Serveur Académique Lausannois SERVAL serval.unil.ch

Author Manuscript
Faculty of Biology and Medicine Publication
This paper has been peer-reviewed but does not include the final publisher
proof-corrections or journal pagination.

Published in final edited form as:
Title: The CAP1/Prss8 catalytic triad is not involved in PAR2 activation
and protease nexin-1 (PN-1) inhibition.
Authors: Crisante G, Battista L, Iwaszkiewicz J, Nesca V, Mérillat AM,
Sergi C, Zoete V, Frateschi S, Hummler E
Journal: FASEB journal : official publication of the Federation of
American Societies for Experimental Biology
Year: 2014 Nov
Volume: 28
Issue: 11
Pages: 4792-805
DOI: 10.1096/fj.14-253781

In the absence of a copyright statement, users should assume that standard copyright protection applies, unless the article contains
an explicit statement to the contrary. In case of doubt, contact the journal publisher to verify the copyright status of an article.

The CAP1/Prss8 Catalytic Triad is not Involved in PAR2 Activation and Protease
Nexin-1 (PN-1) inhibition

Giovanna Crisante1, Laura Battista1, Justyna Iwaszkiewicz2, Valeria Nesca1,3, Anne-Marie
Merillat1, Chloé Sergi1, Vincent Zoete2, Simona Frateschi1* & Edith Hummler1*.

1

Department of Pharmacology and Toxicology; 2Swiss Institute of Bioinformatics, University

of Lausanne, Lausanne, Switzerland.

*equally contributed (equally corresponding authors)
Simona Frateschi,
Simona.Frateschi@unil.ch
or
Edith Hummler,
Edith.Hummler@unil.ch
Department of Pharmacology & Toxicology
Rue du Bugnon 27, CH-1005, Lausanne, Switzerland
Tel. +41/21-692 5357
Fax. +41/21-692 5355

Present address:
3

Department of Fundamental Neurosciences, University of Lausanne, Lausanne, Switzerland.

Running head: Non-enzymatic effects of prostasin

1

Non-standard abbreviations
CAP1/Prss8: channel-activating protease-1, protease serine S1 family member 8, prostasin
ENaC: epithelial sodium channel
HDS: histidine, aspartate and serine
IL: interleukin
K14: keratin 14
MMP9: matrix-remodeling enzyme matrix metalloproteinase 9
nexin-1: protease nexin-1, serpinE2, PN-1, glia-derived nexin
PAR2: protease-activated receptor 2, coagulation factor II (thrombin) receptor-like 1, F2RL1
PCR: polymerase chain reaction
RCL: reactive center loop
Serpins: serine protease inhibitors
tg: transgenic
TSLP: thymic stromal lymphopoietin
wt: wild-type
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Abstract
Serine proteases, serine protease inhibitors, and protease-activated receptors (PARs) are
responsible of several human skin disorders characterized by impaired epidermal permeability
barrier function, desquamation and inflammation. In this study we addressed the
consequences of a catalytically dead serine protease on epidermal homeostasis, the activation
of the protease-activated receptor 2 (PAR2) and the inhibition by the serine protease inhibitor
nexin-1. We show that the catalytically inactive serine protease CAP1/Prss8 retained the
ability to induce skin disorders when ectopically expressed in the mouse as well as its
catalytically active counterpart (75%, n=81). Moreover, this phenotype is completely
normalized in a PAR2-null background, indicating that the effects mediated by the
catalytically inactive CAP1/Prss8 depend on PAR2 (95%, n=131). Finally, we demonstrate
that nexin-1 displayed analogous inhibitory capacity on both wild-type and inactive mutant
CAP1/Prss8 in vitro and in vivo (64% n=151 versus 89% n=109, respectively) indicating that
the catalytic site of CAP1/Prss8 is dispensable for nexin-1 inhibition. Our results demonstrate
a novel inhibitory interaction between CAP1/Prss8 and nexin-1 opening the search for
specific CAP1/Prss8 antagonists that are independent from its catalytic activity.

