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Abstract Despite the discovery of the widely expressed
CLCA (chloride channel regulators, calcium-activated) pro-
teins more than 15 years ago, their seemingly diverse func-
tions are still poorly understood. With the recent generation of
porcine animal models for cystic fibrosis (CF), members of
the porcine CLCA family are becoming of interest as possible
modulators of the disease in the pig. Here, we characterize
pCLCA2, the porcine ortholog of the human hCLCA2 and the
murine mCLCA5, which are the only CLCA members
expressed in the skin. Immunohistochemical studies with a
specific antibody against pCLCA2 have revealed a highly
restricted pCLCA2 protein expression in the skin. The protein
is strictly co-localized with filaggrin and trichohyalin in the
granular layer of the epidermis and the inner root sheath of the
hair follicles, respectively. No differences have been observed
between the expression patterns of wild-type pigs and CF
transmembrane conductance regulator-/- pigs. We speculate
that pCLCA2 plays an as yet undefined role in the structural

integrity of the skin or, possibly, in specialized functions of the
epidermis, including barrier or defense mechanisms.

Keywords Cystic fibrosis . Filaggrin . Trichohyalin .

Keratin . Animal skin model . Pig

Introduction

To date, numerous homologs of the CLCA protein family,
originally named “chloride channels, calcium-activated”, have
been identified in at least 30 species, but only a few of them
have been characterized in detail (Patel et al. 2009). Most
importantly, the consensus functions of these proteins remain
cryptic. An intensely studied feature of several CLCA family
members is their ability to mediate constitutively induced
endogenous chloride currents when expressed in various cell
lines (Loewen et al. 2002; Hamann et al. 2009). Although
formerly suggested to act as chloride channels and named
after this presumption, CLCA proteins are now well accepted
as being unable to form ion channels on their own. Instead,
they are either secreted proteins (Gibson et al. 2005;
Mundhenk et al. 2006; Plog et al. 2009) or are integrated into
plasma membranes by a single carboxy-terminal transmem-
brane domain (Elble et al. 2006; Bothe et al. 2008). They have
been found in various cell types and tissues, including mucin-
producing cells (Leverkoehne and Gruber 2002; Plog et al.
2009) and non-goblet-cell epithelial cells of the intestine
where they co-localize with the murine cystic fibrosis trans-
membrane conductance regulator (CFTR) chloride channel
(Bothe et al. 2008), and on the luminal surfaces of endothelial
cells (Abdel-Ghany et al. 2001). In addition to their proposed
role in modulating chloride currents, several distinct functions
have been speculated upon, including the regulation of apo-
ptosis and the modulation of tumor cell metastasis (Abdel-
Ghany et al. 2001; Beckley et al. 2004). Others have
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suggested a role in mucus production in asthma (Hoshino et
al. 2002) or in the cell-basal-membrane attachment of epithe-
lial cells (Connon et al. 2005). The murine mCLCA5 has been
found in keratinocyte granules where it seems to play a role in
keratinocyte differentiation (Braun et al. 2010).

Based on various sets of experimental data, several authors
have proposed that select CLCA proteins also play a role in
the complex modulation of the cystic fibrosis (CF) phenotype
(Ritzka et al. 2004; Young et al. 2007). Consistently, several
CLCA proteins are expressed in CF-relevant tissues and cell
types, including hCLCA1 (Gruber et al. 1998), hCLCA2
(Gruber et al. 1999), and hCLCA4 (Agnel et al. 1999). The
murine mCLCA6, ortholog of the human hCLCA4, is co-
expressed with the CFTR protein at the cellular and subcellu-
lar levels in the intestinal tract (Bothe et al. 2008). In 2008,
Rogers and colleagues generated the first porcine CF model,
which mirrors the human disease more closely than murine
models do (Scholte et al. 2004; Rogers et al. 2008a, 2008b;
Meyerholz et al. 2010b; Stoltz et al. 2010). CF pigs develop
not only meconium ileus and pancreatic fibrosis, but also
tracheal developmental changes and spontaneous respiratory
disease and are thus considered a promising model for CF
(Meyerholz et al. 2010a, 2010b; Stoltz et al. 2010; Klymiuk et
al. 2011). The new porcine CF models might also help to
investigate long-term pathological changes in the relevant
organs and to improve the testing of new therapeutic strate-
gies. However, a detailed understanding of the expression
pattern of modulatory genes, including relevant CLCA pro-
teins in the pig, is essential to draw conclusions concerning
their possible modulatory role in the porcine CF model. We
have thus aimed at systematically characterizing CLCA pro-
teins in the pig (Plog et al. 2009, 2012). Here, we present a
detailed study of the newly described pCLCA2 in comparison
with its human and murine orthologs, hCLCA2 and
mCLCA5, respectively.

