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Filaggrin-2 (FLG2), a member of the S100-fused type protein
family, shares numerous featureswith filaggrin (FLG), a key pro-
tein implicated in the epidermal barrier functions. Both display
a related structural organization, an identical pattern of expres-
sion and localization in human epidermis, and proteolytic proc-
essing of a large precursor. Here, we tested whether FLG2 was a
substrate of calpain 1, a calcium-dependent protease directly
involved in FLG catabolism. In addition, deimination being crit-
ical for FLG degradation, we analyzed whether FLG2 deimina-
tion interferedwith its proteolytic processing.With this aim, we
first produced a recombinant form of FLG2 corresponding to
subunits B7 to B10 fused to a COOH-terminal His tag. Incuba-
tion with calpain 1 in the presence of calcium induced a rapid
degradation of the recombinant protein and the production of
several peptides, as shown by Coomassie Blue-stained gels and
Western blotting with anti-FLG2 or anti-His antibodies.
MALDI-TOF mass spectrometry confirmed this result and fur-
ther evidenced the production of non-immunoreactive smaller
peptides. The degradation was not observed when a calpain
1-specific inhibitor was added. The calpain cleavage sites iden-
tified by Edman degradation were regularly present in the
B-type repeats of FLG2.Moreover, immunohistochemical anal-
ysis of normal human skin revealed colocalization of FLG2 and
calpain 1 in the upper epidermis. Finally, the FLG2 deiminated
by human peptidylarginine deiminases was shown to be more
susceptible to calpain 1 than the unmodified protein. Alto-
gether, these data demonstrate that calpain 1 is essential for the
proteolytic processing of FLG2 and that deimination accelerates
this process.

In the epidermis, the program of keratinocyte terminal dif-
ferentiation is an oriented process during which cells of the

basal layer undergo a series ofmetabolic and structural changes
throughout their migration to the surface of the tissue. The
stratum corneum, the outermost layer of the epidermis, is
formed by the stacking of so-called corneocytes, the end prod-
ucts of the process. The stratum corneum functions as an effec-
tive barrier between the body and its outside environment, lim-
iting skin dehydration and preventing the penetration of
outside pathogens, UV radiation, and exogenous chemicals. It
also contributes to mechanical protection of the body. So that
this function can be achieved, peculiar structures are formed,
such as the cornified cell envelope, a resistant and insoluble
protein shell that replaces the plasmamembrane, and the intra-
corneocyte fibrous matrix made by the aggregation of keratin
intermediate filaments.
The epidermal differentiation complex comprises a large

number of genes that are of crucial importance for keratinocyte
differentiation. So far, at least 45 genes encoding structural and
regulatory proteins have been mapped within this 2-Mb region
on chromosome 1q21 (1). Most of themwere found to be orga-
nized in four clusters: (i) two clusters of genes encoding pro-
teins of the cornified cell envelope, namely LCE (late cornified
envelope) proteins (2) and SPR (small proline-rich) proteins (3);
(ii) genes encoding EF-hand calcium-binding proteins of the
S100A family (4); and (iii) genes of the seven known S100-fused
type proteins: profilaggrin (5), hornerin (HRNR)2 (6–8), filag-
grin-2 (FLG2) (9), repetin (10), cornulin (11), trichohyalin-like
1 (12), and trichohyalin (13).
Profilaggrin is the best characterized of the S100-fused type

proteins (for a review, see Refs. 14 and 15). It consists of 10–12
tandem repeats of filaggrin (FLG) joined by a short hydropho-
bic linker peptide and flanked by NH2- and COOH-unique ter-
minal domains. It is synthesized by granular layer keratino-
cytes, where it is stored in cytoplasmic granules, the so-called
keratohyalin granules. During cornification, the transition
from granular keratinocyte to corneocyte, profilaggrin is enzy-
matically proteolyzed into mature basic FLG monomers. Sub-
sequently, FLG associates with intermediate filaments to pro-
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mote the formation of macrofibrils and the fibrous matrix (16).
Then, deimination of FLG arginyl residues by peptidylarginine
deiminases types 1 and 3 (PAD1 and PAD3) results in the dis-
sociation of FLG from the matrix (17–19) and promotes its
degradation into free amino acids that are important for retain-
ing water in the stratum corneum, in particular pyrollidone
carboxylic acid derived from Gln, and for UV protection, in
particular urocanic acid derived from His (20, 21). Several pro-
teases, mainly calpain 1 and bleomycin hydrolase, are involved
in this breakdown (22, 23). The importance of FLG in skin
homeostasis was recently demonstratedwhen non-sensemuta-
tions of its gene were shown to be responsible for ichthyosis
vulgaris and to be associated with atopic dermatitis, two fre-
quent skin diseases (24–26).
FLG2, amore recently identifiedmember of the family (9, 27)

shares a number of common features with the other S100-fused
type proteins. Its gene consists of three exons: a small 5� non-
coding exon, a small second exon containing the translation
start site, and a very large third exon encoding most of the
protein. FLG2 is mainly detected in skin, particularly in granu-
lar keratinocytes of the epidermis (9). Similarly to the FLGgene,
FLG2 gene expression is probably regulated at the transcrip-
tional level because the corresponding mRNA level is dramati-
cally (800-fold) increased in granular compared with basal
keratinocytes (27). FLG2 is a 2391-amino acid-long protein
with a predicted NH2-terminal calcium binding domain
homologous to S100 proteins followed by a large repetitive
region containing two types of tandem repeats, each 75–77
amino acids long. The nine A-type repeats (A1–A9) are homol-
ogous (50–77% identity) to the repeats of HRNR (9), a compo-
nent of cornified cell envelopes, as recently demonstrated in
our laboratory (28). The fourteen B-type repeats (B1–B14) are
closer to FLGunits (28–39% identity) (9). The B-type repeats in
particular are rich in Gln (8.4%) and in the basic amino acids
Arg (8.4%) and His (14.9%), as FLG is. Furthermore, FLG2 has
been shown, like FLG and HRNR, to accumulate in the kerato-
hyalin granules and to be proteolytically processed later during
cornification (9). To date, however, the biological function of
FLG2 is unknown. Considering the essential role of FLG in
keratinocyte terminal differentiation and the similarity of FLG2
to profilaggrin, it is important to determine the biochemical
properties of FLG2.
In this study, we demonstrate that the FLG2 B-type repeat

domain is maturated by proteolysis and that the serine prote-
ase, calpain 1, is involved in the processing. Furthermore, we
also show that FLG2 is a substrate of PADs, the deimination
promoting its proteolysis by calpain 1. Finally, we discuss the
role of FLG2 in the stratum corneum.

