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Netherton syndrome is an autosomal recessive multisystemic disorder characterized by congenital ichthyo-
siform erythroderma, hair shaft defects and atopy, caused by mutations within the human SPINK5 gene. To
investigate the development of this disease, we have cloned mouse spink5 and created mice with a mutated
premature stop codon at amino acid R820X, to produce an allele that closely mimics a point mutation (E827X)
in human SPINK5. Newborn spink5R820X/R820X mice develop a lethal, severe ichthyosis with a loss of skin bar-
rier function and dehydration, resulting in death within a few hours of birth, similar to that observed in
patients with severe Netherton syndrome. Epidermal barrier function is compromised because of the stratum
corneum becoming spontaneously detached in the newborn mice, and this is probably compounded by the
reduced mechanical strength detected in the cornified envelopes. Biochemical analysis of skin from newborn
wild-type and spink5R820X/R820X mice revealed a substantial increase in the proteolytic processing of profi-
laggrin into its constituent filaggrin monomers. Filaggrin functions to organize keratin filaments into
highly ordered macrofibrils that crisscross the cornified cells of the stratum corneum imparting structural
integrity, and defects in filaggrin processing occur in a number of forms of congenital ichthyosis. These
data suggest that in the absence of the serine protease inhibitor spink5, there is an abnormal increase in
the processing of profilaggrin, resulting in an overabundance of filaggrin monomers, and that this may
play a direct role in the observed deficit in the adhesion of the stratum corneum and the severely compro-
mised epidermal barrier function.

INTRODUCTION

Netherton syndrome (MIM 256500) is an autosomal recessive
multisystemic disorder characterized by congenital ichthyo-
siform erythroderma, hair shaft defects and atopy (1). The
syndrome classically presents at birth with a generalized
erythema, together with scaling and peeling of the skin.
Many newborns develop hypernatraemic dehydration, failure
to thrive, recurrent infections and difficulties in thermoregula-
tion (2,3). The generalized exfoliative erythroderma may
persist throughout a patient’s life, or it can evolve into a dis-
tinctive ichthyosis linearis circumflexa. The incidence of syn-
drome has been cited as ranging from one in 200 000 to one in
50 000 live births (4,5), although it could account for �20% of
congenital erythrodermas (6). Most patients later display

characteristic hair shaft abnormalities, particularly trichor-
rhexis invaginata (bamboo hair) and torsion twists (pili
torti). Netherton syndrome patients also suffer from a high
incidence of atopic manifestations, including elevated IgE
levels, eosinophilia, atopic dermatitis, hay fever and food
allergies. No specific treatment is available for the disorder.

Mutations in the gene for the serine protease inhibitor
SPINK5 were found to cause Netherton syndrome (7). The
majority of mutations cause premature stop codons and
reduced or null expression from the mutated allele. A
marked reduction in SPINK5 RNA levels has, indeed, been
observed in patients (7), suggestive of nonsense-mediated
decay of the transcripts containing premature stop codons.
Furthermore, SPINK5 protein cannot be detected in cultured
keratinocytes from patients (4,8).
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SPINK5 may also play a role in protection against more
common cutaneous and atopic diseases. Genetic associations
have been found between SPINK5 polymorphisms and atopy
(9), asthma (9,10) and atopic dermatitis (9,11,12). The
majority of these studies concern a Glu420-Lys variant that
introduces an extra basic residue into a probable linker
region between inhibitory domains 6 and 7 of SPINK5 and
raises the possibility of differential cleavage of this linker
region. Microarray analysis has also revealed a significant
(�7-fold) reduction in SPINK5 expression levels in squamous
cell carcinomas (SCC) compared with non-malignant tissue
(13). Moreover, SPINK5 transcripts were undetectable in all
established SCC cell lines tested (13).

SPINK5 was originally identified as a lympho-epithelial
Kazal-type-related inhibitor and was recognized as the
common precursor protein for two inhibitory peptides isolated
from human blood filtrate, one of which had demonstrated an
inhibitory effect on trypsin in vitro (14). The SPINK5 gene
encodes a protein with 15 potential serine protease inhibitory
domains. Two of these domains have the conserved pattern of
six cysteine residues that are characteristic of Kazal-type
serine protease inhibitors (15). The remaining 13 domains
have a related pattern of four conserved cysteines and were
termed non-Kazal-type inhibitory domains. High SPINK5
expression was originally noted in the thymus, oral mucosa,
Bartholin’s glands and vaginal epithelium. This led to the
speculation of its involvement in anti-inflammatory or anti-
microbial protection of mucoid epithelia and T-cell development
(14). The expression in the thymus is limited to the Hassall’s
corpuscles, the terminally differentiated part of the thymic
epithelium (8). SPINK5 is also expressed in the upper-
spinous and granular layers of the epidermis as well as the
hair follicle and sebaceous gland and cultured epidermal
keratinocytes (2,7,8).

SPINK5 appears to undergo extensive proteolytic proces-
sing of the multidomain precursor. Individual domains one,
five and six have been isolated from hemofiltrate (14,16). A
peptide with an N-terminal sequence identical to that of
domain 8 has been isolated from human epidermal keratino-
cytes (17). The exact extent of the processing of SPINK5
remains to be defined, as does the biological activity of the
released domains. Furin, a subtilisin-like proprotein conver-
tase expressed in the epidermis, may be involved in this pro-
cessing. In vitro cleavage of recombinant SPINK5 into 13
peptides by furin has been reported (18), although less inten-
sive SPINK5 processing by the same enzyme has also been
described (8).