Materials and methods

Animals and tissue processing

A range of tissues from three male 6-week-old EUROC ×
Pietrain pigs and genital tracts of two female 2- and 3-

month-old mixed breed pigs were used, as described previ-
ously (Plog et al. 2010). All experiments were approved
according to the rules of the German Animal Welfare Law
as expressed by the Landesamt für Gesundheit und Soziales,
Berlin (registration no. G 0323/06).

Cloning and sequencing of pCLCA2

Total RNA from porcine skin was isolated and reverse-
transcribed as described (Plog et al. 2009) with the
SuperScript III First-Strand Synthesis System (Invitrogen,
Karlsruhe, Germany). The open reading frame (ORF) of
pCLCA2 (Plog et al. 2009; GenBank accession nos.
XM_003125930.1 and CU695058.3) was amplified with spe-
cific primers (Table 1) and High Fidelity Taq polymerase
(Fermentas, St. Leon-Rot, Germany) as follows: 94°C for 3
min, 94°C for 30 s, 35 cycles at 51.6°C for 30 s, 72°C for 3min,
with a time increment of 2 s per cycle, and a final extension at
72°C for 10 min. The ORF was cloned into pcDNA3.1 by T-
addition as described (Plog et al. 2009) and confirmed to
represent pCLCA2 by sequencing.

Sequence analysis and generation of antibodies

The pCLCA2 amino acid sequence was analyzed by using
several sequence prediction programs as described (Plog
et al. 2009). A carboxy-terminal oligopeptide (p2-C;
corresponding to amino acid positions [aa] 727–740;
RKPVGRSEEEQKWG) was selected by using an antige-
nicity prediction program, coupled to keyhole limpet pro-
tein, and used for immunization of two rabbits. The antisera
obtained were tested for their specificity. Only the p2-C-1
peptide antiserum was specific to pCLCA2 and was immu-
nopurified by using an antigen-coated affinity column as
described (Plog et al. 2009). The purified antiserum (p2-C-
1a) was used for most of the experiments.

Transient transfection of HEK293 cells and immunoblot
analyses

HEK293 cells were transiently transfected with the pCLCA2
ORF cloned in pcDNA3.1 and processed as described (Plog et
al. 2009). Epidermal layers with the most differentiated

Table 1 Polymerase chain reaction primers used for specific pCLCA2 amplification

Primer sequences Position in pCLCA2 sequence
(GenBank accession number
XM_003125930.1)

Amplicon length (bp) Application

5′-cttctcgccgacatgacc-3′ nt 220−237 2887 ORF amplification
5′-catggtttttatatttaagaaggaa-3′ nt 3082−3106

5′-gcgactttcagcacagcgagc-3′ nt 1079−1099 540 mRNA expression pattern
5′-gacctccagtaagtcgcgccag-3′ nt 1597−1618
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keratinocytes were scraped from porcine skin by using a
sterile scalpel blade in order to separate the epidermis for
further analysis. The epidermis was homogenized in standard
lysis buffer (25 mM TRIS–HCl, pH 8.0, 50 mM NaCl, 0.5%
DOC, 0.5% Triton X-100) in a Precellys 24 homogenizer
(peqlab Biotechnologie, Erlangen, Germany) and subsequent-
ly subjected to immunoblot analyses. Samples from cornea,
parotid gland, bronchi, esophagus, and heart were processed
similarly. The membranes were incubated at 4°C overnight
with the following antisera: p2-C-1 or p2-C-2 (diluted 1:500),
p2-C-1a (diluted 1:500), pre-immune serum, or the antibodies
pre-absorbed with 50 μg/ml of the respective antigen used for
immunization as described (Plog et al. 2010). After incubation
with secondary horseradish-peroxidase-conjugated anti-rabbit
IgG for 1 h, labeling was visualized by enhanced chemilumi-
nescence (Thermo Fisher Scientific, Rockford, USA). To
exclude cross-reactivity with other porcine CLCA members,
HEK293 cells transiently transfected with the pCLCA1 (Plog
et al. 2009), pCLCA4a (Plog et al. 2012), or pCLCA4b
(primers: 5′-gaaaagcctcaacaag-3′; 3′-acctaaatatccattctagatt-5′;
unpublished results) ORF cloned in pcDNA3.1 were also
subjected to immunoblot analyses and processed similarly.
The specific antibodies used to confirm the successful protein
expression of pCLCA1, pCLCA4a, and pCLCA4b were p1-
N-1ab-p (Plog et al. 2009), p4a-N-1b (Plog et al. 2012), and
p4b-N-1a (unpublished, generated similarly against the
pCLCA4b peptide HFYTTDQSESRGLT).