EXPERIMENTAL PROCEDURES

Materials—Human calpain 1 was purchased from Calbi-
ochem.N-Acetyl-Leu-Leu-norleucine-CHO (ALLN), a calpain
inhibitor, was from Sigma-Aldrich. Recombinant human PADs
were produced and purified as reported previously (19).
Antibodies—A polyclonal rabbit anti-FLG2 serum against a

synthetic peptide (IP2; Fig. 1A) present on repeat B10, with an
added NH2-terminal Cys residue for coupling purposes
(CTVHKRHQTTHGQ) was produced by Génosphère (Paris,

France). Anti-peptide anti-FLG2 antibodies were purified by
affinity chromatography against the synthetic peptide cova-
lently bound on a SulfoLink�Resin (SulfoLink� immobilization
kit for peptides) as described by the manufacturer (Pierce). A
goat polyclonal antibody directed against calpain 1 (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) andmonoclonal antibod-
ies to tetra-His (anti-His; Qiagen, Venlo, The Netherlands),
actin (MAB1501; Chemicon International, Southampton, UK),
and both profilaggrin and FLG (AHF3 (29)) were also used.
Anti-mouse Flg2 antibodies were purified from a previously
reported serum directed against the human FLG2 spacer (9) by
affinity chromatography on a recombinant form of the mouse
Flg2 NH2-terminal spacer domain (amino acids 96–231). The
purified immunoglobulins were shown to specifically recognize
both human FLG2 and mouse Flg2.3

Alexa Fluor� 488- and 555-conjugated donkey anti-rabbit,
Alexa Fluor� 488-conjugated donkey anti-mouse, and Alexa
Fluor� 555-conjugated donkey anti-goat secondary antibodies
were purchased from Invitrogen. For immunoblotting analyses,
peroxidase-conjugated goat anti-rabbit and anti-mouse sec-
ondary antibodies were purchased from Zymed Laboratories
Inc. (San Francisco, CA).
Extraction of Epidermal Proteins—All experiments were per-

formed according to the principles of the Declaration of Hel-
sinki and with appropriate approval from the University of
Toulouse ethics committee. Human abdominal epidermis from
healthy donors undergoing plastic surgerywas cleaved from the
dermis, and proteins were sequentially extracted as described
previously (30). Briefly, the epidermis was sequentially homog-
enized on ice in equal volumes of the following buffers: TE
buffer (40 mM Tris-HCl, pH 7.4, 10 mM EDTA, 0.25 mM PMSF
with 0.2% (v/v) protease inhibitor mixture (Sigma-Aldrich),
TE-Nonidet P-40 buffer (TE buffer containing 0.5% Nonidet
P-40), TEU buffer (TE buffer with 8 M urea), and TEUD buffer
(TEU buffer with 50 mM dithiothreitol (DTT)). After each
extraction, the homogenates were centrifuged for 15 min at
15,000� g and the supernatants were kept at�20 °C until used.
Mouse skin samples were scraped off with a scalpel blade to

get the epidermis. Epidermal proteins were then sequentially
extracted as described above with TE-Nonidet P-40 and TEU
buffers.
Immunoblotting Analyses—Samples were separated by 10%

(or 7.5% when indicated) SDS-PAGE and transferred to nitro-
cellulose membrane. The blots were probed with primary anti-
bodies and peroxidase-conjugated secondary antibodies.
Detection was performed with ECL reagent (GE Healthcare,
Little Chalfont, UK). The anti-FLG2 and AHF3 were diluted to
1:200 and to 1:5000, respectively. Anti-His and anti-mouse Flg2
were diluted to 1:1000. Anti-actin was used at 1:30,000. Perox-
idase-coupled secondary antibodies were used according to the
manufacturer’s recommendations. Immunoreactive bands
were scanned and quantified by densitometry using the
National Institutes of Health ImageJ software available on the
World Wide Web.

3 B. Hansmann, unpublished data.
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Expression and Purification of Recombinant COOH-terminal
His6-tagged Proteins—Human FLG and FLG2 cDNAs were
amplified by PCR with the following primers derived from
the published sequences (GenBankTM accession numbers
AF043380 and AY827490, respectively). 5�-CATATGC-
TATACCAGGTGAGCACTCATG-3� (an added NdeI restric-
tion site is underlined) and 5�-CTCGAGCCCTGAACGTC-
CAGACCGTCC-3� (an added XhoI restriction site is
underlined)were primers for FLG, and 5�-CATATGCAGTCA-
GAATCCATAGTTCC-3� (an added NdeI restriction site
is underlined) and 5�-CTCGAGTGGATAGTGAGATCC-
AGC-3� (an added XhoI restriction site is underlined) were
primers for FLG2.The resulting PCRproductswere cloned into
TA vector (Invitrogen) and verified by sequencing. The PCR
fragments were then subcloned into NdeI/XhoI-digested
pET41b vector (Merck KGaA, Darmstadt, Germany), allowing
inducible expression of the COOH-terminal His6-tagged pro-
teins in the Escherichia coli strain BL21-Condon Plus (DE3�)-
RiL (Stratagene, La Jolla, CA). Bacteria were transformed with
the various recombinant expression plasmids and grown in LB
broth medium (Invitrogen) supplemented with kanamycin (50
�g/ml) and chloramphenicol (34 �g/ml). Cultures were incu-
bated at 37 °C until cell density reached an A600 nm of 0.6–0.8.
Then the bacteria were induced to express the recombinant
proteins for 3 h by the addition of 0.5 and 0.1 mM IPTG to the
culturemedium for FLGHis and FLG2His, respectively. Cultures
were centrifuged for 10 min at 6,000 � g, and recombinant
proteins extracted from cell pellets with 8 M urea were affinity-
purified from bacterial lysates using a Hi-Trap column (GE
Healthcare), following the manufacturer’s protocol. Protein
expression was verified by SDS-PAGE and immunodetection
with the anti-His antibody.
In Vitro Deimination Assays—Recombinant human FLGHis

and FLG2His (100 ng/test) were incubated at 50 °C for 19 h in
100mMTris-HCl, pH 7.4, buffer containing 10mMCaCl2, 5mM