Trypsin-inhibiting activity by SPINK5 has been described
for a number of native and recombinant domains (14,16,19).
Full-length recombinant SPINK5 was also capable of inhibit-
ing the serine proteases plasmin, subtilisin A, cathepsin G,
human neutrophil elastase and trypsin (18). Whether any of
these enzymes are the physiological targets for inhibition by
SPINK5 is unknown. Indeed, given the wide tissue distri-
bution pattern of SPINK5 and the pleiotropic nature of Nether-
ton syndrome, from ichthyosis to atopic disorders, a number
of proteases have been proposed as targets for inhibition by
SPINK5. Such speculation has included: stratum corneum
trypsin-like enzyme, stratum corneum chymotrypsin-like
enzyme, mast cell tryptase, granzymes, kallikreins, major

house dust mite allergens and activators of proteinase-acti-
vated receptor-2 (2,8,16,20). However, to date, in patients
with Netherton syndrome, the only changes in enzyme activity
that have been reported were observed in the skin and
represent an increase in trypsin-like activity (2) and a more
widespread transglutaminase 1 activity (21).

We set out to characterize the murine orthologue of
SPINK5 and produce a mouse model of Netherton syndrome.
The spectrum of mutations seen in human patients suggested
that a complete knockout or null allele of SPINK5 may be
incompatible with mouse survival. Three patients found to
be homozygous for the 153delT mutation, which introduces
a premature termination codon (PTC) into exon 3 of
SPINK5, died within the first 3 months of birth, despite exten-
sive treatment in intensive care (22). We have therefore
used gene targeting to generate mice homozygous for a PTC
in exon 26 of the gene in a region encoding the linker
region preceding the truncated 13th inhibitory domain. The
position of the PTC in these mice is very similar to that of a
recurrent homozygous PTC mutation seen in some patients
with Netherton syndrome: an E827X mutation in exon26
[referred to as 2468insA in Chavanas et al. (7)]. Significantly,
spink5R820X/R820X mice developed symptoms comparable with
those observed in newborn Netherton syndrome patients, with
neonatal ichthyosis, spontaneous shedding of the stratum
corneum, impaired epidermal barrier function and death. We
have also shown that affected mice displayed a dramatic
increase in the proteolytic processing of filaggrin, a major
component of the transitional cell layer. This is the first impli-
cation of a role for the serine protease inhibitor spink5 in the
proteolytic cascade controlling filaggrin processing.

RESULTS

Cloning and gene targeting of the mouse spink5 gene

The mouse orthologue of human SPINK5 was cloned by a
combination of database searching and RT–PCR. The
mouse gene has 32 exons and encodes a protein of 1017
amino acids with 49% homology to the human SPINK5.
Like human SPINK5, the mouse spink5 protein is predicted
to be a serine protease inhibitor proprotein containing multiple
putative inhibitory domains. It contains two classical Kazal-
type domains and 12 non-Kazal-type domains. The main
difference from the human protein is the presence of a trun-
cated 13th non-Kazal-type domain in the mouse spink5 poly-
peptide (Fig. 1A and B). The mouse orthologue has since been
independently cloned by other researchers (GenBank acces-
sion no. XP_283487, RIKEN cDNA clone 2310065D10).

Using Taqman PCR, we determined that the highest levels
of spink5 transcription were detected in the oral mucosa and
oesophagus (Fig. 1C). Significant expression was also detect-
able in the lung and skin, with lower levels of transcription
present in the thymus and liver (Fig. 1C). We were unable
to detect spink5 transcripts in heart or kidney (Fig. 1C). It is
noteworthy that this tissue expression pattern of spink5
mRNA in mice closely resembles that reported for human
SPINK5 (14,16).

To investigate the functional importance of mouse spink5
and assess whether gene targeting could be used to generate
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a mouse model of Netherton syndrome, we produced a repla-
cement gene targeting construct designed to disrupt exon 26 of
the mouse spink5 gene and introduce a premature stop codon,
R820X mutation, into the part of the gene encoding the linker
region separating the 12th inhibitory domain from the trun-
cated 13th inhibitory domain (Figs 1A and 2A). The location
of this premature stop codon was selected to closely emulate

that of a recurrent homozygous premature stop codon
mutation reported in some patients with Netherton syndrome:
E827X [described as 2468insA mutation in Chavanas et al.
(7)] (Fig. 1A). The R820X mutation was introduced into
the mouse spink5 gene following homologous recombination
in embryonic stem (ES) cells. The correctly targeted
allele contained a novel BamHI site for use in screening for

Figure 1. Characterization of mouse spink5. (A) Schematic comparison of mouse spink5 with human SPINK5 proteins. The putative protease inhibitor domains
are represented by the 15 barrels, which are separated from each other by short linker sequences. The shaded barrels are the two Kazal-type domains. The pos-
ition of the PTC introduced into the mouse gene using gene targeting is shown in relation to an analagous human mutation. (B) The predicted amino acid
sequence of mouse spink5. The sequence has been arranged to more easily display the predicted protease inhibitor domains and the short N-terminal signal
peptide. The conserved cysteines of the inhibitor domains are emboldened. An asterisk indicates the position of the R820X mutation. (C) Tissue distribution
of spink5. Real time PCR was used to determine the relative levels of spink5 RNA in total RNA extracted from the indicated tissues. The levels in lung
and thymus are indicated by the written values. Levels in heart and kidney were below detection limits.
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recombination events, and a loxP-flanked neomycin resistance
gene cassette immediately downstream of this premature stop
codon (Fig. 2A). Chimeric mice were generated from correctly
targeted ES cells, and germline transmission from these
chimeras was detected by screening for the 4.8 kb BamHI
fragment at the targeted allele (Fig. 2B).

