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ABSTRACT A single-nucleotide polymorphism within
the gene encoding hornerin (HRNR) has recently been
linked with atopic dermatitis (AD) susceptibility. HRNR
shares features with filaggrin, a key protein for keratino-
cyte differentiation, but conflicting reports have been
published concerning its expression in the epidermis, and
its role is still unknown. To analyze HRNR expression and
function in the epidermis, anti-HRNR antibodies were
produced and used in Western blot analysis and immuno-
histochemical, confocal, and immunoelectron microscopy
analyses of human skin and of cornified cell envelopes
purified from plantar stratum corneum. We also tested
whether HRNR was a substrate of transglutaminases. In
the epidermis, HRNR was detected at the periphery of
keratohyalin granules in the upper granular layer and at
the corneocyte periphery in the whole cornified layer.
Detected in Western blot analysis as numerous bands,
HRNR was relatively insoluble and only extracted from
epidermis with urea and/or reducing agents. The pres-
ence of HRNR in the purified envelopes was confirmed
by immunoelectron microscopy and by Western blot
analysis after V8-protease digestion. HRNR was shown to
be a substrate of transglutaminase 3. These data demon-
strate that HRNR is a component of cornified cell enve-
lopes of human epidermis. Its reduced expression in AD
may contribute to the epidermal barrier defect observed
in the disease.—Henry, J., Hsu, C.-Y., Haftek, M., Nachat,
R., de Koning, H. D., Gardinal-Galera, 1., Hitomi, K.,
Balica, S., Jean-Decoster, C., Schmitt, A.-M., Paul, C,,
Serre, G., Simon, M. Hornerin is a component of the
epidermal cornified cell envelopes. FASEB J. 25, 000-000
(2011). www.fasebj.org
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DIFFERENTIATION OF THE EPIDERMIS is an oriented
process during which keratinocytes of the basal layer
undergo a series of metabolic and structural changes
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throughout their migration to the surface of the skin.
Cornification, the later stages of the process, is a real
programmed cell death, and results in the formation of
corneocytes. It is the stacking up of these anucleate
cells, forming the outermost layer or stratum corneum
(also called cornified layer), that enables the epidermis
to fulfill one of its main functions: it provides a multiple
barrier between the body and its environment by
opposing water loss and the penetration of exogenous
molecules, UV radiation, and pathogens, and by pro-
tecting the body, because of its great mechanical resis-
tance. Alterations in keratinocyte differentiation are
involved in the pathophysiology of many skin diseases,
e.g., atopic dermatitis (AD; OMIM%603635).

AD is a common chronic inflammatory skin disease
affecting 15-20% of children and 1-3% of adults in
industrialized countries. It is often linked with other
atopic conditions, such as asthma and allergic rhinitis.
AD results from complex interactions between genetic
and environmental factors. The pathogenesis of the
disease is still poorly understood, although immune
system dysfunctions, as well as defects in the epidermal
barrier, have long been suspected (1-4). A major
breakthrough was the discovery (5) that loss-of-function
mutations in the gene encoding filaggrin (FLG) on
chromosome 1q21 are a major risk factor for AD, with
an estimated odds ratio >3 (for a review, see ref. 6).
This strengthens the hypothesis of a stratum corneum
failure as a primary event, potentially leading to in-
creased penetration of allergens and skin inflammation
(1,2, 7). Indeed, FLG is an essential component of the
stratum corneum.
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FLG is a member of the S100-fused protein family. It
is a basic 324-aa, histidine-rich protein synthesized by
granular keratinocytes as a large precursor called pro-
filaggrin, a component of keratohyalin granules. Pro-
filaggrin consists of 10 to 12 FLG repeats separated by
7 amino acid-linker peptides. The FLG units are
flanked by 2 unique sequences, the N-terminal S100
domain showing 2 calcium-binding sites. During corni-
fication, profilaggrin is proteolyzed into FLG subunits.
The latter associate with keratin intermediate filaments
and facilitate their aggregation and the consequent
formation of the intracorneocyte fibrous matrix. In the
upper stratum corneum, FLG units are deiminated;
they separate from the keratins and then are com-
pletely degraded into amino acids, which constitute the
natural moisturizing factor, an essential component for
stratum corneum hydration and for photoprotection
(8). A proportion of FLG is also cross-linked to the
cornified cell envelope (CE; refs. 9, 10). CE is a
15-nm-thick, highly insoluble, and complex protein
structure, with a monolayer of w-hydroxyceramides
attached to its extracellular surface. CE replaces the
plasma membrane of terminally differentiated keratin-
ocytes. It results from the formation of very stable
Ne-(y-glutamyl)lysine isopeptide bonds between vari-
ous proteins, including involucrin (IVL) and loricrin,
in a reaction catalyzed by calcium-dependent enzymes
called transglutaminases (TGases; EC 2.3.2.13). CE is
critical for the stratum corneum barrier functions since
it confers resistance to the layer acting as a shell, and
controls the organization of the lipid lamellae in the
extracellular spaces (11).