DTT with or without 40 milliunits of human PAD1, PAD2, or
PAD3 (19). The reactions were stopped by the addition of
Laemmli’s sample buffer and boiling for 3 min. Equal amounts
of proteins were then separated by SDS-PAGE and immunode-
tected with the anti-His antibody.
InVitroCalpain 1CleavageAssays—The cleavage of unmod-

ified and deiminated proteins was performed at an enzyme/
substrate molar ratio of 1:50. Purified recombinant FLGHis and
FLG2His (15.8 �M) were incubated with calpain 1 (0.32 �M) in
100 mM Tris-HCl, pH 7.5, 2 mM CaCl2, and 10 mM DTT at
30 °C. A calpain 1 inhibitor, ALLN,was also present, when indi-
cated, at a concentration of 50 or 100 �M. All reactions were
stopped at the indicated time by the addition of Laemmli’s sam-
ple buffer and boiling for 10 min. Proteins were then separated
by 10% SDS-PAGE and stained with Coomassie Blue or
assessed by immunoblotting.
Mass Spectrometry Analysis—Equal amounts of FLG2His and

deiminated FLG2His were taken for matrix-assisted laser
desorption/ionization-time of flight mass spectrometry
(MALDI-TOF MS) analyses. The samples were manipulated
together with exactly the same procedure, and results were
acquired in the same time. Calpain 1 digests were dried and
reconstituted in 10 �l of a 0.3% trifluoroacetic acid, 30% aceto-

nitrile solution. For each sample, a 0.75-�l drop of analytes
solutionwas deposited on aMALDI plate, and a 0.75-�l drop of
matrix (3,5-dimethoxy-4-hydroxy-cinnamic acid (sinapinic
acid; Sigma-Aldrich)) dissolved at 30mg/ml in a 0.3% trifluoro-
acetic acid, 30% acetonitrile aqueous solution was then added.
The samples were then left to dry completely in air. MALDI-
TOF analyses were performed on a Perseptive DE-STR Voy-
ager, (Perseptive Biosystems, Framingham, MA) mass spec-
trometer in positive linear mode using an accelerating voltage
of 20 kV and a 500 ns delay time.Mass spectrawere acquired for
m/z 500–50,000 (2,000 shots/spectrum). External calibration
was performed with bovine serum albumin from the
Sequazyme BSA test standard kit (Applied Biosystems) with a
mass precision on the order of 50 Da after calibration. Spectra
were analyzed using the Data Explorer software (Applied
Biosystems).
NH2-terminalAminoAcid Sequencing—Recombinant FLG2His

and calpain 1 were incubated as indicated above for 5 min, and
the reaction was stopped by the addition of EDTA to obtain a
final concentration of 10 mM. The reaction products were
resolved by SDS-PAGE, transferred onto a polyvinylidene fluo-
ride membrane (Applied Biosystems), and stained with Coo-
massie Blue. The membrane areas corresponding to some cal-
pain-produced FLG2 peptides were excised. TheNH2 terminus
of the fragments was sequenced for up to 9 Edman degradation
cycles on an Applied Biosystems 494A sequencer following the
manufacturer’s specifications in the Laboratoire de Micro-
séquençage des Protéines of the Institut Pasteur (Paris, France).
Indirect Immunofluorescence Staining—The anti-FLG2 and

AHF3 antibodies were diluted to 1:50 and 1:2,000, respectively.
The anti-mouse Flg2 was diluted to 1:50. For the commercially
available primary and secondary antibodies, we followed the
manufacturer’s recommendations. Staining intensities were
quantified by densitometry using theNIH ImageJ software. Co-
immunolocalization experiments were performed on sections
of paraffin-embedded formaldehyde-fixed human skin. Depar-
affinized and rehydrated 5-�m sections were processed for
heat-induced epitope retrieval at 95 °C for 45 min using 50 mM

glycine solution, pH 3.5. The sections were subsequently incu-
bated overnight with either rabbit anti-FLG2 or mouse anti-
FLG antibodies and then with goat anti-calpain 1 antibodies at
4 °C. Alexa Fluor-conjugated secondary antibodies were used
for primary antibody detection. Fluorescence was analyzed
using an inverted Zeiss LSM 710 confocal microscope (Carl
Zeiss, Oberkochen, Germany).
Mice—TransgenicC57BL/6mice constitutively overexpress-

ing rabbit calpastatin (under the control of the cytomegalovirus
immediate early enhancer/promoter region) have been
described previously (31). Samples of back skin were obtained
from 8-week-old transgenic and wild type mice.
Statistical Analysis—Unilateral Student’s t test was per-

formed for statistical evaluation of the data.

RESULTS

Expression and Localization of FLG2 in Normal Human
Epidermis—To analyze the expression of FLG2 and a putative
processing similar to that of FLG, sera were produced in rabbits
and affinity-purified against a synthetic peptide (TVHKRHQT-
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THGQ; IP2) present within a B-type repeat of FLG2 (i.e. B10)
(Fig. 1A).We previously checked in silico that this sequence did
not show any similarities with other proteins, including the
other S100-fused type proteins. The specificity of the affinity-
purified anti-FLG2 antibodies was tested by immunoblotting
on a FLG subunit, the FLG2 segment B7–B10 (residues 1683–
1984), andHRNR, all produced inEscherichia coli asGST-fused
recombinant proteins as described previously (28). The anti-
FLG2 antibodies only recognized FLG2. Their reactivity was
completely suppressed by preincubation with either the pep-
tide used for immunization or the recombinant FLG2 (Fig. 1B)
but not with two other synthetic peptides derived from the
sequence of the B-type repeat domain of FLG2. Moreover, the
reactivity of the monoclonal antibody AHF3, directed against
FLG and profilaggrin, was not altered by preincubation with
any of the three peptides. Further confirming the specificity of
the anti-FLG2 antibodies, no reactivity was observed using the
preimmune sera (data not shown).

To characterize the biochemical properties of FLG2, normal
human epidermis was sequentially homogenized on ice in the
presence of protease inhibitors, in equal volumes of a Tris-HCl
buffer containing either EDTA (TE buffer), the non-ionic
detergent Nonidet P-40 (TE-Nonidet P-40 buffer), urea (TEU
buffer) or, finally, urea and the reducing agent DTT (TEUD
buffer). Extracted proteins were then separated by SDS-PAGE
and immunoblotted with the anti-FLG2 antibodies (Fig. 1C,
left). In the first two extracts (TE and TE-Nonidet P-40 buf-
fers), two proteins of �65 and �45 kDa were immunode-
tected (lanes 1 and 2). In addition, several immunoreactive
proteins with a high molecular mass (from 250 to 130 kDa)
were extracted only with TEU buffer (lane 3). The largest
corresponded to the expected full size of FLG2 (�248 kDa).
Furthermore, several immunodetected proteins were
extracted only in the presence of DTT (lane 4). The detec-
tion of multiple proteins smaller than the expected size of
the full-length FLG2 indicates a possible proteolytic process-