Heterozygous animals developed normally with no apparent
phenotypic abnormalities. Cohorts of heterozygous mice were
kept for up to 12 months and showed no predisposition to ill
health compared with age and sex matched wild-type controls.
Specifically, the mice showed no outward cutaneous phenotype
or increased tendency to scratch themselves. No differences
were seen in the levels of circulating immunoglobulins,
including IgE. The percentages (and total counts) of CD4/CD8

single positive and double positive thymocytes as determined
by FACS analysis were comparable (data not shown).

spink5R820X/R820X Mice develop a neonatal,
lethal ichthyosis

Interbreeding of multiple spink5þ/R820X heterozygous animals
failed to produce any spink5R820X/R820X pups of weaning age.

Therefore, timed matings were established and spink5R820X/
R820X embryos of normal appearance were detected at days
16 and 19 of gestation. Further analysis revealed that
spink5R820X/R820X mice were born alive but died soon after
birth. Real time PCR analysis with primer sets to different

Figure 2. Disruption of the murine spink5 gene. (A) The structure of the spink5 gene and the targeting vector and the predicted homologous recombination event.
B, BamHI; N, NotI; neo, neomycin resistance cassette; DT, diptheria toxin cassette; filled arrow heads, loxP sites; STOP, introduced PTC. (B) Southern blot of
BamHI-digested DNA from F2 genomic DNA from newborn mice. Probe A detects a 9 kb fragment at the wild-type allele and a 4.8 kb fragment at the targeted
allele. (C) Reduced spink5 transcript levels in spink5R820X/R820X mice. Levels of spink5 RNA detectable by real time PCR assays to two different regions of the
mouse spink5 RNA. Assayed using real time PCR analysis and normalized to hprt transcript levels.
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regions of the spink5 coding sequence revealed a substantial
reduction in the levels of spink5 transcript in total skin from
spink5R820X/R820X mice (Fig. 2C).

The presence of milk spots in the newborn spink5R820X/
R820X pups indicated that they were capable of feeding, but
despite this ability, the pups failed to thrive and expired

within 1–2 h after birth. Although the spink5R820X/R820X

pups appeared phenotypically normal immediately after birth
[histological examination of the neonates failed to show any
obvious abnormality of any major organs (data not shown)],
within 30–60 min of birth they developed a dry and wrinkled
appearance that was accompanied with a generalized shedding
of the outer layer of the skin and the development of a red,
shiny appearance (Fig. 3A). Significantly, infants with
severe congenital Netherton syndrome develop a severe,
generalized exfoliative erythroderma and hypernatremic
dehydration that may prove fatal (1,22). Indeed, the visual
appearance of spink5R820X/R820X pups (Fig. 3A) is similar to
the cutaneous phenotype of congenital Netherton syndrome
(2,3). The whiskers of the neonatal spink5R820X/R820X

mice show no apparent hair shaft abnormalities compared
with those of wild-type mice (Fig. 3D). This is not altogether
unexpected as the characteristic hair defects of Netherton
syndrome are often not observed in newborn children (1).
The spink5R820X/R820X phenotype was unaltered following
the removal of the neomycin gene cassette by intercrossing
of spink5þ/R820X mice with mice transgenic for the Cre
recombinase.

Epidermal barrier function is impaired in
spink5R820X/R820X mice

Given that the spink5R820X/R820X mice developed a general-
ized exfoliative erythroderma immediately after birth, we
wished to determine whether this resulted in impaired epider-
mal barrier function or whether barrier function was com-
promised before birth. A functional skin epidermal barrier is
normally fully developed by day E17 of mouse gestation
(23), and to test whether the absence of spink5 altered the
onset of epidermal barrier function, we determined the
ability of spink5R820X/R820X and wild-type mice to prevent
the penetration of external solutions before and after birth.
The penetration of the dye toluidine blue was used to assess
barrier function in both spink5R820X/R820X and wild-type litter-
mates. As reported previously (23), the epidermis of wild-type
mice was permeable to dye at day E16 of gestation, becoming
impermeable by day E19 of gestation, with dye exclusion con-
tinuing after birth (Fig. 3B). The spink5R820X/R820X mice
showed comparable dye permeability at day E16 of gestation
and impermeability to dye by day E19 of gestation as
wild-type mice (Fig. 3B), indicating normal embryonic devel-
opment of skin epidermal barrier function. However, newborn
spink5R820X/R820X mice showed extensive penetration of tolui-
dine blue and the extent of dye penetration (which varied from
limbs and ventral side only to total skin) correlated with skin
shedding (Fig. 3B). We also quantified transepidermal water
loss (TEWL) through the skin as a measure of skin barrier
function. We found no difference in TEWL between wild-
type and spink5R820X/R820X mice at day E19 of gestation

