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Introduction

The mammalian chloride channel regulators, calcium activated (CLCA) gene family is highly
complex and diverse in terms of gene amplification and inactivation events. Its homologues
are often redundantly expressed in tissues and cells of many species. Based on their
homology, mammalian CLCA genes belong to one of four distinct genetic clusters, termed
CLCAL to CLCAA4. All CLCA genes are located in a single locus, which is flanked by Outer
Dense Fiber of Sperm Tails 2-Like (ODF2L) and SH3-Domain GRB2-Like Endophilin B1
(SH3GLB1) genes (Plog et al. 2009; Mundhenk et al. 2018). From a protein biochemical
perspective, mammalian CLCAs are cleaved glycoproteins of approximately 900 amino acids
(aa) in length that share a similar domain architecture (reviewed by Patel et al. 2009). In the
larger amino- (N-) terminal cleavage product, a signal sequence for entry into the endoplasmic
reticulum is prepended to a proteolytically active N-CLCA (PFAM identifier: pfam08434), a von
Willebrand factor type A (VWA, PFAM identifier: pfam13519) and a beta sheet rich (bsr, Patel
et al. 2009) domain. A fibronectin type Il domain (fn 1ll, PFAM identifier: PF00041) is located
in the smaller carboxy- (C-) terminal cleavage product. Depending on the presence of a
transmembrane domain in the C-terminal cleavage product (TMC), two types of CLCA proteins
can be distinguished. CLCA1 and some 3 proteins are lacking a TMC. Thus, it has been
experimentally shown for CLCAL1 and a murine CLCA3 but only predicted for some other
CLCABS that these proteins are fully secreted (Gibson et al. 2005; Mundhenk et al. 2006; Huan
et al. 2008; Patel et al. 2009; Mundhenk et al. 2018). In contrast, members of CLCA clusters
2 and 4 possess a TMC that anchors the C-terminal cleavage product in the plasma membrane
(Elble et al. 2006; Bothe et al. 2008; Braun et al. 2010; Plog et al. 2012a).

Associations with diseases, in particular with cancer and inflammatory respiratory diseases in
human and veterinary medicine have been made, however, the physiological and
pathophysiological functions of this gene family and their individual members are still unknown
(Patel et al. 2009; Winpenny et al. 2009; Hu et al. 2019; Liu and Shi 2019). Generation of
various murine knockout models regularly failed to uncover consistent (patho)physiological
mechanisms and functions of these genes in vivo under unchallenged conditions (Robichaud
et al. 2005; Long et al. 2006; Patel et al. 2006; Mundhenk et al. 2012; Erickson et al. 2015;
Erickson et al. 2018; Nystrom et al. 2018). Considering the complexity and redundancy of the
mammalian CLCA members, in particular in the murine species with eight CLCA genes, mutual
compensation of a knocked out homologue by another in the same anatomical location might

be a reasonable explanation for a lack of phenotype in knockout mice.

But is this complexity and diversity of these genes a unique entity of mammals? And what is
the evolutionary background of this complexity? To address these questions, data on CLCA

obtained from evolutionarily more distant species are needed, but have not yet been available.
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Recently, a CLCA locus with only two CLCA genes was predicted for the chicken (Gallus gallus
domesticus, Mundhenk et al. 2018). The predicted protein sequence of the first galline CLCA
(gCLCA1) is characterized by a close genetic distance to mammalian CLCA proteins 1, 3 and
4. In contrast, the aa sequence encoded by the second galline CLCA2 (gCLCAZ2) gene forms
a monophyletic group only with mammalian CLCA2 (Mundhenk et al. 2018).

This cumulative thesis aimed to characterize these galline CLCA members to provide evidence
for the most likely evolutionary developmental scenario of the CLCA gene family among birds
and mammals. By this, its taxonomical relationships and indispensable, conserved elements
were elucidated, which can be object of comparative and functional in vitro investigations in
the future. Furthermore, initial data were provided that assess the potential of the chicken as
a model organism for functional CLCA investigations.

1.1 CLCA molecules in biomedical research

The discovery of the first CLCA gene family member dates back over 30 years now (Ran and
Benos 1991; Zhu and Pauli 1991) and since then, these genes have been detected in the
genome of various vertebrates, including humans as reviewed by Patel and colleagues (Patel
et al. 2009). Interestingly, their parallel but independent discovery in two laboratories with
completely distinct research focuses — namely research in airway anion channels and cancer
metastasis — emphasized a pleiotropic nature of CLCA molecules from the beginning on and
projects onto two main groups of diseases they are strongly associated with: inflammatory

airway diseases and cancer.