Key words
Serine protease, prostasin, enzymatic activity
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Introduction
Serine proteases are enzymes involved in the regulation of many biological processes, and are
named as such for the nucleophilic serine residue at the active site. They cleave peptide bonds
by their catalytic triad of histidine, aspartate and serine (1, 2) and besides being degrading
enzymes they regulate downstream signaling pathways as those triggered by proteaseactivated receptors (PARs) (3). Different specific inhibitors control their activities, and this
accurate balance is altered in genetic defects or by exogenous influences (4). CAP1/Prss8 is a
membrane-anchored serine protease expressed in the epithelium of several organs such as the
skin, colon, lung and kidney (5-8) and it can be released in the extracellular space by the
action of phospholipase C (9, 10). The catalytic triad of human and mouse CAP1/Prss8 was
identified as His85, Asp134 and Ser238 according to multiple sequence alignment with other
known serine proteases (11). CAP1/Prss8 was the first of several membrane-bound serine
proteases, like CAP2/TMPRSS4 and CAP3/matriptase found to activate the epithelial sodium
channel (ENaC) in Xenopus oocytes (12, 13) and in rodents (8, 14, 15). An intact catalytic
triad is required for activation of ENaC by CAP2/TMPRSS4 and CAP3/matriptase, but not by
CAP1/Prss8 (16). Conditional removal of CAP1/Prss8 in mouse skin induces postnatal death
(5), whereas increased expression of CAP1/Prss8 impairs survival and leads to disease
demonstrating that balanced CAP1/Prss8 expression is required for skin homeostasis (17).
Moreover, absence of the protease activated receptor 2 (PAR2) completely restores the
defects caused by CAP1/Prss8 overexpression in the skin revealing PAR2 as crucial mediator
of CAP1/Prss8 signaling (17).
The secreted form of CAP1/Prss8 can bind the serine protease inhibitor nexin-1 also known as
serpinE2, PN-1, and glia-derived nexin (9, 18). In addition, CAP1/Prss8-induced ENaCmediated sodium currents can be inhibited by nexin-1 in the Xenopus oocytes (19). Nexin-1
belongs to the serpin family of serine protease inhibitors considered to exert an inhibitory
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action by forming covalent and therefore irreversible complexes through their reactive center
loop with the serine of the catalytic triad of their substrates (20) (21). Nexin-1 is the most
abundant potent endogenous brain thrombin inhibitor (22), and mice deficient for the gene
encoding nexin-1 do no present any obvious skin phenotype (23). Nexin-1 is also expressed in
the skin in the mesenchymal population of the hair follicle where it regulates the plasticity of
dermal cells (24, 25).
In the present study we aimed to analyze the consequences of H85A, D134A and S238A
(namely HDS-A) CAP1/Prss8 mutations for skin physiology when over-expressed, and the
impact on nexin-1 inhibition and PAR2 activation. K14-CAP1/Prss8HDS-A transgenic animals
mimic the phenotype of mice with increased expression of non-mutant CAP1/Prss8 in the
skin, and this phenotype could be completely restored in a PAR2-null background, indicating
that the enzymatically inactive CAP1/Prss8HDS-A mutant is still able to activate PAR2.
Furthermore, nexin-1 presented equivalent inhibitory capacity on each active and inactive
mutant CAP1/Prss8 in vitro and in vivo, showing that the catalytic site of CAP1/Prss8 is
dispensable for nexin-1 inhibition.
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Materials and methods
Mice and measurements of scratching behavior. The H85A, D134A and S238A mutations
were all inserted into the mouse CAP1/Prss8 coding sequence (Genbank g.i. 19111159) and
introduced into the pBHR2(SmaI) vector (17) to generate the K14-CAP1/Prss8HDS-A
transgenic mice. The K14-CAP1/Prss8 and K14-CAP1/Prss8HDS-A transgenes could be
differentiated one from another by PCR, because of 50 base pairs difference at level of the
DNA construct (Fig. 1A and Supplementary Fig. 1C). K14-nexin-1 transgenic animals were
generated by cloning the mouse nexin-1 cDNA (Genbank g.i. 229093415) into the same
pBHR2(SmaI) vector. Vector sequences were removed and the linearized constructs were
microinjected into B6D2F1 hybrid zygotes. Transgenic lines were maintained in the
hemizygous state and compared to non-transgenic littermates hereafter named wild-type mice.
Transgenic mice were genotyped by PCR and Southern blot analysis of genomic DNA
extracted from tail biopsies (17, 26). Experimental procedures and animal maintenance
followed federal guidelines and were approved by local authorities. For assessing the
scratching behavior, simultaneous experiments were conducted on five mice in the absence of
investigators. Mice were not in contact with each other during the experiment. The mice were
videotaped for 20 min for later quantification of scratching behavior. One scratch was
considered as lifting of a limb towards the body with subsequent replacement of the limb on
the bedding. The scratching was quantified in a 10 min time period and expressed as
percentage of total time, as previously described (17).
TEWL measurements. The rate of trans-epidermal water loss (TEWL) was measured using a
Tewameater TM210 (Courage and Khazaka, Köln, Germany) from the ventral skin of preshaved, anesthetized two week-old transgenic and littermate controls. Four independent
measurements were performed per animal. The mean ± SEM results are given, as previously
described (17).
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Semiquantitative and quantitative RT-PCR. Skin was homogenized using Tissue Lyzer
(Qiagen, Valencia, CA) and RNA was extracted with the Qiagen RNeasy Mini kit (Basel,
Switzerland) following the manufacturer instructions. A volume of 1 μg of RNA was reverse
transcribed using PrimeScriptTM reagent Kit (Takara bio inc.). Real-time PCR were performed
by TaqMan PCR or Sybergreen using Applied Biosystems 7500. Each measurement was
performed in triplicate. Quantification of fluorescence was normalized to β-actin. Primer
sequences were previously published in (17). The endogenous CAP1/Prss8 expression was
assessed by endogenous-specific primers (only_endog_CAP1_S 5’
CCTGGGATTCCTCACTCTGA 3’ and only_endog_CAP1_A 5’
CGAGAAGGAGCAGAATGGTC3’). The K14-nexin-1 transgene expression was assessed
by PN_1_F 5’ TTCCGCTCAGGGTCTACCAG 3’, PN_1_probe 5’
GCATGCTGATCGCCCTGCCA 3’ and PN_1_R 5’ TGAGGGATGATGGCAGACAG 3’
primers.
Immunofluorescence, histology and Western blot. Skin was embedded into paraffin. Slides
were incubated in xylene for at least 4 hours and rinsed with decreasing concentrations of
ethanol. Antigen retrieval was performed for 10 min in TEG buffer. Slides were washed in 50
mM NH4Cl in PBS for 30 min and blocked by 1% BSA, 0.2% gelatine, 0.05% Saponin in
PBS at room temperature for 10 min, three times. Primary antibody was diluted in 0.1% BSA,
0.3% Triton X-100 in PBS, overnight at 4 °C. Antibodies against keratin-14, keratin-1,
keratin-6, involucrin, loricrin and filaggrin were purchased from Covance and diluted 1:1,000
or 1:4,000 (keratin-14). Affinity-purified CAP1/Prss8 rabbit anti-mouse antiserum (27) was
diluted 1:200. This antibody was validated on knock out mouse tissues (5) and can recognize
mutant and wild-type CAP1/Prss8 (16). Slides were rinsed three times for 10 min in PBS
containing 0.1% BSA, 0.2% gelatine and 0.05% saponin at room temperature and the
secondary antibody (Alexa Fluor 488, diluted 1:5,000; Invitrogen, Grand Island, NY) was

7

diluted in 0.1% BSA, 0.3% Triton X-100 in PBS. Nuclei were counterstained with 4,6diamidino-2-phenylindole (DAPI) 0.2 μg/ml in mounting media (Dako Schweiz AG).
Staining was visualized using an LSM confocal microscope (LSM 510 Meta, Carl Zeiss
MicroImaging Inc., Jena, Germany).
For H&E staining, paraffin was removed and the slides were rehydrated 2 times in xylol for 5
minutes, 2 times in 100% ethanol for 1 minute, in 95% ethanol for 1 minute, and finally
rinsed with tap water. Slides were incubated in staining glychemalun solution (0.013 mol/L
Hematein, Gurr #34036; 0.3133 mol/L potassium alum, Merck #1047; 30% glycerol; 1%
acetic acid, Merck #1.00063) for 4 minutes, tap water, 1% acid alcohol for 3 seconds, tap
water, water for 15 seconds plus a few drops of NH3, tap water, 0.2% erythrosine solution
(0.0023 mol/L erythrosin, Merck #15936; 0.1% formaldehyde, Merck #4003) for 30 seconds,
and finally rinsed with tap water. Slides were then dehydrated by following steps from 70%
ethanol to xylol and mounted (Eukitt, Hatfield, PA). Pictures were taken using an Axion HRC
(Carl Zeiss MicroImaging Inc.). Western blot from skin samples were performed as
previously described (17).
Construct preparation. The H85A D134A S238A (HDS-A), E247A (E-A), and E247A
I249A W250A Y251A (EIWY-A) mutations were inserted into the mouse CAP1/Prss8
coding sequence (GenBank gi 19111159) by standard PCR-directed mutagenesis, and the
resulting mutants were named CAP1/Prss8HDS-A, CAP1/Prss8E-A, and CAP1/Prss8EIWY-A,
respectively. Wild-type and mutant CAP1/Prss8 constructs (CAP1/Prss8HDS-A, CAP1/Prss8EA