However, a maximum of 1 in 2 patients with AD
carries the FLGnull allele, even in the cohorts with the
most severe cases (6). Moreover, additional AD predis-
position genes may exist in 1q21 apart from the associ-
ation with FLG (12). Interestingly, a genome-wide asso-
ciation study in AD has identified a single-nucleotide
polymorphism 7 kb downstream of another gene lo-
cated in 1q21, the hornerin-encoding gene (HRNR), as
a susceptibility variant (13).

HRNR is a 2850-aa protein with a predicted molecu-
lar mass of 280 kDa. Like FLG, it is a member of the
S100-fused protein family. Its structural organization
has similarities with that of profilaggrin: a repetitive
central domain flanked by an N-terminal unique pep-
tide with calcium binding sites, and by a C-terminal
unique domain (14, 15). The protein was first identi-
fied in mice, where it was shown to be expressed in
cornified epithelia, including the epidermis, and to be
present both in the cytoplasm of granular keratino-
cytes, showing colocalization with profilaggrin, and in
the stratum corneum (14, 16). This suggests that FLG
and HRNR have similar functions. Conflicting results
exist concerning HRNR expression in humans. Takai-
shi et al. (15) have reported that HRNR is only ex-
pressed in the hyperproliferative epidermis (psoriatic
and wounded skin), whereas Wu et al. (17) have de-
tected the protein in the healthy epidermis.

This prompted us to reinvestigate the expression of
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HRNR in normal human skin using highly specific
antibodies, and to search for its function. We provide in
vitro and in vivo evidence that HRNR is a component of
CE. The reduced expression of HRNR in the epidermis
of AD patients, as suggested by Wu et al. (17) and
demonstrated here might contribute to the epidermal
barrier defects observed in the patients.

MATERIALS AND METHODS
Antibodies

Rabbit polyclonal antisera were generated against a synthetic
peptide (HP2) present on each of the repeated units 1A—6A
and 1C-5C of human HRNR with an added N-terminal
cysteine residue for coupling purposes (CQHGSRSGQSSR;
Génosphere, Paris, France), as described previously (18).
Antipeptide anti-HRNR antibodies were purified by affinity
chromatography against the synthetic peptide covalently
bound on a SulfoLink resin (SulfoLink Immobilization Kit for
peptides; Pierce, Rockford, IL, USA) as described by the
manufacturer. Monoclonal antibodies directed against FLG
(AHF3; ref. 19), tetra-His (Qiagen, Venlo, The Netherlands),
IVL (SY5; Abcam, Cambridge, UK), corneodesmosin (G36-
19; ref. 20), and actin (C4; Millipore, Billerica, MA, USA)
were also used.

Alexa Fluor 555-conjugated goat anti-rabbit, Alexa Fluor
488-coupled goat anti-mouse, and Alexa Fluor 555-coupled
goat anti-mouse secondary antibodies were purchased from
Invitrogen (Carlsbad, CA, USA). For immunoblotting analy-
ses, peroxidase-coupled goat anti-rabbit and anti-mouse sec-
ondary antibodies were purchased from Zymed Laboratories
(San Francisco, CA, USA).

Patients and control volunteers

All experiments were performed according to the principles
of the Declaration of Helsinki and with appropriate approval
from the University of Toulouse Ethics Committee. Biopsies
of lesional and nonlesional skin were obtained from 5 un-
treated patients with AD after obtaining written informed
consent. In addition, human abdominal skin from healthy
donors undergoing plastic surgery was used.

Extraction of epidermal proteins

The epidermis was cleaved from the dermis, and epidermal
proteins were either sequentially extracted, as described
previously (ref. 21; see Supplemental Material for details), or
extracted by homogenization in 35 mM Tris-HCI (pH 6.8),
1.5% SDS, 5% glycerol, and 2.5% B-mercaptoethanol. The
homogenates were cleared by centrifugation for 15 min at
15,000 rpm, and the supernatants were kept at —20°C until
used.

