spongy appearance following water expo-
sure [60]. SERPINB7 is an intracellular protease inhibitor
located in the granular and cornified layers, indicating that
one or more intracellular proteases are hyperactive in
NPPK. Although its protease targets are currently un-
known, the putative sequence of its reactive centre loop
suggests that SERPINB7 inhibits serine proteases.

Proteases unlock the diverse capabilities of filaggrin
One of the critical processes set in motion during terminal
differentiation is the stepwise dissection of pro-FLG, a
large (>400 kDa) phosphoprotein that contains 10–12
FLG tandem repeats and is packaged into keratohyalin
granules. Functional FLG monomers are liberated by suc-
cessive proteolytic cleavage events (Figure 3) and partici-
pate in remarkably diverse functions as their degradation
proceeds, such as condensing the intermediate filament
network into dense macrofibrils, forming part of the corni-
fied envelope, providing protection against UV radiation,
and modulating stratum corneum hydration and pH [61].

Pro-FLG processing must be carefully timed, thus pro-
FLG is phosphorylated to prevent premature processing
and is dephosphorylated during cornification to allow pro-
teolytic cleavage. The first cleavage sites that enable re-
lease of monomeric FLG have been well characterised, but
precisely which proteases are involved and in what order
7



Storage in
keratohyalin granules

First stage
processing

 Second stage
processing

 Degrada�on
to NMFs

Kera�n
bundling

Furin

PEP1
PPase

KLK5

SASPase

Elastase-2

Caspase-14

Bleomycin hydrolase

Free amino acids and NMFs

Se
co

nd
ar

y
FL

G 
fr

ag
m

en
ts

In
i�

al
 F

LG
 fr

ag
m

en
ts

De
im

id
at

ed
 F

LG
m

on
om

er
s

Fu
nc

�o
na

l F
LG

m
on

om
er

s

Tr
im

er
ic

 a
nd

 d
im

er
ic

FL
G

 in
te

rm
ed

ia
te

sDe
ph

os
ph

or
yl

at
ed

Pr
o-

FL
GPr

o-
FL

G

500

400

300

200

100

40

30

20

10

0

Stratum corneumStratum granulosum

Dephosphoryla�on Deimida�on

M
ol

ec
ul

ar
 w

ei
gh

t (
kD

a)

PAD1,3

Calpain-1

Matriptase/prostasin

TRENDS in Molecular Medicine 

Figure 3. Proteases coordinate the multistage processing of (pro-)filaggrin. The combined involvement of serine, cysteine, and aspartic proteases in the degradation of pro-

filaggrin from a high molecular precursor (>400 kDa) to single amino acids. Each processing stage is shown at the top of the graph and is shaded in a different colour on the

graph area. The gradual decline in molecular weight is shown on the y-axis and non-proteolytic post-translational modifications are shown on the x-axis with

corresponding enzymes shown in boxes, along with the progressive transition from the granular to cornified layer. Abbreviations: FLG, filaggrin; KLK, kallikrein-related

peptidase; NMFs, natural moisturising factors; PAD, peptidylarginine deiminase; PEP1, pro-filaggrin endopeptidase-1; PPase, phosphatase; SASPase, skin aspartic

protease.
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remains unclear. Proteases from the proprotein convertase
family, namely furin and paired basic amino acid cleaving
enzyme 4 (PACE4), appear to release the N-terminal S100
domain, whereas pro-FLG endopeptidase-1 and calpain-1
were the initial candidates for separating the FLG repeat
series. Recent findings indicate that this process is more
complex than first thought because accumulation of dimer-
ic and trimeric FLG repeats has been observed following
deletion of matripase [53], prostasin [54], skin aspartic
protease [62], or KLK5 [63] in various in vivo and in vitro
models. A second post-translational modification, deimina-
tion, converts FLG arginine residues to citrulline, liberat-
ing FLG from assembled macrofibrils by weakening its
keratin-binding activity. This event enables the next phase
of processing where FLG is completely degraded to gener-
ate natural moisturising factors, trans-urocanic acid
and pyrrolidone carboxylic acid, which are essential for
stratum corneum hydration, acidification, and protection
against UV radiation. Caspase-14 [49], elastase-2 [64],
calpain-1, and bleomycin hydrolase [65] are all implicated
in this process.