FIGURE 1. Expression of FLG2 in normal human epidermis. A, schematic representation of human FLG2 shows the NH2 terminus EF-hand domain, the spacer
1 and 2 domains, and the repetitive region containing nine A-type repeats (A1–A9) and fourteen B-type repeats (B1–B14). The position and sequence of the
peptide IP2 used for immunization is indicated. The underlined B7–B10 repeats correspond to the recombinant FLG2 produced. Numbers indicate amino acid
residues. B, purified recombinant FLG, FLG2, and HRNR were separated by SDS-PAGE, Ponceau Red-stained, and analyzed by immunoblotting with the
anti-FLG2 polyclonal and anti-FLG (namely AHF3) monoclonal antibodies. When indicated, the anti-FLG2 antibodies were preincubated with either IP2 or the
recombinant GST-FLG2. C, epidermal proteins were sequentially extracted in different isotonic buffers containing EDTA (lane 1), Nonidet P-40 (lane 2), 8 M urea
(lane 3), or urea and DTT (lane 4). Equal amounts of proteins were separated by SDS-PAGE, Ponceau Red stained and analyzed by immunoblot with the
anti-FLG2 and AHF3 antibodies. Molecular masses of standards are indicated in kDa to the left. D, sections of paraffin-embedded normal human skin were
doubly stained with the anti-FLG2 (red) and AHF3 (green) antibodies. The merged image shows the colocalization of FLG2 and either profilaggrin or FLG in the
cytoplasm of the upper granular cells and in the matrix of the lower corneocytes, respectively. Scale bars, 10 �m.
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ing of a precursor as is already known for profilaggrin (32)
and shown in Fig. 1C (right).
To locate FLG2 in the epidermis, 5-�m sections of formal-

dehyde-fixed paraffin-embedded healthy skins were analyzed
by indirect immunofluorescence with both the anti-FLG2 anti-
bodies and AHF3. FLG2 (red) was detected in the upper gran-
ular layer and in the lower stratum corneum (Fig. 1D). The
labeling was completely suppressed by preincubation with
either the peptide used for immunization or the purified
recombinant FLG2 but not with the control peptides described
above (data not shown). The merged image (Fig. 1D, bottom)
clearly shows that FLG2 is expressed slightly later than profilag-
grin (green) because it is not observed in the lowest granular
keratinocyte in which profilaggrin is already evidenced. In the
upper granular cells, FLG2 labeling was granular. In the lower
stratum corneum, FLG2 and FLG were detected in the intra-
corneocyte fibrous matrix, whereas in the upper layer, they
were not detected or only slightly detected. This parallel disap-
pearance of the two proteins suggests that FLG2 may be
degraded in the upper stratum corneumby one of the proteases
involved in the degradation of FLG (e.g. calpain 1).
Proteolysis of FLG2 by Calpain 1—To test our hypothesis, a

pure recombinant FLG2 fragment corresponding to repeat
B7–B10 was produced with a COOH-terminal His tag (called
FLG2His) and incubated with calpain 1. A recombinant FLG
subunit with such a His tag (named FLGHis) was used as a pos-
itive control. The reaction products were then separated by
SDS-PAGE followed by Coomassie Blue staining. As shown in
Fig. 2,A andB, both FLGHis and FLG2His were rapidly degraded
during the incubation with calpain 1 in the presence of 2 mM

calcium ion. The calcium chelator EDTA and the calpain inhib-
itorALLNprevented this degradation, indicating the specificity
of the proteolysis. This result is consistent with the hypothesis
that FLG2 is a direct substrate of calpain 1. The FLG2His pro-
teolytic fragments were further examined by immunoblotting
with the anti-FLG2 and anti-His antibodies (Fig. 2, C and D).
This analysis confirmed the rapid and specific degradation of
FLG2His by calpain 1 and highlighted the time-dependent
appearance of many proteolytic fragments from 40 to 15 kDa.
This indicated that multiple calpain 1 cleavage sites are present
in the sequence of the FLG2 repeats B7–B10. Interestingly, the
immunoblottingpatternsproducedby theanti-His andanti-FLG2
antibodiesweredifferent, suggesting that cleavageoccurred at one
site (at least) downstreamof the epitope(s) recognized by the anti-
FLG2 antibodies and very close to the COOH terminus of the
protein, leading to the removal of the His6 epitope.
To further characterize the proteolysis of FLG2 by calpain 1,

the intact recombinant FLG2His and a time course of degrada-
tion of the protein by this protease were analyzed by MALDI-
TOF MS. The representative MS spectra obtained at m/z
2,000–50,000 are shown in Fig. 3. At the earliest time point
(T0), twopeaks atm/z 33,220 and 16,631,which can be assigned
to singly and doubly charged molecular ions of recombinant
FLG2His, were observed (the theoretical molecular mass of
FLG2His is 33.13 kDa). These signals were dramatically reduced
after a 2-min incubation of FLG2His with calpain 1, few peaks
appearing at m/z between 33,000 and 20,000 (T2). The new
peaks probably corresponded to some of the previously immu-
nodetected FLG2His-derived fragments. Interestingly, several
signals emerged atm/z 2,000–20,000, indicating that calpain 1

FIGURE 2. Degradation of FLGHis and FLG2His by calpain 1 in vitro. A and B, recombinant FLGHis (A) and FLG2His (B) were incubated at 30 °C with calpain 1 in
a calcium-containing buffer for the indicated time (min). When specified, 10 mM EDTA or the calpain 1 inhibitor ALLN at a final concentration of either 50 or 100
�M was added before incubations. The reactions were stopped by the addition of Laemmli’s sample buffer. Samples were then subjected to SDS-PAGE, and
proteins were stained with Coomassie Blue. C and D, recombinant FLG2His was incubated at 30 °C for the indicated time (min) with calpain 1 in the absence or
presence of 10 mM EDTA. The reactions were stopped by the addition of Laemmli’s sample buffer. Samples were then immunoblotted with anti-FLG2 (C) or
anti-His (D) antibodies. Molecular masses of standards are indicated in kDa to the left. The arrows show the full-length FLGHis and FLG2His, as indicated. WB,
Western blot.
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degraded FLG2His into several small peptides of different
masses thatwere not immunodetected by the anti-His and anti-
FLG2 antibodies in the immunoblotting conditions we used. In
the spectra of the products of FLG2His proteolysis for 5 min
(T5), the peaks at m/z 33,220 and 16,631 almost disappeared.
Altogether, these data show that calpain 1 progressively pro-
cessed the B-type repeats of FLG2 at multiple cleavage sites to
generate numerous peptides.
Identification of the Calpain 1 Cleavage Sites by Edman Deg-

radation Sequencing—Because no consensus sequence has
been clearly proposed for the calpain 1 cleavage site, we next
defined the location of these sites within the B-type repeats of
FLG2 by Edman degradation sequencing. In this analysis, we
tried to identify the preferential rather than all cleavage sites.
With this aim, a larger amount of FLG2His was digested with
calpain 1 so as to obtain visible proteolytic fragments after SDS-
PAGE and Coomassie Blue staining (Fig. 4A). The four most
visible proteolytic fragments (F1, F2, F3, and F4), were
sequenced. After nine cycles of Edman degradation, the
sequences obtained were as follows: TQTGSRTTG for F1,
HTHSGHTHG for F2, GQTGDTTRH for F3, and two
sequences for F4: TGTGSRTTG (major) and MQSESIVPE
(minor). Based on the peptide sequences and the molecular
weights of the fragments, four cleavage sites were mapped on
FLG2His as follows (from P4 to P4�): HGLT2TQTG,
SGVS2HTHS, GTTH2GQTG, and HGQS2TQTG (Fig. 4B).