Unfortunately, and similar to many other genes and gene families, the designation of early
discovered CLCA members was according to their order of discovery or specific properties.
Multiple revisions of the nomenclature in the past caused confusion and complicated the
association of published information with specific members of the CLCA family. In this thesis,
the current nomenclature as it was found in the National Center of Biotechnology Information
(NCBI) Genbank (state of the information: 01.10.2020) is used for all CLCA homologues. If
nomenclature impeded the assignment of a CLCA member from the literature to one of the
gene clusters, phylogenetic analyses assessed their affiliation and are provided at the
respective section and the appendix. The members to whom this applies are discussed in the

corresponding chapters, but nomenclature is used as it was listed in the NCBI Genbank.

1.1.1 The role of CLCA molecules in inflammatory airway diseases

Among all four CLCA clusters, CLCAL seems to play the most important role in inflammatory
airway diseases. On a genetic basis, it was reported that alterations in the human CLCAl
(hCLCA1) gene are associated with the susceptibility of asthma (Kamada et al. 2004).

Furthermore, several hCLCA1 haplotypes were found, which are overrepresented in human
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patients with chronic obstructive pulmonary disease (COPD, Hegab et al. 2004). In cystic
fibrosis (CF), which is fatal mainly due to pathological changes in the lung (Ratjen et al. 2015),
the human CLCA locus, however, appears to be primarily associated with the gastrointestinal
phenotype of CF patients (Ritzka et al. 2004). In 2010, van der Doef and colleagues identified
a single nucleotide polymorphism in hCLCA1 to be overrepresented in CF patients with
meconium ileus and a severe CF phenotype (Van Der Doef et al. 2010).

In terms of its role in airway inflammation, CLCA1 might be involved in the recruitment of
inflammatory cells into lung tissues. For example, two different murine CLCAL1 knockout
models had fewer inflammatory cells in the lung tissue compared to wild type controls under
challenged conditions with ovalbumin and lipopolysaccharide or Staphylococcus aureus (Long
et al. 2006; Dietert et al. 2014). Conversely, mice with intranasal instilled CLCA1 plasmids and
by this, overexpressed CLCAL, had an increased level of inflammatory cell infiltration in the
lungs compared to control animals treated with an irrelevant plasmid (Mei et al. 2013). Besides
these observations, in vitro experiments using murine and porcine alveolar macrophages and
human alveolar macrophage like cells revealed a proinflammatory activation of these cells in
the presence of CLCAL protein (Ching et al. 2013; Erickson et al. 2018; Keith et al. 2019).

It is well known that CLCAL is strongly upregulated in the airways of asthmatic patients. This
trait of upregulation in asthmatics was documented for various mammalian species, including
humans (Hoshino et al. 2002; Toda et al. 2002; Wang et al. 2007; Woodruff et al. 2007), horses
(Anton et al. 2005; Gerber et al. 2009), cats (Erickson et al. 2020) and murine models of
asthma (Nakanishi et al. 2001; Zhou et al. 2001; Hashimoto et al. 2004; Kuperman et al. 2005;
Thai et al. 2005; Nakano et al. 2006; Mei et al. 2013). Allergic airway diseases like asthma are
characterized by excessive mucus production and mucus plugging (Rogers 2000) in an
Interleukin 13 (IL13)-rich microenvironment (Corren 2013). The mucus protein component
Mucin 5AC (Muc5AC) appears to be an essential factor for this plugging (Evans et al. 2015).
The upregulation of this protein is regularly observed in human asthma patients (Wang et al.
2007; Woodruff et al. 2009) and murine asthma models (Thai et al. 2005; Nakano et al. 2006;
Mei et al. 2013). In this context, CLCA1 might be involved in the upregulation of Muc5AC and
might play a key factor of mucus cell metaplasia in a complex, but intriguing way. Initially 1L13,
a key cytokine in asthma (Corren 2013), seems to upregulate CLCA1 via the signal transducer
and activator of transcription 6 (STATG6) transcription factor (Kuperman et al. 2002; Nakano et
al. 2006). Subsequently, CLCAl seems to interact with transmembrane protein 16A
(TMEM16A), which is an IL13 — STATG6 inducible calcium activated chloride channel (Qin et al.
2016), in two ways: First, CLCA1 appears to activate TMEM16A in an auto/paracrine manner,
since recent studies found the VWA domain of the secreted N-terminal cleavage product of