Expression pattern of pCLCA2 mRNA

Total RNA was isolated and reversed-transcribed with
IScript (IScript, Bio-Rad Laboratories, Hercules, Calif.,
USA). Polymerase chain reaction (PCR) conditions with
the specific primers (Table 1) and the DreamTaq DNA
Polymerase (Fermentas) were 31 cycles at 95°C for 2 min,
95°C for 30 s, 78°C for 30 s, 72C for 1 min with a time
increment of 1 s per cycle, and a final extension at 72°C for
10 min. Several sequenced PCR products were confirmed to
represent amplicons of pCLCA2. To exclude cross-reactiv-
ity with other porcine CLCA members, PCRs with clones of
pCLCA1, pCLCA4a, or pCLCA4b as respective templates
were selected.

Immunohistochemistry

Paraffin-embedded tissues were prepared as described (Plog et
al. 2009). Several antigen retrieval methods were tested, of
which the protease pretreatment (AppliChem, Darmstadt) for
10 min at 37°C yielded the best results. The anti-pCLCA2-
antibody p2-C-1a, the preimmune serum, the pre-absorbed
anti-pCLCA2 antibody, or an irrelevant purified antibody
diluted 1:500 were incubated overnight at 4°C, respectively.
Staining was carried out as described previously (Plog et al.

2009). The immunohistochemical experiments were repeated
twice at least.

Furthermore, paraffin-embedded tissues (skin, small and
large intestine, liver, pancreas, trachea, bronchi, lung, nasal
mucosa, and testis) from CFTR−/− pigs (Klymiuk et al.
2011) were processed similarly and stained with antibody
p2-C-1a as described above, with tissues of a wild-type pig
serving as positive control in each experiment.

Conventional and confocal laser scanning
immunofluorescence microscopy

For immunofluorescence analyses, slides were incubated
overnight at 4°C as described (Plog et al. 2010) with the
anti-pCLCA2 antibody p2-C-1a diluted 1:100. For co-
localization studies, antibodies against keratin K2 (formerly
designated as K2e; diluted 1:2,000; available from PROGEN,
Heidelberg, Germany), filaggrin (diluted 1:200; abcam,
Cambridge, UK), and trichohyalin (diluted 1:100; abcam)
were used. Incubation with Alexa Fluor 488-conjugated or
Dylight 549-conjugated secondary antibodies (Dianova,
Hamburg, Germany), respectively, was performed for 1 h at
room temperature. The slides were mounted with Roti-Mount
FluorCare DAPI (Carl Roth, Karlsruhe, Germany). Sections
were examined by using either a confocal microscope (TCS
SP2, Leica Microsystems, Wetzlar, Germany) or a two-
dimensional microscope (Olympus BX41 with analysis soft-
ware), both equipped with digital image recorders.