Immunoblotting analyses

Samples were separated by 10% SDS-polyacrylamide gel elec-
trophoresis (PAGE) and transferred to nitrocellulose mem-
brane by semidry transfer. The blots were probed with
primary antibodies and peroxidase-conjugated secondary an-
tibodies. Detection was performed with ECL reagent (GE
Healthcare, Little Chalfont, UK). The anti-HRNR, AHF3, and
anti-actin antibodies were diluted to 1:200, 1:5000, and
1:10,000, respectively. Peroxidase-coupled secondary antibod-
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ies were used according to the manufacturer’s recommenda-
tions. Immunoreactive bands were scanned and quantified by
densitometry using Image] software (U.S. National Institutes
of Health, Bethesda, MD, USA).

Immunohistochemistry

Immunohistochemistry was performed on cryosections (5
pm) of normal human abdominal skin. The anti-HRNR
antibodies were diluted to 1:50, and detected with the appro-
priate Histostain-SP kit (chromogen AEC; Zymed Laborato-
ries). Images were taken using a Nikon Eclipse 80i micro-
scope equipped with a Nikon DXM 1200C digital camera and
NIS image analysis software (Nikon, Tokyo, Japan).

Indirect immunofluorescence

The anti-HRNR and AHF3 antibodies were diluted to 1:50
and 1:2000, respectively. For the commercially available sec-
ondary antibodies, the manufacturer’s recommendations
were followed.

Colocalization experiments were performed on tissue sam-
ples fixed for 24 h in 4% paraformaldehyde, dehydrated for
24 h in 70% ethanol, and embedded in paraffin. Sections (5
pm) were deparaffinized and rehydrated before heat-induced
antigen retrieval was performed in 50 mM glycine (pH 3.5)
for 40 min at 95°C. Unspecific binding was blocked with 2%
fish skin gelatin in PBS. Samples were incubated overnight
with rabbit anti-HRNR and mouse anti-FLG antibodies simul-
taneously. Alexa Fluor-conjugated secondary antibodies were
used for primary antibody detection, and samples were
mounted in Mowiol (Calbiochem, Darmstadt, Germany).
Fluorescence was analyzed using an inverted Zeiss LSM 510
confocal microscope (Carl Zeiss, Oberkochen, Germany).

For indirect immunofluorescence analyses of AD and
healthy skin, cryosections were incubated first with fish gela-
tin, then with either the anti-HRNR or anti-FLG antibodies,
and finally with the corresponding Alexa Fluor-conjugated
secondary antibodies, as described above. Images were taken
using a Nikon Eclipse 80i microscope equipped with a Nikon
DXM 1200C digital camera and NIS image analysis software.

Immunoelectron microscopy

Normal human skin and plantar CEs, purified as described
below, were fixed in 3% paraformaldehyde in PBS (pH 7.2)
for 3 h, low-temperature dehydrated in graded ethanol, and
embedded in Lowicryl K4M (Electron Microscopy Services,
Hatfield, PA, USA). Postembedding indirect Immunogold
labeling was performed using goat anti-rabbit or/and anti-
mouse antibodies bound to 15- and 5-nm colloidal gold (GE
Healthcare), as described previously (9, 20).

Purification and analysis of CEs

Human CEs were highly purified from plantar stratum cor-
neum, as described previously (ref. 9; see Supplemental
Material for details).

For protease digestion, 10° purified envelopes were resus-
pended in 90 wl of 125 mM Tris/HCI (pH 6.8), 0.5% SDS,
and 10% glycerol containing 0.1 mg/ml of Staphylococcus
aureus V8 protease, and incubated for 24 to 72 h at 37°C. The
reaction was stopped by boiling in Laemmli’s buffer. Samples
were centrifuged, and supernatants were separated by SDS-
PAGE.

HORNERIN IN CORNIFIED ENVELOPES

Expression of recombinant N-terminal GST-tagged proteins

Human epidermis ¢cDNA, prepared as described previously
(22) and tested for the absence of genomic contamination,
was used as a template for PCR experiments with primers
derived from the HRNR and FLG-2 gene published se-
quences. The resulting PCR products were subcloned into
pGEX-6P-1 (GE Healthcare), allowing inducible expression
of N-terminal GST-tagged proteins in the Escherichia coli strain
BL21 (DE3; Invitrogen). Recombinant proteins were affinity
purified from bacterial lysates on glutathione Sepharose
columns (see Supplemental Material for details). A recom-
binant GST-FLG subunit was produced as described previ-
ously (23).