, and CAP1/Prss8EIWY-A) were introduced in the pSDeasy expression vector (14) and pRK5

vector (28) for in vitro transcription and HEK-293 cell transfection, respectively. The mouse
nexin-1 coding sequence (Genbank gi 229093415) and the mouse PAR2 coding sequence
(Genbank gi 142349952) were also introduced into the pSDeasy and pRK5 expression vectors
to generate nexin-1 and PAR2 constructs, respectively. The Flag-tag (DYKDDDDK) was
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inserted between amino acid P211 and E212 in all CAP1/Prss8 constructs, and at the N
terminus of nexin-1. The HA-tag (YPYDVPDYA) was added at the C terminus of PAR2.
Xenopus oocyte injections and electrophysiologic measurements. The SP6 RNA
polymerase (Promega, Madison, WI) was used for cRNA synthesis. Expression studies
performed in X. laevis oocytes (obtained from African Xenopus Facility, Noordhoek, South
Africa) in stage V/VI have been previously described (14, 29).
HEK-293 cell transfections and co-immunoprecipitation experiments. HEK-293 cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum and 100 µg/mL gentamicin and transfected at 50% to 60% confluence in
100-mm dishes using the calcium-phosphate method. After transfection, cells were grown for
48 hours in DMEM supplemented with 10% fetal bovine serum before harvesting. The total
amount of transfected DNA was 12 µg per 100-mm dish. Cells were lysed using 1 mL of lysis
buffer 20 mM Tris-HCl pH 7.4; 150 mM NaCl; 1% Triton X-100; 2µg/mL Pepstatin A, 5
µg/mL Aprotinin; 4 µg/mL Leupeptin; 1 mM PMSF per 100-mm dish. Lysates were
incubated 30 min at 4°C on a rotating wheel. The solubilized material was centrifuged 15000
rpm for 15 min at 4°C. Supernatants were incubated for 2 h at 4°C with monoclonal anti-Flag
M2 beads (Sigma, Switzerland) or with monoclonal anti-HA beads (anti-HA-Agarose,
antibody produced in mouse, Sigma, Switzerland) to immunoprecipitate over-expressed Flagtagged and HA-tagged proteins. Following a brief centrifugation at 4°C on a bench-top
centrifuge, the pelleted beads were washed with lysis buffer three times during 10 min with
on a rotating wheel at 4°C. Proteins were eluted in SDS-PAGE sample buffer following
boiling for 5’ at 95° C. Proteins were analyzed by Western blotting using a Flag-tagged and a
HA-tagged antibody (Monoclonal Anti-HA antibody produced in mouse clone HA-7, ascites
fluid, Sigma, Switzerland) to detect immunoprecipitates and/or cells extracts, and using a
mouse anti-mouse nexin-1 and/or an anti-mouse CAP1/Prss8 (27) antibody to detect co-
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immunoprecipitated proteins. The nexin-1 antibody was kindly provided by Denis Monard
(Friedrich Miescher Institute For Biomedical Research, Basel, Switzerland). Signals were
revealed using anti-mouse IgG from goat (1:5000, GE Healthcare, Glattbrugg, Switzerland) as
secondary antibody and ECLTM Western Blotting Detection Reagents (GE Healthcare).
Mass spectrometry. HEK-293 cells were co-transfected with either wild-type or catalytically
mutant CAP1/Prss8 (CAP1/Prss8HDS-A) and nexin-1-Flag. Proteins were incubated with beads
anti-Flag and separated on 5-15 % SDS-PAGE gel and processed with Comassie blue. The
75-kDa and the 37-43-kDa band detected in both conditions were cut and digested with
sequencing-grade trypsin (Promega) as described (30),(31). Data-dependent LC-MS/MS
analysis of extracted peptide mixtures after digestion was carried out on a hybrid linear trap
LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific) interfaced via a TriVersa
Nanomate (Advion Biosciences) to an Agilent 1100 nano HPLC system (Agilent
Technologies). Peptides were separated on a ZORBAX 300SB C18 (75 m ID x 150 mm, 3.5
m) capillary column (Agilent Technologies) along a 90 min gradient from 5 to 85 %
acetonitrile in 0.1% formic acid at a flow rate of 300 nl/min. From raw files, MS/MS spectra
were de-isotoped and exported as mgf files (Mascot Generic File, text format) using
MascotDistiller 2.1.1 (Matrix Science, London, UK). MS/MS spectra samples were searched
using Mascot (Matrix Science, London, UK; version 2.2.0) against the UNIPROT database,
(SWISSPROT + TrEMBL, www.expasy.org) restricted to mammalian taxonomy. The
database release used was 2011_03 of March 8, 2011 (372436 sequences after taxonomy
filter) with trypsin specificity, fragment ion mass tolerance of 0.5 Da and parent ion tolerance
of 10 ppm. The iodoacetamide derivative of cysteine was specified as a fixed modification,
and oxidation of methionine as a variable modification. Scaffold (version Scaffold-01_06_03,
Proteome Software Inc.) was used to validate MS/MS based peptide and protein
identifications. Peptide identifications were accepted if they could be established at greater
10