CLCAL in association with TMEM16A where it activated it by its stabilization at the plasma
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membrane (Sala-Rabanal et al. 2015; Berry and Brett 2020). Second, CLCAL as well as its
paralogue CLCA2 was capable of activating TMEM16A by an increase of intracellular calcium
levels (Sharma et al. 2018). Plasma membrane depolarization by the active TMEM16A then
seems to activate mitogen-activated protein kinase 13 (MAPK13), which finally enables
Muc5AC expression (Alevy et al. 2012). Despite these promising initial findings originating from
in vitro experiments, further evidence from in vitro and in vivo models is needed to support this
hypothesized mechanism of mucus plug development in allergic airway diseases. Curiously,
there are no data from murine CLCAL knockout models that support the function of CLCAL as
a driver of mucus cell metaplasia (Robichaud et al. 2005; Long et al. 2006; Patel et al. 2006;
Mundhenk et al. 2012).

An interesting finding that has not yet been transferred to airway mucins was the capability of
CLCAL1 to maintain mucus homeostasis in the colon of mice by its proteolytic activity (Nystrém
et al. 2018). This was achieved due to proteolysis of the N-terminal part of Mucin 2, which was
mediated by CLCA1 (Nystrom et al. 2019). Interestingly, no significant phenotype was
observed in CLCA1 knockout mice with respect to mucin deviation or after induction of colitis.
This might be explained by a potential compensation of the loss of CLCA1 by other CLCA
representatives present in the gut, such as CLCA4 (Erickson et al. 2015; Nystrém et al. 2019).
Whether this physiological function of CLCA1 applies to other mammals and if it is transferable

to other mucus covered body surfaces remains to be elucidated.

1.1.2 The role of CLCA molecules in cancer

Members of CLCA clusters 1, 2 and 4 have been frequently associated with cancer arising
from epithelial tissues. For example in human colorectal carcinoma (CRC), a type of cancer
with the third highest incidence and second highest mortality of all human cancer types
worldwide (Sung et al. 2021), CLCAL, 2 and 4 were weaker expressed in neoplastic cells
compared to the normal or tumor adjacent tissue (Bustin et al. 2001; Yang et al. 2013; Yu et
al. 2013; Yang et al. 2015; Li et al. 2017; Wei et al. 2020). This finding seems to have an
important impact on the cancer associated statistical properties, since it was shown that overall
survival is positively correlated with the expression level of these three CLCAs (Yang et al.
2015; Chen et al. 2019; Pan et al. 2019). Furthermore, in vitro experiments support this data:
a negative correlation between the expression levels and the invasiveness and migration of
different CRC tumor cell lines such as SW610 and LoVo in culture was shown for CLCAl
and/or CLCA4 (Li et al. 2017; Chen et al. 2019).

In human breast cancer, CLCA2 might be the important actor. Similar to CRC, CLCA2 was
downregulated in this tumor type (Gruber and Pauli 1999; Li et al. 2004). This finding was in

line with in vitro experiments, where CLCA2 was expressed in the non-transformed cell line



INTRODUCTION

MCF10A and the nontumorigenic cell line MDA-MB-453, but not in tumorigenic cell lines MDA-
MB-231, MDAMB-435, MDA-MB-468, and MCF7. Introduction of CLCA2 in MDA-MB-231 and
MDA-MB-435 cells, however, decreased the invasiveness of these cells (Gruber and Pauli
1999). These findings were supported by similar experiments with comparable outcomes using
the murine CLCA2 orthologue (Beckley et al. 2004). Taken together, these observations
suggest a negative correlation of CLCA2 with tumor malignancy and by this, a potential
function of this protein as a tumor suppressor. Supportive for this finding was an induction of
CLCA2 by the central tumor suppressor Tumor protein 53 (Tp53), detected in multiple cell lines
and conditions. As a consequence, malignancy properties, such as cell migration and invasion
were decreased and anti-tumorous reaction patterns like the induction of replicative

senescence were demonstrated (Walia et al. 2009; Sasaki et al. 2012; Tanikawa et al. 2012).