On the basis of these four identified cleavage sites, we next
searched for any other calpain 1 potential cleavage sites on the
entire B-type repeat domain. Numerous identical or very simi-
lar amino acidmotifs were shown to be regularly present within
all B-type repeats (Fig. 4C). This result clearly explains that
calpain 1 digestion of FLG2His producesmany small proteolytic
peptides, as shown by the MS analysis. It also suggests that
calpain 1 could potentially cleave the entire B-type repeat
domain of FLG2 into small peptides (from 17 to 30 amino
acids), as already known for FLG (23). Curiously, such motifs
were not observed in the FLG2 A-type repeats.
Localization of FLG2 and Calpain 1 in Human Epidermis—To

better characterize the interaction between calpain 1 and FLG2,
we next verified that they were colocalized in the upper part of
the epidermis by indirect immunofluorescence analysis of
human skin sections. We performed double-label staining and
confocal microscopy analysis using a goat anti-calpain 1 anti-
body and either the anti-FLG2 or anti-FLG antibodies. On con-
trol sections incubated in the absence of primary antibody, no
significant immunoreactivity was observed (data not shown).
Calpain 1 was predominantly detected in the cytoplasm of
granular keratinocytes and in the lower corneocytes (Fig. 5). It
was shown to be colocalized with both (pro)filaggrin and FLG2,
as pointed out by the merged images. This indicated a similar
spatial distribution of the three proteins, supporting the idea
that calpain 1 is involved in the degradation of both FLG and
FLG2 in vivo.
To further test for a possible cleavage of the epidermal FLG2

by calpain, an extract of human epidermis, prepared in the pres-
ence of a non-ionic detergent but in the absence of added pro-
tease inhibitors and known to contain partially processed
FLG2, was incubated with or without calpain 1. The results
(supplemental Fig. 1) showed that the epidermal FLG2was pro-
teolyzed in the presence of calpain 1 but not in the presence of
both calpain 1 and ALLN. Moreover, the anti-FLG2-immuno-
detected peptides generated from the human epidermal and the
recombinant forms of FLG2 presented similar molecular
masses between 25 and 30 kDa.
FLG2 Is a Substrate of Calpain 1 in Vivo—To test for the

involvement of calpain 1 in vivo, the expression of Flg2 in the
skin of wild type and transgenic mice overexpressing calpasta-
tin, an inhibitor of calpain 1, was analyzed by indirect immuno-
fluorescence and immunoblotting. The used affinity-purified
antibodies recognized the NH2 terminus of Flg2 (spacer 1
region). The anti-Flg2 antibodies produced the same pattern of
labeling when tested on wild type and transgenic mouse skin.
Only the granular keratinocytes and the lower corneocytes
were stained. However, the intensity of labeling was signifi-
cantly higher on the epidermis of the transgenic mice (Fig. 6, A
and B). The epidermal proteins were then sequentially
extracted in equal volumes of TE-Nonidet P-40 and TEU buf-
fers and immunoblottedwith the anti-Flg2 antibodies (Fig. 6C).
The full-size Flg2 (�250 kDa), a processed form of 200 kDa and
a fragment of �55 kDa were essentially detected in the TEU
buffer extracts obtained from both wild type and transgenic
mice. However, in the extracts of transgenic mouse epidermis,
the intensity of detection of the two larger bands was higher (by
a mean factor of 2.12 after normalization against detection

FIGURE 3. MALDI-TOF MS analysis of the peptides produced by calpain 1
digestion of FLG2His. Recombinant FLG2His was incubated with calpain 1 at
30 °C for 5 min. At the indicated times (0 min (T0), 2 min (T2�), and 5 min (T5�)),
aliquots were removed and analyzed by MALDI-TOF MS as described under
“Experimental Procedures.” Spectra at m/z 2,000 –50,000 are shown. The m/z
of the full-length FLG2His and calpain 1-produced fragments and peptides are
indicated.
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intensities of actin), whereas that of the 55 kDa band was lower
(by a factor of 0.62). These data demonstrate an accumulation
of the precursor formand a reduced processing of the protein in

the transgenic mice. Unfortunately, no antibodies are yet avail-
able to analyze the processing of the repeat domain of mouse
Flg2. Altogether, these data showed that calpain 1 is very likely
involved in the processing of FLG2 in vivo.
Deiminated FLG2 Is More Susceptible to Calpain 1 Cleav-

age—Deimination of FLG is a major step in its catabolism and
allows its dissociation from the corneocyte matrix. In addition,
FLG deiminated by mouse Pad3 has been shown to be more
susceptible to calpain 1-mediated degradation than the
unmodified form, possibly because of protein unfolding, one of
the reported consequences of this post-translational modifica-
tion. Because both FLG and the B-type repeats of FLG2 contain
large amounts of Arg residues (10.8 and 8.4%, respectively), we
predicted that FLG2might be deiminated and that FLG2deimi-
nation might modify its calpain susceptibility.
First, to test whether deimination is involved in the post-

translational modifications of FLG2, purified recombinant
human PAD1, -2, and -3 were used in deimination assays (Fig.
7). These are the three isotypes of PADs expressed in the epi-
dermis, PAD1 and -3 being responsible for the deimination of
FLG (18). The deimination of FLGHis, used as a positive control,
induced a shift in its apparentmolecularmass after SDS-PAGE.
Such a shift has been described as a characteristic of deimina-
tion for several PAD substrates (19, 33, 34). Incubation of

FIGURE 4. Identification of calpain 1 cleavage sites by Edman degradation sequencing. A, recombinant FLG2His was separated by SDS-PAGE and Coomas-
sie Blue-stained before and after digestion with calpain 1, as indicated. Four FLG2His fragments (F1–F4) produced by calpain 1 cleavage were selected for
Edman degradation sequencing. Molecular masses of standards are indicated in kDa. B, from the NH2-terminal sequences of fragments F1–F4, four calpain 1
cleavage sites were identified. C, these and related calpain 1 cleavage motifs were shown to be present many times within the 14 B-type repeats of FLG2.
Homologous amino acids are shown in boldface type, whereas identical amino acids are in boldface type and underlined. The amino acid sequence of B7–B10
repeats corresponding to the recombinant FLG2His is shown in italic type. D, the fully deiminated FLG2His (FLG2His*) was separated by SDS-PAGE and Coomassie
Blue-stained, and its NH2 terminus was sequenced using Edman degradation. The obtained sequence is shown. The positions of molecular mass standards are
indicated on the left.