Figure 3. Gross morphology of spink5R820X/R820X neonates. (A) Newborn
spink5R820X/R820X pups rapidly develop a red, shiny appearance with apparent
shedding of the outer layers of the skin. Note the progressive development
of the skin condition, from shedding at limbs and ventral side (left-
most spink5R820X/R820X mouse), through generalized shedding (middle
spink5R820X/R820X mouse), to severe erythroderma and complete loss of
outer layer of skin (right-most spink5R820X/R820X mouse). (B) Abnormality
in skin barrier function in newborn spink5R820X/R820X mice. Toluidine blue
dye penetration assay performed on wild-type and spink5R820X/R820X

embryos mice at different stages of development. (C) Haematoxylin and
eosin-stained sections of skin showing complete detachment of the stratum
corneum (SC) in spink5R820X/R820X newborn mice. (D) Shafts of whiskers
taken from spink5R820X/R820X and wild-type littermates.
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(mean TEWL for spink5R820X/R820X mice, 10.2 g/hm2; mean
TEWL for wild-type littermates, 9.3 g/hm2). These results
demonstrate that although epidermal barrier function develops
normally in the spink5R820X/R820X mice through gestation,
there is a loss of epidermal barrier function immediately
after birth, and this impairment is coincident with exfoliative
erythroderma. This breakdown in epidermal barrier function
leads to rapid dehydration of the newborn spink5R820X/R820X

mice resulting in neonatal lethality.
Histopathology demonstrated the dramatic loss of adhesion

at the transitional layer between the stratum corneum and the
underlying granular layer of the epidermis of the spink5R820X/
R820X mice when compared with the wild-type mice (Figs 3C
and 4A). With the exception of some mild hyperkeratosis in
spink52/2 epidermis, there were no further differences
between the appearances of the epidermal layers from
spink5R820X/R820X and wild-type mice. Furthermore, immuno-
histochemistry revealed no major differences in either the
amounts or the distribution of the basal cell-specific keratin
14 (Fig. 4B), the suprabasal cell-specific keratin 1 (Fig. 4C)
or the stratum corneum protein, loricrin (Fig. 4D). No epider-
mal expression of keratin 6 was detectable in either wild-type
or spink5R820X/R820X mice (data not shown). Keratin 6 is not
normally expressed in epithelial cells in the absence of hyper-
proliferation/wound healing (with the exception of the outer
root sheath of hair follicles). We noted that staining of filag-
grin, a normally abundant protein of the granular layer, was
more diffuse in the spink5R820X/R820X and lacked the strict
zonal distribution apparent in the wild-type sections
(Fig. 4E). Thus, in the absence of spink5, there is a structural
impairment that fails to maintain the integrity of the stratum
corneum.

Cornified envelopes of spink5R820X/R820X mice have
reduced mechanical strength

In the stratum corneum of stratified squamous epithelia, a
tough, insoluble layer termed the cornified envelope (CE) is
assembled at the inner cell surface of the corneocyte. The
CE is a complex mixture of proteins and lipids, cross-linked
by characteristic N1-(g-glutamyl) lysine isopeptide bonds
formed by transglutaminases. A properly assembled CE
surrounded by an ordered lipid lamellae is essential for effec-
tive barrier function (reviewed in 24). CEs can be purified as
the insoluble material that remains after exhaustive boiling of
excised skin in the presence of detergent and reducing agent
(25–27). The CEs isolated from spink5R820X/R820X mice and
wild-type littermates were typically smooth and polygonal in
appearance and showed no significant difference in size or
shape (Fig. 5). Despite this morphological similarity, the
CEs demonstrated remarkably different mechanical strengths,
as measured by sensitivity to fracture by sonication. After 30 s
of sonication, �90% of the CEs from spink5R820X/R820X neo-
nates displayed a broken or ruptured appearance compared
with no detectable fragility in the CEs isolated from
newborn wild-type mice at this time point (Fig. 5). These
results indicate that the absence of spink5 also impairs
the normal structural composition of the CEs making them
more susceptible to mechanical damage, which in turn

would compromise the functional integrity of the epidermal
barrier.

spink5R820X/R820X mice display increased
filaggrin processing

As spink5 is a serine protease inhibitor, we predicted that the
targeting of spink5 would disturb the balance of protease