Results

Generation and specificity of anti-pCLCA2 antibody

Total cell lysates of pCLCA2-transfected cells were sub-
jected to immunoblot analyses with the antiserum p2-C-1.
The antiserum clearly recognized a protein of ~34 kDa,
assumed to represent the carboxy-terminal cleavage prod-
uct, and a protein of ~130 kDa, representing the uncleaved
precursor protein (not shown). The purified antibody, p2-C-
1a, detected the same protein bands but with significantly
less background staining in same cell lysates, whereas
lysates from mock-transfected cells remained negative
(Fig. 1a, left). Cross-reactivity with other homologous por-
cine CLCA proteins was excluded by subjecting lysates
from pCLCA1-, pCLCA4a-, and pCLCA4b-transfected
HEK293 cells to immunoblotting analyses (Fig. 1b, left).
Successful protein synthesis of pCLCA1, pCLCA4a, and
pCLCA4b was confirmed by using their respective specific
antibodies instead of the anti-pCLCA2 antibody (Fig. 1b,
right). pCLCA3 was not included, because it is considered a
pseudogene (Plog et al. 2009). Specificity of the reaction
was confirmed by using an irrelevant purified antibody
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(Fig. 1a, right) or with the pCLCA2-C-1a antibody that had
been preincubated with the peptide used for immunization
(Fig. 1c).

In separated epidermal layers of the skin, the purified
antibody p2-C-1a detected a specific band of ~34 kDa
(Fig. 1c, left), which disappeared when the membranes were
incubated with the antibody that had been preincubated with
the peptide used for immunization (Fig. 1c, center).
Preincubation of the antibody with an irrelevant peptide at
the same concentration had no effect on the intensity of the
specific protein band (Fig. 1c, right). Interestingly, weak but
consistent specific protein bands were also detected in tissue
lysates from cornea and esophagus, and some bronchi also
showed inconsistent and weak specific protein bands (see
Supplemental material, Fig. S1b). Whole tissue lysate from
the heart was used as negative control and showed two

protein bands of approximately 30 kDa and 20 kDa in size,
which, in contrast to the 34-kDa band in the epidermis, were
still present after preincubation of the antibody with its
specific peptide, strongly suggesting that these represented
unspecific antibody binding (Fig. 1c).

Tissue and cellular expression pattern of pCLCA2

The human and the murine orthologs to pCLCA2, namely
hCLCA2 and mCLCA5, are widely expressed as detected at
the mRNA level by RT-PCR (Gruber et al. 1999; Beckley et
al. 2004; Connon et al. 2005; Braun et al. 2010). To test
whether this held true for the porcine pCLCA2, we designed
specific primers that failed to show any cross-reactivity with
any of the other known porcine CLCA members (Table 1).
Specific pCLCA2 mRNA was detected in several tissues.

Fig. 1 Purified anti-pCLCA2
antibody p2-C-1a detects spe-
cific protein bands in pCLCA2-
transfected HEK293 cells. Spe-
cific protein bands were
detected at ~34 kDa, represent-
ing the carboxy-terminal cleav-
age product, and at ~130 kDa,
consistent with the predicted
precursor protein (a, left). An
irrelevant purified antibody (a,
right) and vector-alone trans-
fected (mock-transfected) cells
served as negative controls.
Antibody p2-C-1a failed to de-
tect any specific band in lysates
from cells transfected with oth-
er porcine CLCA homologs (b).
In contrast, a specific protein
band of ~34 kDa was detected
in lysates from the porcine
interfollicular epidermis (c,
left), and both the specific pro-
tein bands in the interfollicular
epidermis and in the lysate of
pCLCA2-transfected cells ei-
ther disappeared or were mark-
edly reduced following
preincubation of the antibody
with its specific peptide (c,
center). Preincubation with an
irrelevant peptide had no effect
on the intensity of the specific
bands (c, right). Antibody dilu-
tions: 1:500
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Consistent and prominent signals were observed in the skin at
all locations tested, in the respiratory tract from the nasal
mucosa to the large bronchi, in the esophageal epithelium,
the cornea, and, albeit weakly, in the non-glandular part of the
stomach (see Supplemental Material, Fig. S1a). Inconsistent
and weak signals were also detected in the parotid salivary
gland, brain cortex, kidney, and uterus (not shown). Each
experiment was repeated at least twice, giving virtually iden-
tical results. Amplicons from the nasal mucosa, the trachea,
and the skin were completely sequenced, confirming specific
detection of pCLCA2 mRNA. All other organs tested were
negative. Successful parallel amplification of a fragment of
the housekeeping gene EF-1a confirmed the integrity of the
cDNA samples (see Supplemental Material, Fig. S1).