than 95.0% probability as specified by the Peptide Prophet algorithm (32). Protein
identifications were accepted if they could be established at greater than 99.0% probability
and contained at least 2 identified peptides. Protein probabilities were assigned by the Protein
Prophet algorithm (33). Proteins that contained similar peptides and could not be
differentiated based on MS/MS analysis alone were grouped to satisfy the principles of
parsimony. Protein lists for further analysis were exported with Scaffold. Differentially
detected proteins (absent in one sample or with varying numbers of spectra) were manually
validated.
Homology modeling and docking analyses. Mouse CAP1/Prss8 and nexin-1 threedimensional structures were modeled using the crystal structure-based homology model of
human CAP1/Prss8 (34) and Plasminogen Activator Inhibitor-1 (PAI-1) in its latent form (35)
as templates. The sequence identity between the mouse and human CAP1/Prss8 is 77.5%. The
sequence identity between nexin-1 and PAI-1 is 41.5%. The recently crystallized human
nexin-1 structure (36) could not be used as a template because the protein was crystallized in
the active conformation. The structure-based modeling and alignments were performed with
Modeller 9v5 software (37). Based on pairwise alignments with the template structures, 100
models were produced, and the best models were chosen according to ANOLEA score (38).
Predictions of the interaction interface between nexin-1 and CAP1/Prss8 were carried out
with the WHISCY server (39). ZDOCK(40) and HADDOCK (41) protein-protein docking
programs were employed to predict nexin-1 and CAP1/Prss8 interaction mode. The residues
previously predicted by WHISCY server were given as the plausible interaction centers
during the docking procedures. Both programs proposed very similar complex structures as
the top-scored prediction. The nexin-1 / CAP1/Prss8 complex conformation predicted by
HADDOCK was used as a starting point for a molecular dynamics simulation. The 10 ns-long
molecular dynamics simulation was performed using the Gromacs and the CHARMM22
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programs (42),(43). The 250 nexin-1/ CAP1/Prss8 structures derived from molecular
dynamics trajectory were used to calculate the free energy of interaction with the MM-GBSA
method (44). The residues contributing the most to the interaction and located in the center of
the interaction interface, were selected for mutagenesis, and their impact on protein stability
was assessed by computational alanine scanning using the FoldX program (45).
Statistical analysis. Phenotype frequencies were analyzed by chi-square test. All data are
expressed as means ± s.e.m. Individual groups were compared using one-way ANOVA test,
followed by the Wilcoxon Mann-Whitney test for individual comparisons. Bonferroni
correction for planned multiple comparisons was included. Statistical analyses were
performed using GraphPad Prism Version 6.01. A level of p < 0.05 was considered
statistically significant for all comparisons; * p < 0.05, ** p < 0.01, *** p < 0.001, ns nonsignificant.
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Results
Transgenic expression of mutant CAP1/Prss8HDS-A in the skin causes disease
Transgenic over-expression of the serine protease CAP1/Prss8 in the epidermis severely
compromises skin function leading to ichthyosis, hyperplasia, inflammation, and increased
itch (17). To investigate the importance of the putative H85, D134 and S238 CAP1/Prss8
catalytic triad in determining the observed phenotype we targeted the expression of the
catalytically inactive mutant CAP1/Prss8 in which H85, D134 and S238 were mutated into
alanine (HDS-A) (16) to the keratin-14-expressing cells using K14-CAP1/Prss8HDS-A
transgenic mice (Fig. 1A, Supplementary Fig. 1A, B and C; and Table 1). The K14CAP1/Prss8HDS-A transgenic mice expressed the transgene in the skin as demonstrated by realtime PCR and immunofluorescence, and endogenous CAP1/Prss8 mRNA levels were not
affected by the expression of the CAP1/Prss8HDS-A transgene (Fig. 1B and C).
K14-CAP1/Prss8HDS-A animals presented with scaly skin (ichthyosis) and epidermal
hyperplasia (acanthosis, Fig. 1D) as K14-CAP1/Prss8 animals that over-expressed the wildtype form of CAP1/Prss8 in the skin (17). Furthermore, keratin-1, loricrin, filaggrin and
involucrin appeared to be more widespread within the epidermis of K14-CAP1/Prss8HDS-A
mice compared to wild-types, and expression levels tended to increase (Fig. 1E and
Supplementary Fig. 1D). Keratin-14 was detected in all nucleated epidermal cell layers, and
keratin-6 was also visible in interfollicular keratinocytes (Fig. 1E). Although we did not
record differences in body weight among 2 week-old wild-type and transgenic animals (wt,
n=14, 6.9±0.22 versus tg, n=18, 6.7±0.19 grams, p=0.239), the TEWL of K14CAP1/Prss8HDS-A mice was significantly higher compared to controls (Fig. 1F). The cytokines
interleukin-1α (IL-1α), interleukin 1β (IL-1β), thymic stromal lymphopoietin (TSLP) and the
extracellular matrix-remodeling enzyme matrix metalloproteinase-9 (MMP9) were highly upregulated in K14-CAP1/Prss8HDS-A mice relative to littermate controls (Fig. 1G). Finally,
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scratching behavior in K14-CAP1/Prss8HDS-A animals was also significantly increased (Fig. 1
H). These data show that the expression of the K14-CAP1/Prss8 and K14-CAP1/Prss8HDS-A
transgenes results in a comparable phenotype, and highly suggest that the ability of
CAP1/Prss8 to induce pathology in the skin when misexpressed does not depend on its
catalytic triad.

CAP1/Prss8 interacts with PAR2 in vitro despite the HDS-A mutations
To investigate whether the catalytic triad of CAP1/Prss8 is involved in the interaction of
CAP1/Prss8 with PAR2, we performed co-immunoprecipitation studies in HEK-293 cells. We
co-transfected the cells with CAP1/Prss8 wild-type or CAP1/Prss8HDS-A and PAR2, and found
that PAR2 can physically interact with both CAP1/Prss8 and CAP1/Prss8HDS-A (Fig. 2A and
B). These data suggest that the intact CAP1/Prss8 catalytic triad is not required for the
interaction of CAP1/Prss8 with PAR2.

PAR2 deficiency rescues K14-CAP1/Prss8HDS-A-induced skin defects
To experimentally test whether the phenotype in K14-CAP1/Prss8HDS-A transgenic animals is
due to enhanced PAR2 activation we crossed K14-CAP1/Prss8HDS-A transgenic mice with
animals deficient in PAR2 (PAR2 -/-) (46).
Compared to wild-type littermates the K14-CAP1/Prss8HDS-A mice being wild-type,
heterozygous mutant or homozygous mutant for PAR2 expressed higher levels of total
(endogenous plus transgene-driven) CAP1/Prss8 transcripts (Fig. 3A), and reduced or absent
PAR2 transcription in the PAR2 +/- and PAR2 -/- background, respectively (Fig. 3B). K14CAP1/Prss8HDS-A mice harboring either the wild-type (PAR2 +/+) or the heterozygous mutant
allele for PAR2 (PAR2 +/-) displayed scaly skin with epidermal hyperplasia. In contrast,
scaling and epidermal hyperplasia were never observed in K14-CAP1/Prss8HDS-A mice that
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were homozygous mutant for PAR2 (PAR2 -/-, Fig. 3C, D and Table 2). The rescue was also
functionally evident, as K14-CAP1/Prss8HDS-A; PAR2 -/- mice exhibited a TEWL in the same
range as wild-type controls, but significantly different from that of K14-CAP1/Prss8HDSA

;PAR2 +/+ littermates (Fig. 3E). Moreover, with the exception of IL-1α the mRNA

transcript expression levels of inflammatory markers IL-1β, TSLP and MMP9 were
comparable to control levels in K14-CAP1/Prss8HDS-A; PAR2 -/- animals (Fig 3F). Finally,
PAR2 absence restored the scratching behavior in these animals to control levels (Fig 3G).
Thus, absence of PAR2 completely rescued hyperplasia, barrier dysfunction, inflammation,
ichthyosis and itch caused by transgenic K14-CAP1/Prss8HDS-A expression in the skin
indicating that the catalytically inactive CAP1/Prss8HDS-A is still able to activate PAR2.