FIGURE 5. Indirect immunofluorescence localization of calpain 1 and
FLG2 in human epidermis. Normal human skin sections were analyzed by
confocal microscopy using anti-calpain 1, anti-FLG2, and AHF3 antibodies.
The images show calpain 1 in red and either FLG2 or both FLG and profilaggrin
in green. Comparative localizations of calpain 1 and its potential substrate are
shown in the merged images. The upper dashed and the bottom dotted lines
indicate the outer borders of the stratum corneum and the dermo-epidermal
junction, respectively. Scale bars, 10 �m.
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FLG2His with any of the three PADs also induced a shift in its
migration in SDS gels from 40 to higher than 72 kDa. As
expected, chelation of calcium, an ion essential for PAD activ-
ity, by the addition of an excess of EDTA during the incubation
with the enzymes, completely inhibited the changes inmobility

of both FLGHis and FLG2His (Fig. 7). Confirmation that
FLG2His, like FLG, is deiminated by human PAD1, PAD2, and
PAD3 in vitro was provided by its immunodetection with an
antibody specific for citrulline, the AMC antibody (35), only
after incubation with a PAD (supplemental Fig. 2).

We next investigated the consequence of FLG and FLG2
deimination by human PADs on their proteolysis by calpain 1.
Fig. 8A shows the time course of the decrease in the FLGHis and
PAD1-deiminated FLGHis, as analyzed by SDS-PAGE and
immunoblotting. Both proteins were almost completely
degraded within 10 min. However, the deiminated FLGHis was
degraded more rapidly than the unmodified protein. A densi-
tometric analysis of scanned images confirmed these data and
showed that 90% of degradation was achieved after 5 min of
digestion for the former versus 10 min for the latter (Fig. 8B).
Fig. 8C shows the time course of the degradation by calpain 1 of
the unmodified and deiminated FLG2His. Both proteins were
degraded very quickly, within 3–5 min. Whereas some full-
length unmodified FLG2His and derived polypeptides were still
detected after 5min of incubation with the protease, the deimi-
nated proteinwas completely degraded from3min of incubation.
A densitometric analysis of scanned images convincingly showed
that the deiminated FLG2His was degradedmore quickly than the
unmodified protein (Fig. 8D). It has been reported that the deimi-
nated FLG is degraded by calpain 1 into shorter peptides than the
non-deiminated form (23). Therefore, we further compared the
proteolytic fragments generated fromunmodified anddeiminated
FLG2Hisbycalpain1digestion.Fig. 8,EandF, showtheMSspectra
at m/z 500–20,000 of the unmodified and deiminated FLG2His

incubated with calpain 1 for 5 min. Compared with proteolysis of
unmodified FLG2His, calpain 1-mediated cleavage of deiminated
FLG2His produced shorter peptides with m/z �10,000. These
spectral patterns supported theconclusiondrawn fromthe immu-
noblotting analysis (i.e. that the deiminated FLG2His is more sus-
ceptible to calpain 1) and strongly suggested that the modified
FLG2His was degraded into shorter fragments than the unmodi-
fied protein.
We observed that most of the Arg residues within FLG2His

are close to the calpain 1 cleavage sites. To test whether some of
them could be deiminated, FLG2His was deiminated by PAD1,
and its NH2 terminus was sequenced by Edman degradation
(Fig. 4D). The obtained sequence (QSESIVPECitHGTTH)
overlapping the cleavage site GTTH2GQTG clearly demon-
strates that it is the case. Taken together, these results indicate
that calpain 1 acts preferentially on deiminated proteins,
including FLG2, as compared with the unmodified forms.

DISCUSSION

To analyze the expression, localization, and processing of
FLG2 in the human epidermis, we produced highly specific rab-
bit antibodies directed against an internal peptide correspond-
ing to the B-type subunit B10. The antibodies were used in
confocalmicroscopy analyses of breast skin samples and immu-
noblotting of epidermis sequential extracts. We detected the
protein first in the cytoplasm of the upper granular keratino-
cytes, with a granular pattern of labeling, and then in thematrix
of the lower corneocytes. Finally, the labeling disappeared from
the upper corneocytes concomitantly with the degradation of

FIGURE 6. Expression of Flg2 in the epidermis of wild type and calpastatin
transgenic mice. A, representative sections of paraffin-embedded skin of
wild type (WT) and calpastatin-overexpressing transgenic (TG) mice were
analyzed by indirect immunofluorescence with anti-Flg2 antibodies. Flg2 was
located in the granular cells and the lower corneocytes. The dotted lines indi-
cate the dermo-epidermal junction. Scale bars, 10 �m. B, the intensity of
detection was quantified (n � 4) and shown to be higher in the TG mice. *, p �
0.05. C, epidermal proteins from WT and transgenic mice were sequentially
extracted in isotonic buffers containing either Nonidet P-40 (TE-NP40) or 8 M

urea (TEU). Equal volumes of each extracts were separated on 7.5% acrylam-
ide gels, and proteins were immunoblotted with the anti-Flg2 antibodies
(top) and a monoclonal antibody directed against actin (Act; bottom). A pic-
ture representative of at least three different experiments is shown. In the
upper panel, the arrows indicate the full-length Flg2 and a processed form of
200 kDa, and the arrowhead indicates a fragment of 55 kDa. Molecular masses
of standards are indicated in kDa to the left.

FIGURE 7. Deimination of FLG2His by human PAD1, -2, and -3. Recombi-
nant FLGHis and FLG2His (100 ng/test) were incubated with or without human
PAD1, PAD2, or PAD3 (40 milliunits/test) for 19 h at 50 °C in a 100 mM Tris-HCl
(pH 7.6) buffer containing 10 mM CaCl2 and 5 mM DTT in the absence or
presence of 15 mM EDTA, as indicated. The reactions were stopped by the
addition of Laemmli’s sample buffer. Samples were then subjected to SDS-
PAGE and immunoblotting analysis with the anti-His antibody. Molecular
masses of standards are indicated in kDa on the left. The arrows indicate the
unmodified FLGHis and FLG2His, and the arrowheads show the fully deimi-
nated proteins (FLGHis* and FLG2His*). Note that deimination induces a shift in
the apparent molecular mass of both FLGHis and FLG2His.
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FLG. The full-length 248-kDa protein was detected only in
urea-containing extracts, suggesting that it is stored in kerato-
hyalin granules. This hypothesis is consistent with the granular
pattern of labeling and the observed colocation with profilag-
grin. Multiple immunoreactive fragments from 250 to 40 kDa
were also observed, indicating a proteolytic processing of this
high molecular weight precursor during terminal differentia-
tion. In particular, we observed a band with a molecular weight
around 130,000, suggesting that a fragment corresponding to
the whole B-type domain is produced. The domain is further
proteolyzed, at least to 40-kDa fragments and possibly to other
non-immunoreactive smaller peptides. These results are in

accordance with previously published data obtained using anti-
bodies specific for the NH2 terminus of FLG2, namely the
spacer 1 region (9). In particular, the 130-kDa fragment
described above has not been detected by these antibodies,
showing that it does not comprise the NH2 terminus of FLG2.
Such a proteolytic metabolism is well known for FLG. Numer-
ous proteases, including calpain 1 (22), furin (36), profilaggrin
endoproteinase 1 (37), matriptase (38), channel-activating ser-
ine protease 1 (39), and elastase-2 (40), have been identified as
being involved either directly or indirectly in the profilaggrin
processing to FLG monomers, whereas calpain 1, caspase-14,
and bleomycin hydrolase (23) are required for further proteol-