Immunohistochemical analyses with the purified antibody
p2-C-1a yielded virtually identical results for all animals
tested. Whereas the keratinocytes of the basal layer were
consistently negative, specific staining (although beginning
only faintly) was visible in that of the upper stratum spinosum.
Most prominently, pCLCA2 labeling was detected in kerati-
nocytes of the granular layer of porcine skin (Fig. 2a, b)
showing a punctate staining pattern. A closely comparable
staining intensity was detected in the inner root sheath (IRS)
of virtually all hair follicles in the telogen (Fig. 2d, e) and
anagen (not shown) phases, located in the complete Huxley
layer. The image in Fig. 2 shows the middle part of the hair
follicle in which the Henle layer is terminally differentiated
and could no longer be stained by any antibody (Langbein et
al. 2002, 2003). Moreover, clear but heterogeneous staining

was also observed in parts of the medulla. Neither the pre-
immune serum, an irrelevant purified antibody (Fig. 2c, f), nor
the antigen-preincubated antiserum (not shown) showed any
staining. By immunohistochemistry, the pCLCA2 protein was
not detected in any other epithelial tissues, including non-
glandular parts of the stomach, thymus, and respiratory and
urogenital tract or any parts of the eye.

In CF-relevant tissues from CFTR-/- pigs (Klymiuk et al.
2011), pCLCA2 was similarly detected solely in the epider-
mis in the stratum granulosum and in the inner root sheath
of the hair follicles. No differences were detected between
the CF pigs and wild-type pigs in terms of the distribution
pattern of the protein or the intensity of the signals (see
Supplemental material, Fig. S2). The pCLCA2 protein was
not detected immunohistochemically in any other organ of
wild-type or CFTR-/- pigs (not shown).

Co-localization of pCLCA2 with filaggrin, trichohyalin,
and keratin K2

To improve the definition of the pCLCA2 expression sites,
we performed double-labeling studies with markers typical
for the characterization of the stages of differentiation of the
upper layered keratinocytes, such as filaggrin, trichohyalin,
and keratin K2 (formerly designated as K2e). Filaggrin and
trichohyalin play an important role in the differentiation and
structural relevance of cells in the epidermis and hair fol-
licles, respectively (Kanitakis et al. 1988; Fietz et al. 1993).
The same is true for keratin K2, which is typically expressed

Fig. 2 pCLCA2 is expressed during keratinocyte terminal differenti-
ation. The pCLCA2 protein was detected by immunohistochemistry
most prominently in the stratum granulosum (sg; a, b) and faintly in
the upper layers of the stratum spinosum (sp) and in the upper Huxley
layer (Hu) of the hair follicle inner root sheath (IRS) and heteroge-
neously in the hair medulla (med; d, e; inset in d). The intracellular
staining showed a granular or punctate pattern (a, inset; b pigmented

skin; e Huxley layer). Sections incubated with an irrelevant purified
antibody instead of the anti-pCLCA2 antibody (c, f) failed to develop
specific staining (cl companion layer, cu hair cuticle, co hair cortex, hf
hair fiber, He Henle layer, icu IRS cuticle, ORS outer root sheath, sb
stratum basale, sc stratum corneum). Antibody dilutions: 1:500. Bars
40 μm (a, c, d, f), 10 μm (b, e), 5 μm (insets)
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as the latest keratin in skin keratinocytes, the stratum gran-
ulosum (Collin et al. 1992; Langbein et al. 2008; for a review,
see Moll et al. 2008). All of the antisera originally made
against the human proteins were initially tested separately in
an immunofluorescence experiment to confirm cross-
reactivity with the respective porcine proteins. The staining
pattern observed were virtually identical to that reported in
human tissues (not shown). Double-labeling experiments with
pCLCA2 and the latest expressed keratin K2 confirmed the
expression of pCLCA2 in the stratum granulosum, in which
staining for pCLCA2 was specifically seen in the upper locat-
ed and most differentiated K2-positive keratinocytes (Fig. 3a–
d). Interestingly, the pCLCA2 protein was also strictly co-
localized with filaggrin in the stratum granulosum (Fig. 3e–h).
In the hair follicles, pCLCA2 was to a great extent co-
localized with trichohyalin in the IRS, namely the Huxley
and the Henle layers. In contrast to Fig. 2d, e, the lower part
of the hair follicle is shown in Fig. 3i–l, i.e., the region in
which the Henle layer is not terminally differentiated, and
therefore, its trichohyalin is stained with the antibody (see

Langbein et al. 2002, 2003). The prominent trichohyalin
granules of the hair fiber medulla (Langbein et al. 2010) were
co-stained with pCLCA2 (Fig. 3i–l), although sometimes only
partially. Irrelevant control antibodies failed to yield specific
immunofluorescent staining, and the experiments were repeat-
ed by using a confocal microscope, yielding virtually identical
staining patterns (not shown).