Nexin-1 inhibits and interacts with CAP1/Prss8 wild-type and CAP1/Prss8HDS-A in vitro
The serine protease inhibitor nexin-1 has been identified as a CAP1/Prss8-binding protein
(18). To study the inhibition of CAP1/Prss8 by nexin-1 we performed coimmunoprecipitation and electrophysiological studies to investigate the ability of CAP1/Prss8
and nexin-1 to interact. We transfected HEK293 cells with Flag-tagged CAP1/Prss8 with or
without the mutant catalytic site (CAP1/Prss8HDS-A), and/or with nexin-1. Using anti-Flag
beads we immunoprecipitated the CAP1/Prss8 wild-type and CAP1/Prss8HDS-A mutant
proteins, and with the anti-nexin-1 antibody we found that nexin-1 co-immunoprecipitates
with each CAP1/Prss8 wild-type and CAP1/Prss8HDS-A (Fig. 4A), and can also form a
complex of 75 kDa (Fig. 4A open arrow, and Supplementary Table 1). We then used the twoelectrode voltage-clamp method in Xenopus oocytes to study the effect of nexin-1 on
CAP1/Prss8-induced ENaC activation. We observed that CAP1/Prss8 wild-type and
CAP1/Prss8HDS-A mutant are both able to activate ENaC, and co-expression of nexin-1
significantly decreased both the CAP1/Prss8 wild-type and CAP1/Prss8HDS-A-activated
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sodium currents (Fig. 4B). We could therefore clearly demonstrate that nexin-1 interacts with
and inhibits CAP1/Prss8 despite the inactivation of its catalytic site.
Consequently, to show that such inhibition is accomplished by protein-protein interaction
regardless of the CAP1/Prss8 catalytic site, we built a homology model of mouse CAP1/Prss8
and nexin-1 using as templates the crystal structure-based models of human CAP1/Prss8 and
plasminogen activator inhibitor-1, respectively, and performed in silico docking analyses
using ZDOCK and HADDOCK programs, to predict the preferred orientation of CAP1/Prss8
to nexin-1 when bound to form a stable complex (Fig. 4C and D). Among top-scored
prediction we found similar complex structures in case of both methods. We found that the
buried surface area is over 2000 Å2. The CAP1/Prss8 region involved in the interaction
comprises the amino acid residues 241-255 in which Glu 247 makes hydrogen bond with the
Lys 396 residue in nexin-1. Conversely, the CAP1/Prss8 catalytic triad is not involved in the
interaction. The nexin-1 interacting surface is at the C-terminal face of the protein (Fig. 4C)
and close to the recently described thrombin binding site (36). We thus decided to mutate Glu
247 into Alanine in CAP1/Prss8 (CAP1/Prss8E-A) and looked at CAP1/Prss8 and nexin-1
interactions. CAP1/Prss8E-A and nexin-1 are still able to co-immunoprecipitate, but their
interaction is reduced (Fig. 4E). Altogether, these results strongly suggest that the CAP1/Prss8
catalytic triad is not involved in nexin-1 interaction. They also indicate that the classical
involvement of the reactive center loop of the serpin is not required for this interaction.

Epidermal nexin-1 overexpression blunts the pathological effects caused by K14CAP1/Prss8 and K14-CAP1/Prss8HDS-A transgenes
We then asked whether nexin-1 can inhibit CAP1/Prss8 in living organisms, and used the skin
as a system of investigation in vivo to analyze whether balanced expression of nexin-1 and
CAP1/Prss8 is necessary for skin physiology. We thus generated K14-nexin-1 transgenic mice
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by placing the mouse nexin-1 coding sequence under the control of the human keratin-14
promoter using the same basic construct as that of K14-CAP1/Prss8 and K14-CAP1/Prss8HDSA

transgenic animals (Fig. 5A and Supplementary Fig. 2A, B and C). K14-nexin-1 transgenic

animals presented higher levels of total (transgenic plus endogenous) nexin-1 mRNA and
protein in the skin compared to control littermates (Fig. 5B and C). Nevertheless, they looked
indistinguishable from their wild-type littermates in terms of skin architecture, histology and
water loss (Fig. 5D and E) showing that increased expression of nexin-1 in the skin does not
affect skin physiology.
To evaluate the capability of nexin-1 to inhibit CAP1/Prss8 in our in vivo model and to
investigate whether this inhibition is accomplished through the CAP1/Prss8 catalytic site as
proposed for serpins (20) we crossed K14-CAP1/Prss8 and K14-CAP1/Prss8HDS-A mice with
K14-nexin-1 transgenic animals (Table 3). Compared to wild-type littermates the resulting
K14-CAP1/Prss8; K14-nexin-1 and K14-CAP1/Prss8HDS-A; K14-nexin-1 double-transgenic
mice expressed higher levels of total (endogenous plus transgene-driven) CAP1/Prss8 and
nexin-1 mRNA transcripts, as well as single transgenic animals (Fig. 6A and B, and
Supplementary Fig. 3A and B). As previously reported (17), mice carrying the K14CAP1/Prss8 transgene and originating from two different founders (termed line 1 and 2)
displayed scaly skin with epidermal hyperplasia with 100% penetrance. In contrast, scaling or
epidermal hyperplasia was not observed in 96% of K14-CAP1/Prss8 transgenic mice from
line 1 and in 64% of K14-CAP1/Prss8 transgenic mice from line 2 while carrying the K14nexin-1 transgene (Fig. 6C and D, Supplementary Fig. 3C and D, and Table 3). Surprisingly,
the presence of the K14-nexin-1 transgene prevented the scaly skin and epidermal hyperplasia
in 89% of K14-CAP1/Prss8HDS-A; K14-nexin-1 double-transgenic mice (Fig. 6C and D, and
Table 3). A small percentage of double transgenic animals (4% for K14-CAP1/Prss8; K14-
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nexin-1 from Line 1; 36% for K14-CAP1/Prss8; K14-nexin-1 from Line 2; and 11% for K14CAP1/Prss8HDS-A; K14-nexin-1; Table 3) still presented ichthyosis.
Mice transgenic for K14-CAP1/Prss8 also manifested a significant reduction in body weight
accompanied by a significant increase in TEWL. Those defects were completely abolished in
K14-CAP1/Prss8; K14-nexin-1 double-transgenic animals (Fig. 6E) and TEWL was reduced
to control levels in K14-CAP1/Prss8; K14-nexin-1 and K14-CAP1/Prss8HDS-A; K14-nexin-1
double-transgenic mice (Fig. 6F, G and Supplementary Fig. 3F). As observed for skin
appearance, histology and TEWL, over-expression of IL-1α, IL-1β, TSLP and MMP9 was also
completely abrogated by combined over-expression of K14-CAP1/Prss8; K14-nexin-1 and
K14-CAP1/Prss8HDS-A; K14-nexin-1 transgenes (Fig. 7A, B and Supplementary Fig. 3G).
Taken together, these data indicate that nexin-1 inhibits CAP1/Prss8 despite the mutation of
its catalytic triad suggesting a novel mechanism of inhibitory interaction that does not require
the classical involvement of the reactive center loop of the serpin.