FIGURE 8. Cleavage of deiminated FLG2His by calpain 1. A–D, the proteolysis of the unmodified (squares) and deiminated (triangles) FLGHis (A and B) and
FLG2His (C and D) by calpain 1 was analyzed at an enzyme/substrate molar ratio of 1:50. Unmodified and deiminated FLGHis and FLG2His were incubated for the
indicated times at 30 °C with calpain 1 in 100 mM Tris-HCl (pH 7.5) containing 2 mM CaCl2 and 10 mM DTT. The extent of cleavage was determined by
immunoblotting with the anti-His antibody (A and C) followed by a densitometric analysis (B and D). E and F, the proteolysis of the unmodified (E) and
deiminated (F) FLG2His by calpain 1 performed in the conditions described above for 5 min was analyzed by MALDI-TOF MS. Spectra at m/z 500 –20,000 are
shown. The m/z of the calpain 1-produced peptides are indicated.
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ysis of FLG monomers into smaller peptides and free amino
acids. The latter are the major components of the so-called
natural moisturizing factor (NMF), the main function of which
is to contribute to water retention, flexibility of the stratum
corneum, and UV protection (21, 41, 42). We speculated that
the same enzymes could be involved in the processing of FLG2.
We first focused on calpain 1.
Calpain 1 is a neutral calcium-activated protease present in a

wide variety of tissues, including the epidermis. The protease
has beendetected in the upper part of the epidermis (43), and its
expression has been shown to be up-regulated during keratino-
cyte differentiation in vitro (44). In our studies, in vitro cleavage
assays revealed that calpain 1 was able to directly process a
fragment of FLG2 consisting of B-type repeats B7–B10 into
multiple peptides detected by both immunoblotting and mass
spectrometry. Identification of the NH2 terminus of the major
ones using Edman degradation sequencing provided evidence
that at least four calpain 1 cleavage sites are present within the
B-type repeats. Further detailed examination of FLG2 sequence
highlighted many potential calpain 1 cleavage sites, regularly
positioned along thewhole B-type repeat domain. This explains
the “ladder-like” cleavage pattern detected during the in vitro
calpain 1 cleavage assays (Fig. 2, C and D). One of these poten-
tial cleavage sites is located in the epitope(s) recognized by the
anti-FLG2 antibodieswithin repeat B10.This could also explain
why we did not immunodetect fragments of FLG2 shorter than
40 kDa in epidermis protein extracts. Supporting an interaction
between the two proteins in vivo, we showed that calpain 1 is
colocatedwith FLG2 in the cytoplasmof granular keratinocytes
and lower corneocytes and that the full-length Flg2 accumu-
lates whereas a processed 55-kDa form is detected less in the epi-
dermis of calpastatin-overexpressingmice as compared with wild
typemice. Altogether, these data strongly suggest that calpain 1 is
involved invivo in theprocessingof the full-lengthFLG2and in the
proteolysis of the B-type repeat domain of FLG2 to small frag-
ments, as has been shown for profilaggrin and the FLG subunits.
To confirm this hypothesis, it will be of great interest in future
experiments to identify the in vivo calpain 1 cleavage sites and to
compare them with those determined in vitro. It is important to
note that we did not find related potential calpain 1 cleavage sites
within theA-type repeat domain, suggesting that this domainmay
undergo different processing if any.
During terminal differentiation, FLG monomers undergo

deimination by PAD1 and PAD3 (18, 19). Deimination results
in FLG being more susceptible to proteolysis and promotes its
degradation into free amino acids (23). An increased suscepti-
bility to degradation after deimination has already been
described for another protein, themyelin basic protein (45, 46).
We therefore examinedwhether FLG2 processing could also be
regulated by deimination. First, our results showed that the
Arg-rich B-type repeats were in vitro substrates of the three
PAD isotypes expressed in the epidermis (i.e. PAD1, PAD2, and
PAD3). Next, we observed that deimination of FLG2 facilitated
its degradation by calpain 1. Importantly, most of the Arg resi-
dues within the B-type repeats are close to the calpain 1 cleav-
age sites. We demonstrated that at least one of them was mod-
ified by PAD1, a similar Arg residue being located in all B-type
repeats in a conserved position just before a calpain 1 cleavage

site. Based on previous studies (32, 47, 48), we believe that
deimination of FLG2 alters its spatial conformation and conse-
quently facilitates its proteolysis. The three-dimensional struc-
ture of neither FLG2nor FLG is known; therefore, it is currently
not possible to test this hypothesis in silico. New cleavage sites
could also be recognized by calpain 1.
On the basis of these findings, we propose a model for FLG2