Expression of recombinant C-terminal 6His-tagged proteins

FLG and HRNR c¢DNAs were amplified by PCR. The resulting
PCR products were cloned into TA vector (Invitrogen) and
subcloned into pET41b vector (Merck, Darmstadt, Germany),
allowing inducible expression of C-terminal 6His-tagged pro-
teins in the E. coli strain BL21-Condon Plus (DE3+)-RilL
(Stratagene, La Jolla, CA). Recombinant proteins were affin-
ity purified from bacterial lysates on Ni-NTA spin columns
(see Supplemental Material for details).

TGase cross-linking in vitro

Production of recombinant human TGase 1 has been previ-
ously reported (24), and recombinant human TGase 3 is
commercially available (R&D Systems, Abingdon, UK). Be-
fore cross-linking assays, TGase 3 was activated by proteolysis
with thermolysin (Sigma-Aldrich, St. Louis, MO, USA), ac-
cording to the manufacturer’s recommendations. Thermoly-
sin activity was then inhibited by the addition of a2-macrob-
logulin (2.5 pg/2 pg thermolysin; Biomac, Leipzig,
Germany) and 1 mM DTT, and incubation for 30 min at 37°C
(25). Recombinant human involucrin (His-IVL) used as a
positive control in the cross-linking assay was produced essen-
tially as described above for HRNR-His (see Supplemental
Material for details). Recombinant HRNR-His and His-IVL.
were incubated for 1 to 4 h at 37°C with 10 ng/ul of TGase in
100 mM Tris/HCI (pH 8.0), 150 mM NaCl, 1 mM DTT, 0.5
mM monodansylcadaverine (Sigma-Aldrich), and either 5
mM CaCl, or 25 mM EDTA. Reactions were stopped by the
addition of EDTA to 25 mM. Samples were then separated by
SDS-PAGE, and incorporation of monodansylcadaverine was
revealed by observation under UV illumination (254 nm).

Primary normal human keratinocyte cultures and staining

Primary human keratinocytes were isolated from foreskin and
cultured in keratinocyte serum-free medium (K-SFM; Life
Technologies; Invitrogen), a low-calcium medium (0.09 mM
CaCl,). The calcium concentration was raised to 1.2 mM to
induce cell differentiation. For confocal analysis, keratino-
cytes were fixed in 4% paraformaldehyde for 20 min at room
temperature. After fixation, cells were washed with PBS and
permeabilized with 0.2% Triton X-100 in PBS solution for 10
min. After washing with 0.05% Tween 20 in PBS (PBST) and
incubation in 5% FBS (Life Technologies; Invitrogen) in PBS
for 30 min, cells were incubated with primary antibodies as
described above and with 4,6-diamidino-2-phenylindole (100
ng/ml; DAPI) in PBS for 30 min at room temperature to stain
the nuclei. They were then mounted in Mowiol.



RESULTS

HRNR expression in normal human epidermis

To analyze the expression of HRNR, sera were pro-
duced in rabbits against a peptide (HP2) present 11
times in the repeated domain of the protein (Fig. 14),
i.e., in all of the segments A and C, as defined by
Takaishi et al. (15). Anti-HRNR antibodies were then
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Figure 1. Immunoblotting detection of HRNR in extracts of
normal human epidermis. A) Schematic representation of
human HRNR showing the N-terminal EF-hand domain (EF),
the spacer domain (S), and the repetitive segments 1A-6B.
Position and sequence of the peptide HP2 used for immuni-
zation are indicated, as is the length of each repetitive
segment. B) Purified recombinant FLG, FLG-2, and HRNR
were stained with Ponceau red and analyzed by immunoblot-
ting with the anti-HRNR and anti-FLG AHF3 antibodies.
() Epidermal proteins were sequentially extracted in isotonic
buffer in the presence of a detergent (TE-Nonidet P-40-buffer
extract), 8 M urea (TEU-buffer extract), and a reducing agent
(TEUD-buffer extract). Equal amounts of proteins were sep-
arated by gel electrophoresis, stained with Ponceau red, and
immunoblotted with anti-HRNR and AHF3 antibodies. When
indicated, anti-HRNR antibodies were preincubated with
either HP2, unrelated peptides HP1 and HP3, or the recom-
binant GST-HRNR. Molecular mass standards (kDa) are
indicated at left.