18

Discussion
The biological function of CAP1/Prss8, and its potential effectors or inhibitors are still largely
unknown. Mice that constitutively lack CAP1/Prss8 die because of placental insufficiency
(47). Though, embryos lacking CAP1/Prss8 specifically in the skin develop normally,
presenting postnatal mortality caused by epidermal dehydration, and displaying impaired tight
junction functionality and altered profilaggrin processing (5). On the other hand, increased
expression of CAP1/Prss8 in mouse skin causes severe disease that can be prevented by
additional deletion of the PAR2 gene (17). CAP1/Prss8 is also expressed in the alveolar
epithelium and in the intestine, and mice lacking CAP1/Prss8 in alveolar and intestinal cells,
exhibit decreased ENaC-mediated sodium current (8, 15). Moreover, two spontaneous rat and
mouse CAP1/Prss8 mutants present reduced basal activity of ENaC in the distal colon (14).
Thus, CAP1/Prss8 emerges as involved in various different processes that range from organ
integrity to disease, and filaggrin, tight junctions, ENaC and PAR2 arise as direct or indirect
CAP1/Prss8 targets in vivo. However, to which extent CAP1/Prss8 catalytic triad is
responsible for those effects and interactions remains to be determined. Recently, we and
others provided evidences for CAP1/Prss8 effects independent from its catalytic activity (16,
48). In the present study we asked first, whether the consequences of altered CAP1/Prss8
expression are independent from its catalytic site and mediated via the activation of PAR2
and, second whether nexin-1 is able to inhibit both the catalytically active and inactive
CAP1/Prss8.
Indeed, over-expression of the K14-CAP1/Prss8HDS-A in the skin caused ichthyosis,
hyperplasia and inflammation as seen in K14-CAP1/Prss8 transgenic animals over-expressing
the wild-type form of CAP1/Prss8 (17) indicating that the catalytic triad in CAP1/Prss8
(H85, D134 and S238) is not required to induce disease. Consistent with our findings,
catalytically active and inactive CAP1/Prss8 appeared biologically active in vivo when
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overexpressed in the epidermis of transgenic mice (49) giving rise to a severe skin phenotype
similar to that observed in K14-CAP1/Prss8 and K14-CAP1/Prss8HDS-A transgenic animals.
Although, we cannot exclude that both the remaining endogenous and the catalytically
inactive CAP1/Prss8 transgene expression levels participate in the observed phenotype, ,
following recent findings strongly support our data. Only recently, Peters and coworkers
generated mice homozygous mutant for the CAP1/Prss8S238A allele that should render the
protease enzymatically inactive. These mice exhibit whisker and pelage hair defects (50),
although it is not reported whether the phenotype is normalized onto a PAR2 knockout
background. Furthermore, these mice resemble the frizzy mice carrying a point mutation in the
CAP1/Prss8 gene (V170D) (14) and the K14-CAP1/Prss8 (17) and K14-CAP1/Prss8HDS-A
transgenic mice (Fig. 1D).
Several hypotheses have been advanced as to what mechanism controls PAR2 activation by
CAP1/Prss8, if the activation is direct or not, and whether it is mediated by the catalytic site
of CAP1/Prss8 (17, 49, 51). The close similarities between K14-CAP1/Prss8 and K14CAP1/Prss8HDS-A transgenic mice are due to increased PAR2 activation in both models, as
PAR2 absence can prevent skin defects induced by increased expression of both CAP1/Prss8
and CAP1/Prss8HDS-A. Accordingly, we found no CAP1/Prss8 cleavage consensus site on
PAR2, and CAP1/Prss8 could interact and co-immunoprecipitate with PAR2 despite the
CAP1/Prss8HDS-A mutation, although we do not exclude the implication of additional
molecules in this interaction. Other studies reported that CAP1/Prss8 can not directly activate
PAR2 and that CAP1/Prss8-induced signaling is dependent on intermediate activation of the
serine protease CAP3/matriptase which is in turn an activator of PAR2. CAP1/Prss8 was
found exclusively in its uncleaved form in CAP3/matriptase-deficient skin, suggesting that
CAP3/matriptase cleaves and activates CAP1/Prss8 in mouse epidermis (52). However, it was
also recently reported that epidermal overexpression of the activation cleavage site-mutated
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CAP1/Prss8 resulted in phenotypes that were indistinguishable from mice expressing wildtype CAP1/Prss8 (49), suggesting that zymogen activation of CAP1/Prss8 is not required to
elicit biological response in vivo, and thus CAP3/matriptase activation.
Increased scratching behavior and overexpression of several cytokines such as IL-1α, IL-1β
and TSLP were observed in both K14-CAP1/Prss8 and K14-CAP1/Prss8HDS-A transgenic
mice, and abolished by the absence of PAR2. TSLP expression is linked to many disease
states including asthma (53), inflammatory arthritis (54), atopic dermatitis (55), eczema (56)
and other allergic disorders (57), and PAR2 plays an important role in TSLP production in
keratinocytes (58). TSLP is known to mediate itch (59) and to activate Langerhans cells in the
epidermis and cause inflammation (57), and we previously demonstrated that hyperplasia and
inflammation in the skin of CAP1/Prss8 overexpressing mice both originate in keratinocytes
directly triggered by a protease signaling cascade, indicating a cell-autonomous phenotype
(17). In this study we provide evidences that a possible CAP1/Prss8-PAR2-TSLP cascade
might not require the catalytic activity of CAP1/Prss8.
To evaluate the ability of the serine protease inhibitor nexin-1 to negate the effects of
CAP1/Prss8 overexpression in vivo, we ectopically expressed nexin-1 in the mouse epidermis
and obtained K14-nexin-1 transgenic mice. In contrast to CAP1/Prss8, expression of nexin-1
in keratin 14 expressing cells did not affect skin physiology and structure, suggesting that skin
homeostasis is less sensitive to differential expression of serine protease inhibitors compared
to serine proteases. This was also described for the serine protease inhibitor hepatocyte
growth factor activator inhibitor type 1, HAI-1, and the serine protease CAP3/matriptase (60).
Surprisingly, nexin-1 presented the same inhibitory capacity on both K14-CAP1/Prss8 and
K14-CAP1/Prss8HDS-A mice indicating that the catalytic triad of CAP1/Prss8 is dispensable for
nexin-1 inhibition. The phenotypic variation between the different K14-CAP1/Prss8 / K14nexin-1 and K14-CAP1/Prss8HDS-A / K14-nexin-1 double transgenic mouse lines may be
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attributed to unbalanced expression of the CAP1/Prss8 and nexin-1 transgenes. Analogous
results could be observed in vitro, as nexin-1 co-immunoprecipitated and inhibited both the
wild-type and the mutant CAP1/Prss8HDS-A protein.
Signaling triggered by enzymatically inactive nexin-1/protease complexes upon interaction
with the low-density lipoprotein receptor-related protein-1 (LRP-1) has been described earlier
(61). The nexin-1 epitope involved has been identified, and a corresponding peptide prevents
the interaction (62). Interestingly, this type of LRP-1 mediated signaling stimulates the upregulation of MMP-9, thus contributing to the metastatic potential of tumor cells (63). The
effect on MMP-9 expression is antagonized by the peptide preventing the interaction with
LRP-1. In such mechanism, the formation of covalent and irreversible complexes requires the
reactive center loop of the serpin and the catalytic triad of the serine protease leading to
drastic structural changes and exposure of previously hidden epitopes (64). The results
presented in this communication provide a completely new and distinct perspective in
considering how the homeostasis between serine proteases and serpins affects biological
processes. Not only the catalytic triad is not required, but also nexin-1 is shown to still
interact with such proteolytically inactive CAP1/Prss8 and the amino acid residues most
probably involved are distinct from the reactive center loop. The specificity of nexin-1 in this
new type of mechanism, namely the potential of other serpins or inhibitors to antagonize the
catalytically inactive CAP1/Prss8 will require further investigations. It also remains to be
established whether this new type of complex formation is just inhibiting CAP1/Prss8 without
having additional signaling function. It is nevertheless worth stressing that this type of
inhibition antagonizing PAR2 signaling can have completely opposite biological
consequences than the interaction of nexin-1 with catalytically active protease triggering
LRP-1 signaling, as MMP-9 is downregulated in one case and upregulated in the other (62).
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The in vivo results presented here are based on the expression of the transgenes in the basal
layer of the epidermis. This expression does not necessarily mimic the sites and the levels of
expression of the players in the epidermis of the wild-type mice. Nevertheless the phenotypes
demonstrate that this new type of interaction between CAP1/Prss8 and nexin-1 may have
relevance in vivo. Finally, CAP1/Prss8 has been proposed as a target for therapeutic inhibition
and mimetic peptides serving as enzymatic substrates have started to be developed (65).
Indeed, molecular strategies which will be designed to inhibit non-enzymatic CAP1/Prss8
action will provide therapeutic benefits to patients suffering from skin disorders.
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Figure legends
Figure 1: K14-CAP1/Prss8HDS-A ectopic expression results in hyperkeratosis,
inflammation and itch
(A) Representations of the K14-CAP1/Prss8 (upper panel) and K14-CAP1/Prss8HDS-A (lower
panel) constructs containing the mouse CAP1/Prss8 coding sequences (wild-type and HDS-A
mutant, respectively), the human K14 promoter, the rabbit β-globin intron and the human
growth hormone polyadenylation signal (polyA). Restriction sites used for isolation of the
transgene (ClaI, NotI) and for Southern blot analysis (EcoRV and XbaI) are indicated. For
transgene-specific genotyping, primers 1 and 2, and for reverse transcriptase (RT)-PCR,
primers 3 and 4 (arrows) were used. (B) Total (endogenous gene plus transgene, left panel),
transgenic (middle panel) and endogenous CAP1/Prss8 mRNA expression in the skin
determined by quantitative RT-PCR analysis and normalized to β-actin. n ≥3 per genotype.
(C) Immunofluorescence (green) shows transgenic CAP1/Prss8 expression in the basal layer
of the epidermis in K14-CAP1/Prss8HDS-A transgenic mice. Nuclei were counterstained with
DAPI (blue). The white bar indicates 20 μm, n ≥ 3 mice/genotype. Objective PlanApochromat 63x/1.4 Oil, magnification 630x, pinhole 96 µm. (D) Macroscopic appearance of
K14-CAP1/Prss8, K14-CAP1/Prss8HDS-A transgenic mice and control (wild-type) littermates
at 2 weeks of age (upper panels) and corresponding haematoxylin and eosin analyses (lower
panels). Scale bar indicates 20 μm; n = 3 mice per genotype. (E) Epidermal differentiation
markers (keratin-14, -6, -1, filaggrin, loricrin and involucrin) as present (green) in both wildtype and transgenic mice. Dotted lines indicate basal membrane. Nuclei are counterstained
with DAPI (blue). Scale bar represents 20 μm, objective Plan-Apochromat 63x/1.4 Oil,
magnification 630x, pinhole 96 µm; n = 3 mice per group. (F) Transepidermal water loss
(TEWL) measurements of the indicated genotypes. n ≥ 6 animals per group. (G) Quantitative
RT-PCR examination of TSLP, MMP9, IL-1α and IL-1β in wild-type and transgenic skin
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normalized to β-actin. (H) Dot plot indicating the duration of the scratching behavior
expressed in percentage, n=5 per group. Bars indicate the average of the time spent
scratching.