Figure 4. Histopathology of skin from neonatal spink5R820X/R820X mice. (A)
Haematoxylin and eosin-stained sections of skin from whole mounted neonatal
mice. The arrowhead indicates the detachment of the stratum corneum (B–E).
Immunohistochemistry of skin sections from neonatal mice with antibodies to
keratin 14 (B), keratin 1 (C), loricrin (D) and filaggrin (E).
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activities in the epidermis and possibly lead to an increase
in the proteolytic processing/degradation/activation of pro-
teins in this tissue. To identify the potential differences
in the protein profiles expressed in the skin of newborn
spink5R820X/R820X and wild-type mice, proteins were extracted
from total dorsal skin of these animals and separated by SDS–
PAGE. Strikingly, a band of just under 30 kDa was consist-
ently observed to be more intense in extracts from
spink5R820X/R820X mice compared with either wild-type or het-
erozygous littermates (Fig. 6A). To identify the �30 kDa
protein, we excised the band and subjected it to in-gel diges-
tion with trypsin. The resultant peptides were resolved by
MALDI-TOF mass spectrometry to accurately determine
their molecular weights. A comparison was then made
between the experimental peptide masses and those predicted
from in silico digestion of the sequences deposited on a public
protein database. This analysis identified that the excised
protein was mouse filaggrin [with a probability based
Mowse score of 177; this is the 210 log(P ), where P is the
probability that the observed match is a random event;
protein scores greater than 75 are considered significant
(P , 0.05)]. Eleven out of the 44 peptides could be assigned
to mouse filaggrin, which has a molecular weight of 27 kDa
(Table 1). To confirm the identity of the �27 kDa protein,
western blot analysis was performed using a polyclonal anti-
body specific to the mouse filaggrin monomer repeat
(DSQVHSGVQVEGRRGH) (Fig. 6B). Increased levels of
filaggrin monomer were evident in extracts from
spink5R820X/R820X mice compared with those from wild-type
littermates. Control western blots, using antibodies to
the abundant epidermal proteins keratin 14, keratin 1 and
loricrin, revealed no differences in the level of immuno-
reactive material (Fig. 6B). The 27 kDa filaggrin monomer
is produced by proteolytic processing of a larger precusor
protein called profilaggrin. We found no evidence of any
increase in the levels of profilaggrin gene expression, as deter-
mined by real time PCR analysis (data not shown).

These results suggest that in the absence of the serine
protease inhibitor spink5, there is increased processing of pro-
filaggrin leading to an increase in the abundance of filaggrin
monomers in the skin from spink5R820X/R820X mice. Signifi-
cantly, filaggrin is a major structural protein important for

the maintenance of the structural integrity of the stratum
corneum. Despite this evidence for an increase in profilaggrin
proteolysis, no difference in total protease activity between the
stratum corneums of spink5R820X/R820X and wild-type mice
was observed using in situ zymography (Fig. 7). This assay
gives an estimate of the total caseinolytic activity in the
stratum corneum, which is attributable to many types of pro-
teases. This result does not preclude a difference in the activity
of specific proteases involved in profilaggrin processing.

DISCUSSION

We have cloned the coding sequence of the mouse orthologue
of human SPINK5 and created mice homozygous for a disrup-
tion of exon 26 of the gene, which introduces a PTC at R820X.
This produces an allele that closely mimics a point
mutation (also a PTC) in the human SPINK5 gene that has
been identified as a causative mutation in Netherton syndrome
(7). Newborn spink5R820X/R820X mice develop a lethal, severe
ichthyosis with a loss of skin barrier function and dehydration,
resulting in death within 1–2 h of birth. The observed exfolia-
tive erythroderma and dehydration is very similar to that
observed in patients with Netherton syndrome, which is
caused by a range of mutations (mainly PTCs) within the
human SPINK5 gene (7). We demonstrate that the barrier
function is compromised because of the stratum corneum
becoming spontaneously detached in the newborn mice, and
this is probably compounded by the reduced mechanical
strength we detected in the CEs. Although the aetiology of
Netherton syndrome is currently unknown, it is likely that
the absence of the protease inhibitory function of SPINK5
plays a major role in disease progression. The use of these
new spink5R820X/R820X mice permitted biochemical identifi-
cation of specific protein species undergoing increased pro-
teolysis in the absence of spink5. Strikingly, we found that
the skin of newborn spink5R820X/R820X mice displayed a sub-
stantial increase in the proteolytic processing of profilaggrin
into its constituent filaggrin monomers. Significantly, previous
reports have linked defects in filaggrin processing with the
development of a number of forms of congenital ichthyosis
(28–31), identifying filaggrin as a critical component in skin
development and barrier function. Our data now demonstrate
that in the absence of the serine protease inhibitor spink5, nor-
mally restrained proteases are no longer inhibited efficiently,
leading to an abnormal increase in the processing of profi-
laggrin, resulting in an overabundance of filaggrin monomers.
These alterations in protease activity may play a direct role in
the observed deficit in the adhesion of the stratum corneum
and the severely compromised epidermal barrier function.

Filaggrin and loricrin are two of the most abundant proteins
expressed in the granular layer of the epidermis. Their precur-
sor proteins are the major constituents of the cytoplasmic
aggregates (called keratohyalin granules), which are charac-
teristic of this layer of the skin. Profilaggrin is initially
synthesized as a large (.300 kDa), insoluble, highly phos-
phorylated precursor that contains many tandemly arranged
repeats of filaggrin monomers. Upon terminal differentiation
of the granular layer, and coincident with keratohyalin
granule dissolution, profilaggrin is dephosphorylated and

Figure 5. Reduced CE strength in spink5R820X/R820X mice. Phase contrast
images of CEs purified from day 19 spink5R820X/R820X and wild-type mice.
Differential sensitivity of CEs to sonication is shown.
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rapidly processed proteolytically into functional filaggrin
(27 kDa in mouse and 35 kDa in human). Filaggrin was orig-
inally recognized for its ability to aggregate keratin filaments
in vitro (32). Mature filaggrin (but not its precursor) interacts
with these filaments to form highly ordered structures known
as macrofibrils that crisscross the cornified cells of
the stratum corneum thereby imparting structural integrity.
Filaggrin has also been reported to become incorporated into
CEs (33). Filaggrin is subsequently degraded to its constituent
amino acids that are modified to provide a mixture of hygro-
scopic compounds important for maintaining epidermal
hydration (reviewed in 34).