4 Vol. 25 May 2011

The FASEB Journal - www.fasebj.org

affinity-purified on the same peptide. Their specific-
ity was tested by immunoblotting on recombinant
forms of a FLG subunit, HRNR segments 4A—4C, and
of FLG-2, another member of the S100-fused protein
(26), all being produced in E. coli as GST-tag recom-
binant proteins. The anti-HRNR antibodies only rec-
ognized HRNR (Fig. 1B). Their reactivity was com-
pletely suppressed by preincubation with HP2 but
not with two other synthetic peptides derived from
the sequence of the repetitive domain of HRNR (Fig.
1B). Moreover, the reactivity of the AHF3 anti-
profilaggrin antibody was not altered by preincuba-
tion with any of the peptides. Further confirming the
specificity of the anti-HRNR antibodies, no reactivity
was observed using preimmune sera (data not
shown).

To characterize the expression and solubility proper-
ties of HRNR, normal human epidermis was sequen-
tially homogenized in equal volumes of a Tris/HCI
buffer containing EDTA and a detergent (TE-Nonidet
P-40 buffer), 8 M urea (TEU buffer), and finally 8 M
urea and DTT (TEUD buffer). Extracted proteins
were then separated by SDS-PAGE and immunoblot-
ted with the anti-HRNR antibodies and with AHF3
for comparison (Fig. 1C). In TEU and TEUD buffer
extracts, the anti-HRNR antibodies detected a high-
molecular-mass band, corresponding to the expected
full size of HRNR, and a number of discrete smaller
bands (down to ~45 kDa). No signals were detected
in the TE-Nonidet P-40 buffer extract. The anti-
HRNR antibody reactivity was completely lost after
preincubation with either the peptide used for im-
munization or the recombinant HRNR (Fig. 1C).
This pattern of reactivity is similar to that of AHF3:
profilaggrin, intermediates in the processing of pro-
filaggrin to FLG, and basic FLG subunits were ex-
tracted in the TEU buffer, whereas deiminated FLG
subunits were extracted with the TE-Nonidet P-40
buffer, as previously reported (23).

HRNR localization in normal human epidermis

To localize HRNR in the epidermis, immunohisto-
chemical analysis of healthy skin specimens from 5
Caucasian subjects was performed (Fig. 2). Immuno-
staining of human cryosections with the anti-HRNR
antibodies showed the presence of the protein in the
upper granular layer and in the entire cornified layer
(Fig. 24, B). The labeling was completely suppressed by
preincubation with either the peptide HP2 or the
recombinant HRNR, but not with the control peptides
described above (Supplemental Fig. S1). Because of the
similar location of HRNR and profilaggrin, paraffin-
embedded skin sections were doubly stained with the
anti-HRNR and AHF3 antibodies, and analyzed by
confocal microscopy (Fig. 2C). In the granular layer,
HRNR was shown to be expressed later than profilag-
grin, since it was not detected in the lowest granular
keratinocytes, in which profilaggrin was already evi-
denced. In the upper granular cells, HRNR and pro-
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Figure 2. Immunohistochemical detection of HRNR in normal human skin. A) Cryosections of human skin were stained with
either the anti-HRNR antibodies or a preimmune serum (CTRL) by immunohistochemistry. B, C) Sections of paraffin-
embedded human skin were either labeled with anti-HRNR alone (B) or doubly stained with anti-HRNR and anti-profilaggrin
[pro(FLG)] AHF3 antibodies (C). Scale bars = 50 um (A); 5 pm (B, C).

filaggrin labelings were granular and largely colocal-
ized, showing that HRNR is present in keratohyalin
granules. In the cornified layer, FLG was mainly de-
tected in the intracellular fibrous matrix of the lower
corneocytes. In contrast, HRNR was predominantly
detected at the corneocyte periphery in the entire
cornified layer.

To confirm the presence of HRNR in the superficial
stratum corneum, we performed single tape-stripping
experiments on healthy human epidermis. Total pro-
tein extracts of the samples obtained were analyzed by
immunoblotting with the anti-HRNR and AHF3 anti-
bodies. HRNR- but not FLG-derived polypeptides were
detected (Supplemental Fig. S2).

To describe more precisely the cellular localization
of HRNR, an immunoelectron microscopy analysis was
performed with the anti-HRNR and AHF3 antibodies. A
monoclonal antibody directed against corneodesmo-
sin, a component of desmosomes and corneodesmo-
somes, was used as a control (Fig. 3). In the upper
granular cells, the anti-HRNR antibodies stained the
periphery of the keratohyalin granules, highlighted by
AHF3 labeling. In the stratum corneum, they labeled
the corneocyte periphery along the CE, while AHF3
stained the intracorneocyte matrix. FLG labeling
tended to disappear from the fourth stratum corneum
layer. The specificity of labeling was underlined by the
strict distribution of corneodesmosin within the inter-
cellular junctions.