Figure 2 PAR2 interacts with CAP1/Prss8 wild-type and CAP1/Prss8HDS-A in vitro
(A) Representative Western blot resulting from HEK-293 cells co-transfected with wild-type
or CAP1/Prss8HDS-A Flag-tagged, and PAR2 or α1β2 adrenergic receptor HA-tagged. Cell
lysates were immunoprecipitated with anti-HA and analyzed using anti-HA and anti-Flag
antibodies. The α1β2 adrenergic receptor was used as negative control. (B) Representative
Western blot resulting from HEK-293 cells co-transfected with wild-type or CAP1/Prss8HDS-A
Flag-tagged, and PAR2 or α1β2 adrenergic receptor HA-tagged. Cell lysates were
immunoprecipitated with anti-Flag and analyzed using anti-Flag and anti-HA antibodies. The
α1β2 adrenergic receptor was used as negative control. Results are representative of three
independent experiments.

Figure 3 Ichthyosis and inflammation are absent in K14-CAP1/Prss8HDS-A; PAR2 -/- mice
(A) Total CAP1/Prss8 (endogenous gene plus K14-CAP1/Prss8HDS-A transgene) expression in
the skin determined by quantitative RT-PCR analysis and normalized to β-actin; n ≥ 8 per
genotype. (B) PAR2 expression in the skin determined by quantitative RT-PCR analysis and
normalized to β-actin; n ≥ 4 per genotype. (C) Macroscopic appearance of 2-week-old
animals (upper panels) and corresponding haematoxylin and eosin staining of skin (lower
panels). n ≥ 3 mice per group. Bar represents 20 μm. (D) Measurement of epidermal thickness
of the indicated genotypes expressed in μm; n ≥ 3 animals per genotype. (E) TEWL analyses
in experimental and control animals; n ≥ 8 mice per group. (F) Quantitative RT-PCR
examination of TSLP, MMP-9, Il-1α and IL-1β in experimental and control animals
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normalized to β-actin; n ≥ 3 per genotype. (G) Dot plot indicating the duration of the
scratching behavior expressed in percentage. Bars indicate the average of the time spent
scratching; n ≥ 3 per genotype.

Figure 4 CAP1/Prss8 and nexin-1 interact in vitro despite CAP1/Prss8HDS-A mutations
(A) Representative Western blots resulting from HEK-293 cells co-transfected with
CAP1/Prss8 wild-type or CAP1/Prss8HDS-A Flag-tagged and nexin-1. Cell lysates were
immunoprecipitated with anti-Flag and analyzed using anti-Flag and anti-nexin-1 antibodies.
The Flag tag was used as negative control. Results are representative of three independent
experiments. (B) Amiloride-sensitive sodium currents expressed in µA from three
independent experiments pulled together, each consisting of at least five Xenopus oocytes
measured per condition. (C) Homology model of mouse CAP1/Prss8 and nexin-1 tertiary
protein structure. The residues of the serine protease active site, Asp 134, His 85, and Ser 238
(HDS), are represented in violet and the amino acids of the reactive center loop of nexin-1 are
colored in yellow. The figure shows the best orientation of the two molecules when bound to
form a stable complex, as resulted from docking analyses using ZDOCK and HADDOCK
programs. (D) Zoomed view showing the predicted interacting regions of CAP1/Prss8 and
nexin-1. CAP1/Prss8 residues involved in the interaction are represented in light blue, and
nexin-1 residues in green. (E) Representative Western blots resulting from HEK-293 cells cotransfected with wild-type (wt) or E247A (E-A) CAP1/Prss8 Flag-tagged and with nexin-1.
Cell lysates were immunoprecipitated with anti-Flag and analyzed using anti-Flag and antinexin-1 antibodies. The Flag tag was used as negative control. Results are representative of
three independent experiments.
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Figure 5 K14-nexin-1 transgenic mice do not present any obvious skin defects
(A) Scheme of the K14-nexin-1 construct containing the mouse nexin-1 coding sequence
(cDNA, g.i. 229093415), the human K14 promoter, the rabbit β-globin intron and the human
growth hormone polyadenylation signal (polyA). Restriction sites used for isolation of the
transgene (XbaI) and for Southern blot analysis (BamHI and EcoRV) are indicated. For
transgene-specific genotyping, primers 1 and 2 (arrows) were used. (B) Total nexin-1
(endogenous gene plus transgene) mRNA expression in the skin determined by quantitative
RT-PCR analysis and normalized to β-actin; n ≥3 per genotype. (C) Representative Western
blot analysis of total nexin-1 (endogenous gene plus transgene) protein expression in the skin.
β-actin was used as loading control; n ≥3 per genotype. (D) Macroscopic appearance of K14nexin-1 transgenic mice and control littermates at 2 weeks of age (upper panels) and
corresponding haematoxylin and eosin analyses (lower panels). Scale bar indicates 20 μm; n =
3 mice per genotype. (E) TEWL analyses in experimental and control animals; n ≥ 8 mice per
group.