Discussion

To improve our understanding of the disease mechanisms of
the novel porcine models of CF (Rogers et al. 2008b;
Meyerholz et al. 2010a, 2010b; Stoltz et al. 2010), a detailed
characterization of potentially disease-modulating factors is
essential. Whereas CF-modulatory genes have been intense-
ly studied in humans and in mouse models (Rozmahel et al.
1996; Ritzka et al. 2004), little is known of modulatory
genes in the pig to date. For example, select CLCA gene
family members have been characterized and proposed as

Fig. 3 pCLCA2 is co-localized with filaggrin, trichohyalin, and keratin
K2 in the porcine epidermis. Immunofluorescence studies revealed that
the distribution of pCLCA2 was restricted to the uppermost layers of late
differentiated keratinocytes (a, green), as confirmed by parallel staining
with the marker K2 (b, red; c merged image; d higher magnification of
inset in c). Only the uppermost layers of K2-labeled keratinocytes showed
co-localization with pCLCA2 (c, d). Double-staining with the anti-
filaggrin antibody (e–h) yielded the entire co-localization with pCLCA2
(pCLCA2: red; filaggrin: green, merged image in g; h higher

magnification of inset in g). In hair follicles, double-labeling with the
anti-trichohyalin antibody and pCLCA2 (i–l) revealed the nearly com-
plete co-localization of pCLCA2 with this protein in the IRS lower
Huxley (Hu) and Henle (He) layers (pCLCA2: green, i; trichohyalin:
red, j; merged image in i; l higher magnification of inset in k) and, beyond
that, partially in the medulla (l, med). Blue DAPI (4,6-diamidino-2-
phenylindole) staining of the DNA in the nuclei (d, h, l). Bars 20 μm
(a–c, i–k, 10 μm (d, e–g), 8 μm (h, l)
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CF-modulating factors in humans and mice only (Ritzka et
al. 2004; Bothe et al. 2008; van der Doef et al. 2010). We
have thus recently introduced and characterized two of the
porcine CLCA family members (Plog et al. 2009, 2012).
With this study, we have aimed at identifying the tissue and
cellular expression patterns of a third porcine CLCA mem-
ber, pCLCA2, as a potential candidate as modulator of CF
pathology.

The human and murine orthologs to pCLCA2, hCLCA2,
and mCLCA5 are expressed in the skin and other squamous
epithelia only and therefore might not immediately appear
as promising modulators of CF (Connon et al. 2005, 2006;
Braun et al. 2010). Nevertheless, several dramatic species-
specific differences in expression patterns and protein process-
ing have been observed among CLCA proteins (Loewen and
Forsyth 2005; Patel et al. 2009; Braun et al. 2010; Plog et al.
2012), and a detailed investigation of pCLCA2 is necessary to
understand its functional significance and possible role in the
CF pig model.

The pCLCA2 protein has been exclusively detected in
mature keratinocytes of the epidermis and in the inner root
sheath of virtually all anagen and telogen hair follicles in the
skin at all locations tested. This is true for both wild-type
and CFTR-/- pigs tested, arguing against its expression being
altered on a CF background. Moreover, no relevance is
obvious at first sight as a possible modulator of the disease
phenotype, since the pCLCA2-expressing cell types seem
not to participate in CF pathology as we understand it today
(Bernstein et al. 2008; Clunes and Boucher 2011).