HORNERIN IN CORNIFIED ENVELOPES

HRNR is a component of CEs

To confirm that HRNR is a component of CEs, these
structures were highly purified from human plantar
stratum corneum and incubated for increasing periods
of time with protease V8. The fragments produced were
analyzed by immunoblotting with the anti-HRNR anti-
bodies (Fig. 4A). The antibodies strongly stained mul-
tiple bands, indicating size heterogeneity of the frag-
ments, whereas no reactivity was observed in the
absence of envelope proteolysis. The smearing pattern
of immunoreactivity was typical of either cyanogen
bromide or protease digests of CEs.

Postembedding immunoelectron microscopy con-
firmed the presence of HRNR in the purified CEs (Fig.
4B). The anti-HRNR antibodies strongly labeled the
structures on their fibrillar internal surface.

Together, these results demonstrate that HRNR is a
component of CEs.

HRNR is a substrate of TGase 3 in vitro

CE components, including IVL, are assembled through
Ne-(y-glutamyl)lysine bonds formed by TGases. Three
different isoforms are involved in the process (11), the
best characterized being TGases 1 and 3. We attempted
to identify the TGase responsible for HRNR cross-
linking to the envelope. To this end, the recombinant
form of HRNR was produced with a His-tag instead of a
GST-tag to avoid GST interference. The purified HRNR



Figure 3. Immunoelectron microscopy localization of HRNR in normal human skin. A, B) Immunolocalization of HRNR in the
stratum corneum (A) and the stratum granulosum (B). C-F) Double labeling with the anti-HRNR antibodies (15-nm gold) and
either AHF3 (C-E) or anti-corneodesmosin ([) antibodies (5-nm gold). C, D) Details of keratohyalin granules (KHG). E, F)
Localization of HRNR in the stratum corneum. Gold particles corresponding to HRNR are circled. d, desmosome; SG1 and SG2,
stratum granulosum layers; SC1-SC4, stratum corneum layers. Scale bars = 500 nm (A, B); 200 nm (C-F).

was incubated for 0 to 4 h at 37°C with either TGase 1
or TGase 3, in the presence of 5 mM CaCl, and 0.5 mM
monodansylcadaverine, as an amine acceptor. Samples
were then separated by gel electrophoresis, and gels
were observed under UV light (Fig. 5). His-IVL was
shown to be a substrate of both enzymes. Incubation of
HRNR-His with TGase 3 induced a progressive incor-
poration of monodansylcadaverine, as seen by the
increasing intensity of the UV-detected band. No sig-
nals were observed in the presence of 25 mM EDTA,
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showing the specificity of the reaction. Incubations with
TGase 1 had no effect.

To further verify that HRNR is cross-linked to the
CE by TGase, we performed in situ cross-linking
assays. Human skin cryosections were incubated for
3 h with the recombinant HRNR in the presence of
CaCl,. The recombinant protein His-IVL was used as
a positive control. Both recombinant proteins were
shown to be incorporated at the level of the upper
epidermis where TGases are known to be active.
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Figure 4. Immunoblotting and immunoelectron microscopy
detection of HRNR in CEs. CEs, highly purified from plantar
stratum corneum, were analyzed by immunoblotting with the
anti-HRNR antibodies following digestion with V8 protease for
0-72 h (A), and low-temperature-embedded in Lowicryl K4M
(B) and analyzed by immunoelectron microscopy with anti-
HRNR and control (CTRL) antibodies. Scale bar = 0.25 pm.

Substitution of calcium ions by EDTA prevented the
epidermal TGase activity and, consequently, the incorpo-
ration of HRNR recombinant form (data not shown).

HRNR is colocalized with IVL in calcium-
differentiated human primary keratinocytes

We examined the expression and localization of HRNR
in primary cultures of normal human epidermal kera-
tinocytes. The cells were induced to differentiate by
increasing the calcium concentration in the culture
medium from 0.09 to 1.2 mM. Expression of endoge-
nous HRNR and IVL was tested by immunostaining and
confocal microscopy (Fig. 6). In low-calcium medium,
IVL and HRNR were expressed in few keratinocytes. We
also observed that all cells expressing HRNR also
expressed IVL but that not all IVL-expressing cells