Figure 6 Ichthyosis and increased water loss are strongly attenuated in K14-CAP1/Prss8;
K14-nexin-1 and K14-CAP1/Prss8HDS-A; K14-nexin-1 double transgenic mice
(A) Total CAP1/Prss8 (endogenous gene plus transgene) mRNA expression in the skin
determined by quantitative RT-PCR analysis and normalized to β-actin in K14-CAP1/Prss8;
K14-nexin-1 and K14-CAP1/Prss8HDS-A; K14-nexin-1 animals; n ≥3 per genotype. (B) Total
nexin-1 (endogenous gene plus transgene) mRNA expression in the skin determined by
quantitative RT-PCR analysis and normalized to β-actin in K14-CAP1/Prss8; K14-nexin-1
and K14-CAP1/Prss8HDS-A; K14-nexin-1 animals; n ≥ 3 per genotype. (C) Macroscopic
appearance of the indicated genotypes at 2 weeks of age (upper panels) and corresponding
haematoxylin and eosin analyses of the skin (lower panels). Scale bar indicates 20 μm; n ≥ 3
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mice per genotype. (D) Measurement of epidermal thickness of the indicated genotypes
expressed in μm; n ≥ 3 animals per genotype. (E) Body weight measurements of 2-week-old
male transgenic mice and littermate controls. (F) TEWL analyses in single and double K14CAP1/Prss8; K14-nexin-1 transgenic mice and wild-type controls; n ≥ 8 mice per group. (G)
TEWL analyses in single and double K14-CAP1/Prss8HDS-A; K14-nexin-1 transgenic mice and
wild-type controls; n ≥ 8 mice per group.

Figure 7 Inflammation is prevented in K14-CAP1/Prss8; K14-nexin-1 and K14CAP1/Prss8HDS-A; K14-nexin-1 double transgenic mice
(A) Quantitative RT-PCR examination of TSLP, MMP-9, Il-1α and IL-1β in experimental and
control K14-CAP1/Prss8; K14-nexin-1 animals normalized to β-actin; n ≥ 3 per genotype. (B)
Quantitative RT-PCR examination of TSLP, MMP-9, Il-1α and IL-1β in experimental and
control K14-CAP1/Prss8HDS-A; K14-nexin-1 animals normalized to β-actin; n ≥ 3 per
genotype.
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Table 1. The three K14-CAP1/Prss8HDS-A founders resulted in three independent
transgenic lines.

Genotype
Breeding pairs
F01, K14-CAP1/Prss8HDS-A
x WT, n=195
Observed, %
Expected, %
χ2
scaly skin phenotype

wild-type

K14-CAP1/Prss8HDS-A

114

81

(58.5)
(50)
ns
no

F02, K14-CAP1/Prss8HDS-A
x WT, n=108
Observed, %
Expected, %
χ2
scaly skin phenotype

60

(41.5)
(50)
ns
yes, 61 (75)
no, 20 (25)
48

(55.6)
(50)
ns
no

(44.4)
(50)
ns
yes, 16 (33)
no, 32 (67)
33

F03, K14-CAP1/Prss8HDS-A
67
x WT, n=100
(67)
(33)
Observed, %
(50)
(50)
Expected, %
χ2
p<0.01
p<0.01
scaly skin phenotype
no
no
HDS-A
Pronuclear injections yielded three K14-CAP1/Prss8
founders that resulted in three
independent transgenic lines (F01, F02 and F03). Pups were analyzed during the first 3 weeks
after birth. Number of mice for recorded genotype is indicated. Percentages are reported in
brackets. ns: non-significant. Data reported in the manuscript derived from animals
originated from the first founder (F01).
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Table 2. PAR2 deficiency prevents the K14-CAP1/Prss8HDS-A-induced phenotype in double K14CAP1/Prss8HDS-A;PAR2 -/- mice.

K14-CAP1/Prss8HDS-A

Genotype

K14-CAP1/Prss8HDS-A

K14-CAP1/Prss8HDS-A

PAR2 -/-

PAR2 -/-

PAR2 +/-

PAR2 +/-

PAR2 +/+

PAR2 +/+

18

20

41

26

19

20

Observed %

(12.5)

(13.9)

(28.5)

(18)

(13.2)

(13.9)

Expected %

(12.5)

(12.5)

(25)

(25)

(12.5)

(12.5)

Χ2

ns

ns

ns

ns

ns

ns

scaly skin phenotype

no

no

yes, 23 (56)

no

yes, 18 (95)

no

Breeding pairs
K14-CAP1/Prss8HDS-A;PAR2 +/x PAR2 +/-, n=131

no, 18 (44)

no, 1 (5)

Pups were analyzed during the first 3 weeks after birth. Number of mice for recorded genotype is indicated. Percentages are reported in
brackets. ns: non-significant.
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Table 3. Co-expression of nexin-1 alleviates the CAP1/Prss8 and the CAP1/Prss8HDS-Ainduced phenotype.

Genotype
Breeding pairs
K14-CAP1/Prss8 line1
X K14-nexin-1, n=182
Observed %
Expected %
Χ2
scaly skin phenotype

WT

K14-CAP1/Prss8

K14-nexin-1

46

37

47

(25)
(25)
ns
no

(20)
(25)
ns
yes

(26)
(25)
ns
no

(29)
(25)
ns
yes, 2 (4)
no, 50 (96)

K14-CAP1/Prss8 line2
X K14-nexin-1, n=151
Observed %
Expected %
Χ2
scaly skin phenotype

37

26

43

45

(24.5)
(25)
ns
no

(17.2)
(25)
ns
yes

(28.5)
(25)
ns
no

(29.8)
(25)
ns
yes, 16 (36)
no, 29 (64)
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33

20

18

K14-CAP1/Prss8HDS-A
X K14-nexin-1, n=109
Observed %
Expected %
Χ2
scaly skin phenotype

K14-CAP1/Prss8
K14-nexin-1
52

(34.9)
(25)
ns
no

(30.3)
(18.3)
(16.5)
(25)
(25)
(25)
ns
ns
ns
yes, 24 (73)
no
yes, 2 (11)
no, 9 (27)
no, 16 (89)
Pups were analyzed during the first 3 weeks after birth. Number of mice for recorded genotype is indicated.
Percentages are reported in brackets. ns: non-significant.
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