The potential importance of the altered filaggrin processing
we have observed in the spink5R820X/R820X mice is also sup-
ported by the role of filaggrin in both human disease and
mouse models. As mentioned earlier, the disruption of profi-
laggrin/filaggrin production and processing has been described

in a number of human skin disorders including Harlequin
ichthyosis (28,29), epidermolysis hyperkeratosis (30) and
ichthyosis vulgaris (31). Furthermore, it has also been reported
that the overexpression of filaggrin in epidermal keratinocytes
results in decreased cell-to-cell adhesion associated with
altered distribution of desmosomal components (35).

Abnormal profilaggrin processing has also been seen in a
number of experimental mouse models. Mice overexpressing
the tight junction protein claudin 6 in the suprabasal layers
of the epidermis die within 48 h from a defective skin
barrier (36). The animals are erythematous at birth becoming
dehydrated and displaying cracked skin within a few hours of
birth. The epidermis is disorganized, often lacking keratohya-
lin granular cells, and the stratum corneum is thicker, often
fragmented. Disturbance of a number of markers of epidermal
differentiation is seen in the newborn skin, but one of the most
striking is a 13-fold increase in the amount of processed filag-
grin (36). Defective processing of filaggrin is also seen in the
epidermis of tissue specific Pig-a null mice (37). These mice
have a lethal impairment of epidermal function and exhibit
dry, wrinkled skin and prominent hyperkeratosis associated
with the virtual absence of the filaggrin monomer.

More recently, loss of processed filaggrin has been
described in mice deficient for the transmembrane serine
protease matriptase/MT-SP1 that is expressed by epithelial
cells including keratinocytes (27,38). These mice die within
48 h of birth, developing abnormally dry, wrinkled, red
and shiny skin with the defective epithelium leading to
rapid dehydration of the neonates. A striking aspect of the
impaired desquamation observed in the MT-SP12/2 mice
was the increased adherence of a more compact stratum
corneum (27).

Thus, in the absence of the serine protease, matriptase, there
is severely impaired filaggrin processing associated with a
more compact and adherent stratum corneum, whereas
absence of the spink5, a serine protease inhibitor, results in
increased filaggrin processing and detachment of the stratum

Figure 6. Increased proteolytic processing of filaggrin in skin of spink5R820X/R820X mice. (A) SDS–PAGE separation of total proteins extracted from neonatal
dorsal skin of four littermates. Genotypes are indicated above lanes. Molecular weight standards (ladder) are in kDa. (B) Western blot analysis of total skin
proteins from paired spink5R820X/R820X and spink5þ/þ neonates derived from two different litters. Sizes of immunoreactive bands are as indicated.

Table 1. Identification of filaggrin by mass spectrometry

Expt.
mass

Calc.
mass

Start End Peptide

702.31 702.34 71 77 QSGAGQR
873.34 873.39 193 201 GQSPDASGR
901.39 901.44 15 23 QGQASAQGR
958.41 958.46 24 33 AGSQGQAQGR
961.42 961.47 233 241 GQSSSANRR
1203.52 1203.55 149 159 GHQGAHQEQGR
1272.59 1272.63 11 23 SGARQGQASAQGR
2195.04 2195.02 211 231 QPSPSQSSDSQVHSGVQVEGR
2459.11 2459.07 122 141 GHQHQHQHQHEHEQPESGHR
2630.16 2630.12 45 70 GVSESQASDSEGHSDFSEGQAVGAHR
2786.29 2786.22 44 70 RGVSESQASDSEGHSDFSEGQAVGAHR

The peptides resolved following trypsin digestion of the isolated
,30 kDa band extracted from dorsal skin from spink52/2 mice are
summarized. gi109835—filaggrin A(mouse)—mass 27146 matched 11
of 44 peptides.
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corneum. Given the reciprocal nature of the phenotypes of the
MT-SP12/2 mice and spink5R820X/R820X mice, and the oppo-
site effects of the two proteins on profilaggrin processing, it is
tempting to speculate that both proteins may be involved in the
same proteolytic pathway. A number of other proteases have
been implicated in this pathway, including profilaggrin endo-
proteinase 1 (39), calpain (40,41) and furin (42). Changes in
the activity of the protein phosphatase PP2A have also been
associated with altered profilaggrin processing (43). Further
studies will be required to determine the potential functional
relationship between matriptase (and/or these other enzymes)
and spink5 in regulating filaggrin processing.

Yang et al. (44) have recently reported the creation of a null
allele at the murine spink5 locus. Using a random mutagenesis
approach, a 66 kb of mouse chromosome 18 was deleted and
replaced with two marker transgenes. This deletion removed
the whole coding region of the spink5 gene. Mice homozygous
for this deletion exhibit a lethal, perinatal blistering of the skin
associated with fragile desmosomal junctions and premature
proteolysis of corneodesmosin. This phenotype is similar to
the one observed in our spink5R820X/R820X mice. Spink5 is
therefore implicated in controlling the correct programmed pro-
teolysis of at least two epithelial components, profilaggrin and
corneodesmosin. The critical difference between our study
and that of Yang et al. (44) is that Netherton syndrome patients
have never been demonstrated to harbour large-scale deletions
of the SPINK5 gene. The vast majority of the SPINK5mutations
described in patients result in the production of PTCs. Our study
shows that the introduction of PTCs into the mouse spink5 gene
is sufficient to produce a phenotype that models the cutaneous
manifestations of severe neonatal cases of Netherton syndrome.
Our phenotype is also retained in mice that have had the neomy-
cin resistance cassette excised. These mice have minimal
genetic alteration at the spink5 locus, other than the introduction
of a premature stop codon and a single residual loxP site.
Yang et al. (44) have succeeded in removing the spink5 gene,
but the large deletion (or the introduction of the two exogenous
transgenes) may have an effect on the transcription of other
known and unidentified genes in this region of mouse chromo-
some 18. No differences were reported in the closest genes
upstream or downstream of spink5, but the latest version of
Ensembl genomic database shows the downstream gene
(Ttid ) to be 300 kb downstream from spink5 and not the
101 kb stated by Yang et al. (44). Another gene, Npy6r, is
located between spink5 and Ttid. One cannot be sure that
spink5 is the only gene with altered gene expression in these
mice.