A TGase 1
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Figure 5. Capacity of HRNR to be a substrate of TGases in
vitro. Monodansylcadaverine and either the recombinant
HRNR-His or the recombinant His-IVL were incubated with
TGase 1 (A) and TGase 3 (B) for 0, 1, and 4 h (7,, T};,, and
T, respectively) in the presence of CaCl, and for 4 h in the
presence of EDTA (7,). Samples were separated by gel
electrophoresis, and incorporation of monodansylcadaverine
was revealed by UV illumination. Asterisk indicates intrachain
cross linking; arrow indicates interchain cross linking.
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Figure 6. HRNR expression in cultured keratinocytes. Pri-
mary normal human epidermal keratinocytes were induced
to differentiate by increasing the calcium concentration in
the culture medium from 0.09 to 1.2 mM. Expression of
HRNR and IVL was tested by confocal microscopy at time 0
(Ty) and after 6 h (7g,) and 2 d (7,y). Arrows indicate
colocalization of HRNR and IVL at the periphery of keratin-
ocytes. Scale bars = 20 pum.

expressed HRNR. HRNR was predominantly localized
in the cytoplasm and strongly detected at the periphery
of the nucleus. When keratinocytes were induced to
differentiate in the high-calcium medium, they became
flattened. After 6 h of culture in high-calcium medium,
IVL was shown to accumulate at the cell periphery,
whereas HRNR was mainly detected at the periphery of
the nucleus. After 2 d, HRNR and IVL were completely
colocalized at the keratinocyte periphery, suggesting
that HRNR is incorporated in CEs.

HRNR expression is reduced in patients with AD

Expression level and localization of HRNR were
analyzed by indirect immunofluorescence in the
lesional and nonlesional skin of 5 patients with AD
and 5 matched control subjects (Fig. 7A). A reduced
detection of HRNR was observed in the stratum
corneum of both the lesional and nonlesional sam-
ples, as compared to the normal samples. A reduced
expression of profilaggrin was also noticed, which
was more pronounced in the lesional skin samples.
These results were confirmed by Western blot analy-
sis of total extracts of epidermal proteins obtained by
homogenization in the presence of SDS and B-mer-
captoethanol (Fig. 7B). However, a similar pattern of
HRNR proteolysis was observed. Quantification of
the signals indicated a mean reduction in HRNR
levels of 32 and 52% in the extracts of nonlesional
and lesional skin samples, respectively, as compared
to normal skin samples.
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Figure 7. HRNR expression and localization in patients with AD. A) Cryosections of nonlesional and lesional skin of a patient
with AD and of a healthy control volunteer were stained with hematoxylin/eosin (H/E) and analyzed by indirect
immunofluorescence with the anti-profilaggrin AHF3 monoclonal antibody and the anti-HRNR antibodies, as indicated.
B) Equal amounts of total epidermal proteins, extracted in the presence of SDS and B-mercaptoethanol, were separated by gel
electrophoresis and immunoblotted with the anti-HRNR, anti-profilaggrin (anti-FLLG) and anti-actin antibodies. Representative
results of 5 patients and controls are shown. Scale bars = 20 pm.

HRNR expression on skin barrier disruption in
normal skin

To examine the effect of epidermis barrier disruption
on the expression level and localization of HRNR, tape
stripping of normal skin was performed as described
previously (27), and skin biopsies obtained 48 h after
stripping were analyzed by indirect immunofluores-
cence with the anti-HRNR and anti-IVL antibodies. As
compared to nonstripped normal skin, both proteins
were detected in a higher number of cell layers, the
staining extending to the middle spinous layers (Sup-
plemental Fig. S3).

DISCUSSION

In this study, we demonstrated that HRNR is expressed
in human epidermal keratinocytes and is a component
of CEs by using highly specific antipeptide antibodies.
We detected the protein in the granular and cornified
layers of the normal epidermis and in primary keratin-
ocytes differentiated in vitro. This is consistent with the
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reported expression of the protein in the granular
keratinocytes of stratified squamous epithelia in mice
(14, 16). Our observations are at variance with a
previous study suggesting that HRNR is only expressed
in hyperproliferative human epidermis (15). We there-
fore investigated whether this discrepancy could be
explained by the different ethnic background between
our population, composed of Caucasian donors, and
that of Takaishi et al. (15), composed of Asian donors.
We analyzed sections of formalin-fixed paraffin-embed-
ded skin samples from healthy Japanese and Caucasian
donors by indirect immunofluorescence using the anti-
HRNR antibodies that we produced. The pattern of
labeling was the same with all samples (Supplemental
Fig. S4), indicating that HRNR is expressed in the
normal epidermis, independently of ethnic origin. The
difference in findings may be related to differences in
experimental conditions.