FLG mutations and impaired FLG processing attract
considerable attention in several skin disorders [61]. The
most prevalent of these is atopic dermatitis (AD), a com-
plex multifactorial disease linked to epidermal barrier
defects and dysregulation of the immune system. Loss-
of-function mutations in FLG are the strongest genetic risk
factor for AD [66], and impaired FLG processing has been
8

identified in AD patients, resulting in lower levels of
natural moisturising factors [67]. Altered FLG processing
in AD appears to involve several proteases, including
caspase-14, which has been found to be strongly down-
regulated in lesional AD skin [68], and causes elevated skin
dehydration linked to incomplete FLG degradation in
caspase-14 knockout mice [49]. Additionally, impaired
FLG processing has been identified in IFAH syndrome
where matriptase is absent and activation of prostasin is
prevented [57]. Conversely, FLG degradation is accelerat-
ed in Netherton syndrome (NS; see below) where the
absence of LEKTI results in hyperactivity of several pro-
teases, including KLK5 and elastase-2 [64,69].

Cutting ties with the corneocyte array drives
desquamation
Once the transformation from keratinocyte to corneocyte is
complete, proteases assume control of the final event in
epidermal homeostasis, desquamation. In this process,
corneocytes are actively shed from the surface of the skin
to offset the continual proliferation of keratinocytes in the
basal layer. Proteases have a critical role in desquamation
and gradually degrade the intercellular connections of
corneodesmosomes (desmoglein-1, desmocollin-1, and cor-
neodesmosin) to detach superficial corneocytes. Initially,
two serine proteases were identified to perform this task,
KLK5 and KLK7, and effects of class-specific protease
inhibitors on in vitro corneocyte release suggested both
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proteases worked cooperatively in desquamation. This
process is tightly controlled by LEKTI, which functions
in a pH-dependent manner to confine corneodesmosome
degradation to the upper stratum corneum [15]. Additional
KLKs have since been shown to be present in the epidermis
[3,70]. Of these, KLK14 efficiently cleaves desmoglein-1
indicating that it may contribute to desquamation, but
whether KLK8 is also involved remains unclear. Addition-
ally, the lower pH of the upper stratum corneum lends
itself to proteases that prefer acidic conditions, and two
such proteases have been shown to colocalise with corneo-
desmosomes, namely cathepsin D [71] and cathepsin V
[72]. Recently, it was reported that stratum corneum acid-
ification (below pH 4, which is ideal for cathepsin D)
inhibits corneocyte release [73]. This finding perhaps nar-
rows the candidate desquamation proteases to KLK5,
KLK7, KLK14, and cathepsin V.

An imbalance between proteolytic activity and inhibi-
tion is a recurring theme in human skin disorders that
feature dysregulated desquamation (Table 1). NS is a
severe ichthyosiform dermatosis characterised by congen-
ital scaly erythroderma, a characteristic hair shaft defect,
and severe atopic manifestations. NS is caused by muta-
tions in SPINK5, encoding LEKTI [74], and results in a
lack of detectable LEKTI expression. Consequently, pro-
teases normally regulated by LEKTI, including KLK5 and
KLK7, are left unopposed in NS, leading to premature
degradation of corneodesmosomes and stratum corneum
detachment as well as disruption of a range of cellular
pathways [69,75,76].

Exfoliative ichthyosis is characterised by dry, scaly skin,
and localised peeling at palmoplantar sites, which is ag-
gravated by moisture and trauma. This disease is caused
by mutations in CSTA (cystatin A), at first suggesting a
protease/inhibitor imbalance like in NS. However, ultra-
structural analyses have revealed that cell detachment
originates in the lower levels of the epidermis, indicating
an important role for cystatin A in linking desmosomes to
the keratin cytoskeleton [31]. Mutations in CSTA have also
been found in cases of acral peeling skin syndrome [77], a
genetically heterogeneous condition that shows several
similarities to exfoliative ichthyosis.

Disorders featuring impaired desquamation have also
been identified. In IHS, retention of intact corneodesmo-
somes has been observed in the upper stratum corneum
of patient skin [56], demonstrating that matriptase contrib-
utes to activating the KLK proteolytic cascade [10]. Im-
paired desquamation also features in the most severe
congenital ichthyosis, Harlequin ichthyosis. This disease
is caused by null mutations in ABCA12 [adenosine triphos-
phate (ATP)-binding cassette subfamily A member 12] lead-
ing to lamellar body defects and impaired delivery of lipids
and proteases during cornification. Reduced expression of
KLK5 and cathepsin D has also been observed and probably
contributes to the dramatic thickening of the stratum
corneum [78]. Finally, palmoplantar acanthosis and hyper-
keratosis are prominent features of Papillon–Lefévre syn-
drome, a disease caused by loss-of-function mutations in
CTSC (cathepsin C) [79]. This suggests that cathepsin C is
involved in differentiation and desquamation at palmoplan-
tar sites, although whether this is a direct or indirect
contribution remains unknown. Additionally, unstimulated
natural killer (NK) cells are defective in Papillon–Lefévre
patients, revealing a role for cathepsin C in activating
granzyme B, a protease contained in NK cytotoxic granules,
which are released to kill pathogens [80].