processing in the epidermis (Fig. 9). The FLG2 gene, located on
1q21 in the epidermal differentiation complex, encodes a large
protein that comprises three domains: an NH2-terminal cal-
ciumbinding domain homologous to the S100 proteins and two
domains formed by repeated subunits, the A-type and B-type.
FLG2 is transcribed in the granular keratinocytes, upon the
Ca2� concentration increase known to occur during the termi-
nal differentiation process. FLG2 mRNAs are translated into a
248-kDa large precursor, which is stored in keratohyalin gran-
ules, in the cytoplasm of the granular cells. During the transi-
tion from granular to cornified layers, the precursor protein is
subjected to an initial proteolysis by unknown protease(s). The
S100-relatedNH2-terminal domain, the A-type repeat domain,
and the B-type repeat domain are released. Further cleavage of
theB-type repeat domain by calpain 1 leads to the production of
B-type oligomers and/ormonomers. Deimination of the B-type
oligomers/monomers by PADs induces a decrease in their pos-
itive charges, changes their conformation, and promotes their
subsequent degradation. Because the amino acid composition
of FLG2 B-type repeats is similar to that of FLG, breakdown of
FLG2 into free amino acids by other proteases, including
caspase 14, may contribute to the NMF components. Until
now, FLG has been considered as the only protein at the origin
of the NMF and therefore responsible for stratum corneum
hydration, flexibility, and UV protection (21, 40, 41). Based on
our findings, FLG2 could contribute to stratum corneum
hydration and barrier functions along with FLG. This is sup-
ported by the fact that homozygous carriers of FLGmutations
have a low but non-null NMF content, suggesting that other
proteins may contribute to NMF formation (49). The role and
processing of the S100-relatedNH2-terminal domain andof the
A-type repeat domain of FLG2 are unknown. The S100-related
terminal domain of profilaggrin has been shown to contain a
nuclear localization signal and to be translocated to transitional
keratinocyte nucleus, where it could be implicated in the regu-
lation of gene transcription through its capacity to bind calcium
(50–52). We identified such a potential monopartite nuclear
localization signal in the NH2 terminus of FLG2, KKHRR (res-
idues 100–104), suggesting a similar function. This remains to
be tested. Unlike the B-type repeats, theA-type repeats of FLG2
contain few Arg (2.6%) and no sequences related to calpain 1
cleavage sites. This suggests that the two repeat domains have
different post-translational modifications and proteolytic pro-
cesses. Interestingly, the A-type repeats display the highest
homology toHRNR (8), an epidermal protein recently shown to
be a component of cornified cell envelopes (28). A-type repeats
of FLG2 and HRNR both contain high percentages of Gln (15
and 9.4%, respectively), which is a key amino acid for transglu-
taminase-mediated cross-linking to the cornified envelope (53,
54), suggesting that the A-type repeat domain is cross-linked to
these corneocyte structures.
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FLGplays another important role in the stratumcorneumas an
intermediate filament-associated protein, promoting their aggre-
gation and the formation of the corneocyte matrix (55, 56). Ionic
interactions between the conserved positive charges of FLG and
the negative charges distributed along the rod domains of inter-
mediate filament proteins seem to be the mechanisms of FLG/
filament binding (16). Regarding the high percentage of basic
amino acids (His � Arg, 23.4%) within the B-type repeats, it is
possible that human FLG2 may also have the ability to associate
with intermediate filaments. In agreement, a recombinant part of
mouse Flg2 has been shown to interact with and bundle keratin
filaments extracted from bovine tongue (57).
Recently, many studies have provided evidence that proteins

encoded by genes located in the epidermal differentiation com-
plex are associated with several common skin disorders. In par-
ticular, loss-of-function mutations in the FLG gene have been
shown to cause ichthyosis vulgaris and to predispose to atopic
dermatitis. In addition, a deletion of the genes encoding the late
cornified envelope LCE3B and LCE3C has been associated with
psoriasis (24, 25, 58, 59). Therefore, a possible pathophysiolog-
ical implication of FLG2 in skin diseases remains to be studied.
In summary, our present study provides the first deciphering

of the complex processing of FLG2 during the terminal differ-

entiation of the epidermis. It shows that calpain 1 is essential in
its proteolytic maturation. Calpain 1 is involved in the proteol-
ysis of the B-type repeat domain and probably in the release of
free amino acids, components of NMF. Furthermore, deimina-
tion of FLG2 by PAD1, PAD2, and/or PAD3 was shown to pro-
mote its proteolysis by calpain 1. Further investigations of the
proteolysis, post-translational modification(s), and biochemi-
cal property (or properties) of FLG2 will be helpful to under-
stand the complete processing and biological function(s) of this
particular protein during terminal differentiation.
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FIGURE 9. Proposed model of the maturation and function of FLG2 in human epidermis. See “Discussion” for details.
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19. Méchin, M. C., Enji, M., Nachat, R., Chavanas, S., Charveron, M., Ishida-

Yamamoto, A., Serre, G., Takahara, H., and Simon, M. (2005) Cell Mol.
Life Sci. 62, 1984–1995

20. Elias, P. M. (2004) J. Invest. Dermatol. 122, xxxvi–xxxix
21. Rawlings, A. V., and Harding, C. R. (2004) Dermatol. Ther. 17, 43–48
22. Yamazaki,M., Ishidoh, K., Suga, Y., Saido, T. C., Kawashima, S., Suzuki, K.,

Kominami, E., and Ogawa, H. (1997) Biochem. Biophys. Res. Commun.
235, 652–656

23. Kamata, Y., Taniguchi, A., Yamamoto, M., Nomura, J., Ishihara, K., Taka-
hara, H., Hibino, T., and Takeda, A. (2009) J. Biol. Chem. 284,
12829–12836

24. Smith, F. J., Irvine, A. D., Terron-Kwiatkowski, A., Sandilands, A., Camp-
bell, L. E., Zhao, Y., Liao, H., Evans, A. T., Goudie, D. R., Lewis-Jones, S.,
Arseculeratne, G., Munro, C. S., Sergeant, A., O’Regan, G., Bale, S. J.,
Compton, J. G., DiGiovanna, J. J., Presland, R. B., Fleckman, P., and
McLean, W. H. (2006) Nat. Genet. 38, 337–342

25. Palmer, C. N., Irvine, A. D., Terron-Kwiatkowski, A., Zhao, Y., Liao, H., Lee,
S. P., Goudie, D. R., Sandilands, A., Campbell, L. E., Smith, F. J., O’Regan,
G.M.,Watson, R. M., Cecil, J. E., Bale, S. J., Compton, J. G., DiGiovanna, J. J.,
Fleckman, P., Lewis-Jones, S., Arseculeratne,G., Sergeant, A.,Munro,C. S., El
Houate, B., McElreavey, K., Halkjaer, L. B., Bisgaard, H., Mukhopadhyay, S.,
andMcLean,W. H. (2006)Nat. Genet. 38, 441–446

26. Sandilands, A., Terron-Kwiatkowski, A., Hull, P. R., O’Regan, G.M., Clay-
ton, T. H., Watson, R. M., Carrick, T., Evans, A. T., Liao, H., Zhao, Y.,
Campbell, L. E., Schmuth, M., Gruber, R., Janecke, A. R., Elias, P. M., van
Steensel, M. A., Nagtzaam, I., van Geel, M., Steijlen, P. M., Munro, C. S.,
Bradley, D. G., Palmer, C. N., Smith, F. J., McLean,W. H., and Irvine, A. D.
(2007) Nat. Genet. 39, 650–654

27. Toulza, E., Mattiuzzo, N. R., Galliano, M. F., Jonca, N., Dossat, C., Jacob, D., de
Daruvar,A.,Wincker, P., Serre,G., andGuerrin,M. (2007)GenomeBiol.8,R107

28. Henry, J., Hsu, C. Y., Haftek, M., Nachat, R., de Koning, H. D., Gardinal-
Galera, I., Hitomi, K., Balica, S., Jean-Decoster, C., Schmitt, A.M., Paul, C.,

Serre, G., and Simon, M. (2011) FASEB J. 25, 1567–1576
29. Simon, M., Sebbag, M., Haftek, M., Vincent, C., Girbal-Neuhauser, E.,
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