The neonatal lethality of the spink5R820X/R820X mice has
prevented our analysis of other characteristics of Netherton
syndrome, such as the associated symptoms of atopic
disease, which manifest later in a patient’s lifetime. Inves-
tigation of the role of spink5 in these aspects of the disease
will require the generation of mice harbouring conditional
and/or tissue specific gene modifications. However, the
generation of conventional spink5R820X/R820X mice has pro-
duced a model of severe Netherton syndrome, and analysis
of skin extracts from these animals suggests that filaggrin
lies in a potential pathway in the aetiology of Netherton
syndrome.

MATERIALS AND METHODS

Cloning of the mouse spink5 cDNA

Total RNA was prepared from thymus using RNA-Bee
solution (Biogenesis, Poole, UK), according to the manufac-
turer’s instructions. First strand cDNA was prepared using
Super RT reverse transcriptase (HT Biotechnology Ltd) and
an oligo-dT primer. Putative spink5 exons were recognized
by searching the mouse genome (www.ensembl.org) for
sequences homologous to the human spink5 cDNA. The
full-length spink5 cDNA was generated in overlapping
fragments using RT–PCR with primers designed to these
exons.

Generation of spink5 targeted mice

The insert from IMAGE clone 1210333 (GenBank accession
no. AA727418) was used to isolate PAC 519m17 from
RP21 library (HGMP Resource Centre, Hinxton). A 9 kb
BamHI plasmid containing exons 22–30 of the spink5 gene
was isolated using the same probe. The 3.5 kb 30 arm of the
targeting vector was generated by PCR of this plasmid with
primers 50-GGT ACC (KpnI) CAG CCC ACA AAT GAA
GCA AAG-30 and 50-ATG AGA AGC ATG AGT CTT
CAC-30. The 3.2 kb 50 arm of the vector was generated by
PCR of the plasmid with primers 50-TTT TGC GGC CGC
(NotI) GCT ACA TCA AGC CAG GCG TTA-30 and 50-
TTG GTA CC (KpnI) T ATA GGA TCC TTT CAT TAG
CTT CAC GCT CA-30. A negative selection, diphtheria
toxin, cassette was placed into the HindIII site of the
plasmid pUCMB21. The two vector arms were then sequen-
tially ligated into this plasmid. The replacement vector was
completed by introduction of a loxP-flanked neomycin resist-
ance gene into the KpnI site between the two arms of
homology. The targeting vector was linearized and electropo-
rated into E14.1 ES cells. A total of 480 G418 resistant clones
were isolated and screened by Southern analysis using a probe
external to the vector. The probe for Southern screening was
a combination of two PCR products of �500 bp generated
using the primers 50-CTA GGA ACT ACC TGC CTT CGT-
30 and 50-ATG GCA CAC TTG TTG CCA TGC-30 and 50-
GCA TGG CAA CAA GTG TGC CAT-30 and 50-TAA CGC
CTG GCT TGA TGT AGC-30. Three clones were found to
be targeted correctly. Probing with neomycin gene sequences
confirmed this targeting and showed that only a single
integration of the vector had occurred. Chimeric mice were

Figure 7. Protease activity in the stratum corneum of newborn spink5R820X/
R820X and spink5þ/þ mice as measured by in situ zymography. Green fluor-
escence indicates proteolytically released BODIPY moiety, nuclei were coun-
terstained in red with propidium iodide. A control reaction which included the
serine protease inibitor, aprotonin, is shown.
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generated by the injection of targeted ES clones into 3.5 day
C57BL/6 blastocysts. Male chimeras were mated with
C57BL/6 females and transmission of the ES cell genotype
through the germline was determined by Southern blot analy-
sis. Mice homozygous for the spink5 gene disruption were
generated by interbreeding heterozygotes. Routine genotyping
of subsequent mice was carried out by multiplex PCR using
primers 50-CTA TCA GGA CAT AGC GTT GGC TACC-30

and 50-GAG TCT TCA GAC AAT AGT-30 and 50-GTA
GGA GAG TTC TGT AAG-30 (wild-type allele: 419 bp; tar-
geted allele: 529 bp).