Proteases, transmembrane signalling, and the
emergency response to barrier disruption
In addition to constructing the epidermal barrier, pro-
teases are at the forefront in responding to barrier disrup-
tion (Figure 4). Several molecular reflexes are triggered by
a breach in the integrity of the stratum corneum. Firstly, a
decline in calcium levels stimulates an immediate burst of
lamellar body secretion to re-establish the permeability
barrier [81]. Secondly, an increase in pH induces elevated
serine protease activity and activation of protease-activat-
ed receptor (PAR)2 [82]. Thirdly, recognition of damage- or
pathogen-associated signals results in inflammasome as-
sembly and activation of proinflammatory cytokines [83].

PARs are transmembrane G-protein-coupled receptors,
which are stimulated by proteolytic cleavage. Release of an
N-terminal pro-peptide exposes an attached ligand for the
receptor at its new amino terminus, stimulating signal
transduction and activation of downstream pathways
[84]. PAR2 is directly activated by KLK5, KLK14, matrip-
tase, and mast cell tryptase but can also be disarmed by
proteolytic cleavage and removal of the tethered ligand [84].
Additionally, prostasin has been shown to stimulate PAR2
activation in vivo and induce persistent inflammation and
ichthyosis, although this probably involves an intermediate
protease, matriptase [85,86]. In concert with caveolin-1 and
caspase-14, PAR2 modulates barrier recovery dynamics by
arresting lipid secretion and stimulating cornification in
transitional keratinocytes [87,88]. PAR2 is also a prominent
mediator of inflammation and pruritus [89] and induces
expression of proinflammatory molecules in keratinocytes.
In NS, patients suffer from persistent inflammation, pruri-
tus, and severe allergies. Here, uncontrolled proteolytic
activity caused by LEKTI deficiency leads to activation
of PAR2, resulting in elevated expression of thymic stro-
mal lymphopoietin (TSLP), a pro-type 2 T-helper (Th2)
cytokine associated with allergy, as well as inflammatory
cytokines including interleukin (IL)8 and tumour necrosis
factor-a [90].

Elevated TSLP levels are also found in the skin and
serum of AD patients and promote dysregulated T cell
activation, which favours the proallergic Th2 pathway.
Interestingly, cytokines released by Th2 cells, IL4 and
IL13, have been shown to downregulate expression of epi-
dermal barrier components, such as FLG [61], and increase
the expression of proteases, including KLK7 [91]. The po-
tential contribution of KLK7 to epidermal barrier defects
and inflammation in AD is supported by observations that
KLK7-transgenic mice develop skin abnormalities reminis-
cent of chronic AD lesions [92]. Additionally, LEKTI poly-
morphisms, such as E420K, have been associated with AD
[93]. This substitution alters LEKTI processing by increas-
ing cleavage of the domain 6–7 linker, leading to increased
trypsin-like and chymotrypsin-like proteolytic activity in
the skin and elevated expression of proallergic cytokines,
such as TSLP [93].
9
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Figure 4. Proteases and pseudoproteases control core signalling and processing pathways throughout the cell. Proteases have major roles in keratinocyte developmental,

differentiation, and inflammatory pathways. Proteases and their respective ligands, receptors, or ion channels are represented in the same colour. Activation of PAR2 by KLK5,

KLK14, mast cell tryptase, or matriptase results in NF-kB-mediated expression of proallergic and proinflammatory cytokines. An additional inflammatory signalling pathway in

the epidermis involves caspase-1 and the inflammasome, mediating activation of pro-IL1b and pro-IL18. Ion flux across the cell membrane is influenced by matriptase and

prostasin, which cleave ENaC. Proteases are also involved in activating the Notch and EGF receptor signalling pathways. ADAM10 cleaves the Notch extracellular domain,

triggering release of the Notch intracellular domain by g-secretase, whereas ADAM10 and RHBDL2 are known to release EGF and ADAM17 to release TGF-a to enable

stimulation of EGFR. iRhom pseudoproteases also influence this process by regulating EGF and ADAM17 trafficking from the endoplasmic reticulum (ER). MBTPS2 liberates key

transcription factors involved in regulating sterol biosynthesis and the ER stress response, whereas lysosomal proteases (CTSC and CTSL) have important roles in protein

processing and degradation. Abbreviations: ADAM, a disintegrin and metalloprotease; casp1, caspase-1; CTSC, cathepsin C; CTSL, cathepsin L; EGF(R), epidermal growth factor