We showed that HRNR is colocalized with profilag-
grin in the cytoplasm of granular keratinocytes.
Whereas profilaggrin is distributed uniformly within
the granules (28-30), HRNR was predominantly de-
tected at their periphery. Such distributions have al-
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ready been observed in the mouse epidermis (16). This
suggests that profilaggrin is synthesized at an earlier
stage of keratinocyte differentiation than HRNR. This is
confirmed by the finding that lower granular keratino-
cytes contain profilaggrin but not HRNR (Fig. 2C).

Taken together, the following points demonstrate that
HRNR, at least the repetitive domain, is a component of
CEs: HRNR is detected by confocal and immunoelectron
microscopy at the periphery of corneocytes; immunoelec-
tron microscopy analysis of purified plantar envelopes
shows it to be located on the internal brushy side of these
structures; plantar CEs, when treated with V8 protease,
release anti-HRNR antibody-reactive polypeptides; HRNR
is a substrate of TGase 3 in vitro, both HRNR and IVL are
colocalized at the periphery of primary keratinocytes
differentiated in wvitro. This is in agreement with the
immunodetection of Hrnr at the periphery of corneo-
cytes, probably on cornified envelopes, in the mouse
epidermis (16). The repetitive domain of HRNR contains
a large number of Gln (>250), which may serve as
TGase-reactive residues, but only 5 Lys. This suggests low
intrachain cross-linking. Whether the S100 domain is also
cross linked to the envelope, like many S100 proteins
including S100A7, A10, and All (31), remains to be
tested.

Since the protein extracts were prepared under condi-
tions designed to minimize nonpecific protein degrada-
tion, our data suggest that human HRNR, like profilag-
grin, is synthesized as a high-molecular-mass precursor
and then proteolytically processed to fragments of
roughly 45 kDa during keratinocyte differentiation. This
is consistent with the fact that both HRNR and profilag-
grin are formed by repetitive domains. The same has been
suggested for mouse Hrnr (14). The proteases involved in
this process are under investigation.

Recombinant HRNR peptides were recently re-
ported to aggregate in vilro and easily form dimers
and multimers (17). We never observed such a
tendency with the large fragment that we produced.
Therefore, only small HRNR-derived peptides could
display this aggregation property.

The fused S100 protein family consists of 7 known
members: FLG, FLG-2, HRNR, trichohyalin, trichohyalin-
like-1, repetin, and cornulin. While they share only a
limited amino acid homology outside the S100 domain,
they have a number of common features. All are mainly
expressed in keratinizing epithelia, including the epider-
mis. FL.G and FLG-2 are synthesized as precursors seques-
tered in keratohyalin granules and processed later by
proteolysis during cornification. Trichohyalin is also se-
questered as an inactive form in granules of the inner root
sheath of hair follicles (32). We now provide evidence that
HRNR, as well, is located at the periphery of keratohyalin
granules and produced as a precursor secondarily pro-
cessed by proteolysis. In addition, several of the fused
S100 proteins, namely FLG, trichohyalin, repetin, and
cornulin, are components of CEs. We show here that it is
also the case for HRNR. As such, HRNR function is
probably to reinforce the envelopes. In agreement with
this hypothesis, 48 h after barrier disruption using tape
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stripping, we found an extension of the expression of
both HRNR and IVL from the granular layer to the
middle spinous layers. The increase in IVL expression
is in accordance with previous studies in which
barrier disruption was achieved by either acetone or
sodium lauryl sulfate exposure (33, 34). Antimicro-
bial proteins were also previously shown to be up-
regulated after tape stripping and SDS application
(27).

A dysfunction in the epidermal barrier is now consid-
ered a key mechanism in the pathophysiology of AD.
Although loss-of-function mutations in the gene encoding
FLG are associated with the disease, other genes are
probably involved, considering that the majority of pa-
tients with AD do not carry the mutations. CE-related
genes are good candidates, since the structure and integ-
rity of the envelopes are altered in AD skin. In agreement
with this concept, the expression of genes encoding some
components of CEs, i.e., loricrin and proteins of the LCE
and S100 families, has been shown to be down-regulated
in a transcriptomic analysis of chronic AD lesions with an
acute exacerbation (35, 36). It is therefore tempting to
propose that a reduced expression of HRNR, as observed
in the skin of 4 patients with AD (17) and demonstrated
here for 5 additional unrelated patients, including the
nonlesional areas, participates in the alterations in the
envelopes and, in turn, contributes to the abnormality of
the epidermal barrier associated with AD. The effect of
HRNR down-regulation, using RNA interference tech-
nology, on the barrier but also epidermal morphogen-
esis and keratinocyte terminal differentiation could be
tested in the near future using reconstructed skin
equivalent.
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