When compared with its human and murine orthologs,
which are also expressed in the skin, several additional
expressing tissues have been identified for pCLCA2. The
human hCLCA2 is expressed in basal cells of the skin, in
corneal, vaginal, esophageal, and laryngeal epithelia
(Connon et al. 2004), and in lung endothelia, mammary
gland, and trachea (Gruber et al. 1999; Abdel-Ghany et al.
2001). The murine mCLCA5 has been detected in the gran-
ular layer of all stratified squamous epithelia throughout the
body, including the skin, oral cavity, stomach, Hassall’s
corpuscles of the thymus, and the mammary gland
(Beckley et al. 2004; Braun et al. 2010). Of note, the
pCLCA2 mRNA expression pattern has mostly been con-
firmed at the protein level by immunoblotting but not by
immunohistochemistry. Whether conformational changes of
the protein structure occur during formalin fixation and
paraffin embedding, thereby altering the antigenicity of the
protein in certain tissues as has been described for various
other proteins (Holmseth et al. 2012), is speculative at
this point. This discrepancy might also be attributable to
low abundance of the pCLCA2 protein in these tissues or
post-transcriptional modification that reduces the abundance
of the protein or abrogates its detectability. Such post-
transcriptional protein regulation by phosphorylation

(Magin et al. 2007; Rogel et al. 2010) or by ubiquitination
(Lee et al. 2006; Snider et al. 2011) is well-known in
numerous non-CLCA proteins, such as certain keratins
(Eckert et al. 1997), and has also been assumed for other
CLCA members, including mCLCA5 and pCLCA4a (Braun
et al. 2010; Plog et al. 2012). Alternatively, the pCLCA2
protein might be constitutively expressed in the epidermis
but might be inducible in other organs, such as the respira-
tory tract or the eye. Accordingly, a recent study has
revealed the de novo expression of mCLCA5, the murine
ortholog of pCLCA2, in the respiratory epithelium follow-
ing stimulation with interleukin-13 (Mundhenk et al. 2012).

To localize the pCLCA2 protein in the epidermis and the
hair follicles precisely, we have used three different markers
for double-labeling studies. Only partially overlapping ex-
pression has been observed with the keratin K2 protein,
which is the latest keratin to be expressed during the matu-
ration of skin keratinocytes (Collin et al. 1992; for a review,
see Moll et al. 2008). In contrast, complete co-localization
has been observed of pCLCA2 with filaggrin in the granular
layer and with trichohyalin in the inner root sheath compart-
ments, such as the Henle and the Huxley layers of hair
follicles, which are the canonical trichohyalin-containing
structures (Rothnagel and Rogers 1986). Filaggrin is essen-
tial for maturation and terminal differentiation of epidermal
keratinocytes (Kanitakis et al. 1988). It is stored in the
prominent granules that are found in the granular layer and
that give this skin compartment its name and it is a compo-
nent of the cornified envelope with a critical role in epider-
mal barrier function (Steinert and Marekov 1995; Eckert et
al. 1997). It contributes to the aggregation of keratin inter-
mediate filaments, and genetic defects cause severe epider-
mal diseases in humans, such as ichthyosis vulgaris
(Sandilands et al. 2009; for a review, see Irvine et al.
2011). The function of trichohyalin is similar to that of
filaggrin, despite being produced in the cells of the IRS.
Here, it is associated with keratin intermediate filaments and
might thus contribute to the structural integrity of the IRS
and the developing hair shaft and to the maturation of the
cornified envelope (Fietz et al. 1993; Hamilton et al. 1992;
O'Keefe et al. 1993; Steinert et al. 2003). We therefore
hypothesize that the pCLCA2 protein is also involved in
related functions.

In contrast to most other CLCA proteins investigated to
date, pCLCA2 is neither found in goblet cells nor in other
epithelial cells of mucosal surfaces. Even more interestingly,
obvious differences exist between the cellular expression
patterns of pCLCA2 and those of its human and murine
orthologs, hCLCA2 and mCLCA5. Whereas hCLCA2 has
been localized to the basal compartments of the human skin
(Connon et al. 2004), mCLCA5 has been detected in the
granular layer of various types of squamous epithelia (Braun
et al. 2010). Species-specific differences of their expression
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patterns are well known for orthologous members of the
CLCA gene family and have been described, amongst
others, for pCLCA1 and pCLCA4a (Plog et al. 2009,
2012). The reason for this phenomenon is as yet unknown,
but species-specific functional differences of proteins have
to be considered. Such differences in expression patterns
and possibly function are particularly important for the
transfer of data from animal models to humans, as previ-
ously described for murine animal models of CF (Scholte et
al. 2004).

In conclusion, we present the unique expression pattern
of pCLCA2, which is unlike any other CLCA homolog in
pigs, mice, or humans. This unique expression pattern might
possibly add another facet to the numerous functions previ-
ously proposed for members of this still mysterious family
of proteins.
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