(receptor); ENaC, epithelial sodium channel; IL, interleukin; iRhom, inactivate rhomboid; KLK, kallikrein-related peptidase; MBTPS2, membrane-bound transcription factor,

site-2; NF-kB, nuclear factor kappa B; PAR, protease-activated receptor; RHBDL2, rhomboid-like 2; TGF-a, transforming growth factor-a.
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In addition to inducible inflammatory cytokines, kerati-
nocytes constitutively express IL1b and IL18, but as
inactive precursors that require proteolytic activation. This
process is predominantly performed by caspase-1, which
itself is normally quiescent and activated in response to
damage or infection through assembly of the inflammasome
[83]. Other proteases capable of activating pro-IL1b can be
found in the skin, including MMPs, KLK7, neutrophil pro-
teases (neutrophil elastase, proteinase-3, cathepsin G), mast
cell enzymes (chymase, cathepsin G), cytotoxic T lymphocyte
proteases (granzyme A), and Staphylococcus aureus prote-
ase [94]. Cathelicidin antimicrobial peptides also undergo
proteolytic processing by KLK5, KLK7 [95], and proteinase-
3 [96], and aid in defence against pathogens. This procedure
generates fragments with differing inflammatory and anti-
microbial properties. Defective cathelicidin processing has
been identified in rosacea, resulting in accumulation of the
LL37 bioactive fragment as a result of increased KLK5
activity [97]. Here, the cause of elevated KLK5 activity is
10
not the absence of inhibitor but appears to involve increased
expression and activation of Toll-like receptor 2 [98].

Once the response to prevent infection has been acti-
vated, attention shifts to tissue regeneration. Several pro-
teases are involved in remodelling the extracellular matrix
at the site of injury, including plasmin and MMPs [99].
Additionally, MMPs coordinate the immune response by
activating and deactivating cytokines and chemokines [7].
Aspartic and serine proteases are also implicated in wound
healing. Expression of caspase-8 has been shown to decline
immediately surrounding the wound site and is linked to
keratinocyte proliferation and inflammation [100]. Addi-
tionally, KLK8-deficient mice display delayed recovery to
barrier injury, which is proposed to involve KLK6 and
PAR2 [101].

Concluding remarks
The growing list of human skin disorders caused by loss of a
single protease or inhibitor powerfully demonstrates that



Box 2. Outstanding questions

� How many additional proteases are active in the epidermis and

remain to be identified?

� Does each of the protease activation interactions identified in vitro

occur in vivo?

� What is the complete set of targets for each inhibitor and do they

have secondary functions not related to protease inhibition?

� To what extent will proteomic profiling strategies uncover new

functions for proteases and protease inhibitors in epidermal

homeostasis and disease?

� Why are certain skin diseases confined to palmoplantar sites

when the defective protease or inhibitor is also expressed in non-

palmoplantar epidermis?

� Will therapeutic approaches targeting proteolytic cascades be

successful or will individual therapies for prominent downstream

protease be necessary?

� How far away from the full complement of protease substrates,

pathways, and functions do we currently stand?
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proteases and their inhibitors are crucial elements in
epidermal homeostasis. Pathogenic mechanisms for each
disease reveal that proteases are not only protein degra-
dation and processing enzymes but they also function as
key signalling molecules in an expanding set of cellular
pathways. Consequently, skin diseases involving aberrant
proteolytic activity impact on a broad spectrum of biologi-
cal processes, including keratinocyte proliferation, differ-
entiation, cornification, and desquamation, as well as hair
follicle morphogenesis, melanocyte function, and immune
system regulation.

Collectively, these findings highlight the growing poten-
tial of proteases as therapeutic targets in human skin
pathologies. Indeed, many pharmaceutical companies have
active research programmes aimed at translating knowl-
edge on protease-mediated disease pathways into novel
therapies. However, epidermal morphogenesis is a complex
and tightly ordered process, thus replacing a defective
molecule or suppressing an overactive protease is far from
simple. Moreover, the full extent of many proteolytic path-
ways remains to be fully explored (Box 2). With this in
mind, molecular replacement strategies must take care
to restrict the activity of the substitute protein to the right
time and place. Additionally, protease inhibitor engineering
approaches should aim for an appropriate level of selectivity
in order to minimise interference with unrelated proteolytic
pathways. These challenges are surmountable and this
rapidly expanding field of research in skin biology holds
the promise of new translational developments for novel
treatments of rare and more prevalent skin diseases.
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