Quantitative PCR analysis

Total RNA was prepared from excised skin following tissue
homogenization in RNA-Bee (Biogenesis) solution according
to the supplier’s instructions. cDNA was prepared using an
oligo-dT primer and Super RT reverse transcriptase (HT
Biotechnology). TaqmanTM real time PCR analysis was
used to quantitate gene expression of spink5 and filaggrin
using the standard curve method. Expression levels were nor-
malized to HPRT levels. Standard curves were generated by
serial dilution of a cDNA sample prepared from a normal,
wild-type thymus. The following primer and probe sets were
used: for filaggrin, 50-GGA CAA CTA CAG GCA GTC
TTG AAG A-30 and 50-CAT TTG CAT GAA GAC TTC
AGC G-30 and 50-FAM-TCC AGA TGA CCA AGA CA-
TAMRA-30; between exons 7–8 of spink5, 50-CCA CTC
GTA ACA GAG AGA GCA GAA-30 and 50-ATT CCT
CAC TTG GTT TTC AAA TTC C-30 and 50-FAM-CAA
AGT TCC TTC TCG GCA TCT CTC CGA-TAMRA-30;
between exons 30–31 of spink5, 50-TGG CAC ACC TGC
ATC TGA AA-30 and 50-GGC AGT TCA GAA TCG AGG
CT-30 and 50-FAM-AGC TTT TTC TCT GTA ATT TCA
CCA ATC ATT GCA TCA-TAMRA-30. The reactions were
performed on an ABI PRISM

TM

7700 sequence detector
(Applied Biosystems) and results analysed using Sequence
Detection Software 1.9.

Pathological examination of spink5R820X/R820X mice

Whole mice were sacrificed and fixed in Accustain 10%
formalin (Sigma-Aldrich). Mice were embedded in paraffin,
and sections were stained and examined by a veterinary
pathologist (FINN Laboratories, Diss).

Histological and immunohistochemical analysis

Newborn mice were fixed in 10% formalin fixative (Sigma-
Aldrich) before embedding in paraffin. Sections were stained
using haematoxylin and eosin or analysed by immunohisto-
chemistry. The following rabbit polyclonal antibodies were
used: keratin-1 (1:500), keratin-14 (1:500), loricrin (1:500)
and filaggrin monomer repeat (1 :100) (Covance). Antibody
binding was detected using StreptABComplex/HRP Duet
peroxidase kit (DakoCytomation) using DAB as the chromo-
genic substrate, with the exception that antibodies to loricrin
and filaggrin were detected using goat anti-rabbit immunoglo-
bulins (1:500) (DakoCytomation). All sections were treated at

968C for 20 min in Target Retrieval Solution (DakoCytoma-
tion) prior to the addition of antibodies.

Barrier permeability assays

TEWL was measured on dorsal skin from newborn mice for
1 min using a Tewameter TM210 (Courage and Khazaka, UK
Ltd), according to the manufacturer’s instructions. Skin per-
meability was also measured using a toluidine blue penetration
assay (26). Newborn mice were dehydrated for 1 min each in
25, 50, 75 and 100% methanol/PBS, prior to rehydration in
PBS. The mice were stained for 5 min in 0.0125% toluidine
blue O (Sigma-Aldrich)/PBS and then destained in a large
volume of PBS prior to being photographed.

Cornified envelope extraction and sonication

CEs were prepared by boiling dorsal skin of newborn mice for
15 min in CE extraction buffer: 100 mM Tris–HCl pH 8.5,
5 mM EDTA, 20 mM DTT and 2% SDS (26). The insoluble
CEs were pelleted by centrifugation at 9000g for 15 min,
and then subjected to a second round of boiling and centri-
fugation. Purified CEs were resuspended in extraction buffer
and were photographed using a Zeiss microscope. Sonication
experiments were performed in a Misonix bath sonicator at
48C on power setting 7. These results are representative of
n ¼ 3 replicates.

Skin protein and western analysis

Dorsal skin from neonatal mice was homogenized in 500 ml of
lysis buffer (2% SDS, 80 mM Tris–HCl pH 7.6, 10% glycerol,
100 nM DTT) containing complete EDTA-free protease inhibi-
tor cocktail (Roche Diagnostics). After boiling for 5 min, the
proteins were examined by SDS–PAGE on a Novex 4–20%
Tris–Glycine gel (Invitrogen), followed by staining with Coo-
massie blue R-250 (BDH). Bands for mass spectrometry were
subjected to in-gel trypsin digestion prior to analysis on a
Voyager DE-STR MALDI-TOF instrument. Proteins were
identified by comparison of peptide masses with predicted
tryptic digests of proteins held on the National Center for Bio-
technology Information protein database. Western analysis
was performed using rabbit polyclonal antibodies to keratin-
1 (1:2000), keratin-14 (1:2000), loricrin (1:1000) and filag-
grin monomer (1:2000) (Covance). Bound antibodies were
detected using HRP-conjugated goat anti-rabbit immunoglo-
bulin (1:1000) (Santa Cruz Biotechnology), followed by che-
miluminescence with ECL western blotting detection reagents
(Amersham Biosciences).

In situ zymography

Cryostat sections of newborn mice were rinsed in 1% Tween-
20, prior to incubation with 2 mg/ml of BODIPY FL casein
(Enzchek Protease Assay Kit, Molecular Probes) and
0.5 mg/ml of propidium iodide for 10–60 min at 378C. The
sections were then rinsed in 1% Tween-20 and dH2O, prior
to visualization of the released BODIPY using a fluorescence
microscope. Co-incubation with the serine protease inhibitor
aprotonin (2 mg/ml) was used as a negative control.
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