Besides these two important types of cancer, CLCA members 1, 2 or 4 have also been
associated with other tumor types and malignancies. In ovarian cancer cell lines, CLCAl
seems to be elevated (Musrap et al. 2015), but low CLCAL expression in pancreatic duct
adenocarcinoma might be associated with a poor disease-free survival (Hu et al. 2018). In
cervical cancer, CLCA2 suppressed proliferation, migration and invasion of cervical cancer cell
lines and CLCA2 expression seems to be correlated with tumor stage and size (Zhang et al.
2021). Furthermore, CLCAZ2 upregulation in cervical cancer appears to be associated with a
longer overall and recurrence free survival time following surgery (Zhang et al. 2021). In men
with metabolic syndrome and prostate cancer, CLCA2 repression by the transcriptional co-
repressor C-terminal binding protein 1 (CTBP1) might be responsible for increased malignancy
(Porretti et al. 2018). In nasopharyngeal carcinoma, CLCA2 was negatively correlated with
proliferation, migration, invasion and epithelial-mesenchymal transition. The authors
concluded that these findings were associated with inhibition of the Focal adhesion
kinase/Extracellular signal-regulated kinase (FAK/ERK) pathway (Qiang et al. 2018). CLCA2
was proposed as a tumor marker to distinguish between squamous cell carcinoma and
adenocarcinoma of the lung (Shinmura et al. 2014). In hepatocellular carcinoma, CLCA4
expression was negatively correlated with tumor size, vascular invasion and the clinical stage
(Liu et al. 2018). Statistical analyses of this study suggested CLCA4 as an independent
predictor of overall survival and time to recurrence (Liu et al. 2018). CLCA4 expression in head
and neck squamous cell carcinoma also appears to be positively correlated with prognosis (Li
et al. 2020). The authors found CLCA4 to be suppressed by a type of micro-ribonucleic acid,
which was abundantly present in head and neck cancer cells (Li et al. 2020). In urinary bladder
carcinoma, CLCA4 was also downregulated (Hou et al. 2017). Furthermore, this study showed
that CLCA4 could reduce malignancy by suppressing the Phosphoinositide 3/Ak strain
transforming (PI3/AKT) pathway (Hou et al. 2017).
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1.1.3 The association of CLCA members with other pathophysiological conditions

There are correlations of CLCA with other pathophysiological conditions described in the
recent literature. In the human epidermis, CLCA2 seems to act as a humidity regulated protein
that was found to be regulated under hyperosmolar conditions via the p38/c-Jun N-terminal
kinase—activating transcription factor 2 signaling pathway (Seltmann et al. 2018). It appears to
mediate cellular adhesion and by this, prevent low humidity induced cellular death (Seltmann
et al. 2018). This finding might be useful in developing new therapeutics of psoriasis, a chronic
skin disease. In human cardiac fibrosis, a transdifferentiation from resident, quiescent
fibroblasts to active myofibroblasts is an important aspect in the pathogenesis (Gibb et al.
2020). Shao and colleagues demonstrated that epigenetic repression of CLCA2 seems to
facilitate fibroblast-myofibroblast transdifferentiation, which could contribute to cardiac fibrosis
(Shao et al. 2021).

1.2 Principles of gene homology and molecular evolution

Molecular evolution of deoxyribonucleic acid (DNA) describes the development of genetic
variation by mutation, including e.g. nucleotide exchanges, insertions, inversions, deletions,
recombinations, conversions, and their fixation in the genome of a population by genetic drift
and/or selection. An element of this process is the duplication of genes, a phenomenon that is
an important driver for evolution (Ohno 1970) and described in mammalian CLCA genes
(Mundhenk et al. 2018).

1.2.1 Evolution by gene amplification due to duplication

Accepted models that explain the mechanism of gene duplication include polyploidization,
unequal crossing over, retroposition (Zhang 2003), and duplicative transposition (Hahn 2009;
Magadum et al. 2013). Polyploidization describes a multiplication of homologous
chromosomes at the whole-genome level (whole genome duplication, WGD). In contrast,
aneuploidy just affects individual chromosomes but also designates the lack of one or more
individual chromosomes. Polyploidization is well described in various classes, including plants
(Rice et al. 2019) and fungi (Kellis et al. 2004). It is also documented in animals like fish
(Leggatt and Iwama 2003) and amphibians (Schmid et al. 2015). However, polyploidization
appears to be rather rarely under positive selection in animals (Mable 2004). Unequal crossing
over can cause genetic copy number variations leading to duplicated genes which are
organized as tandem repeats (Zhang 2003). Genetic duplication by retroposition of a gene-
coding messenger ribonucleic acid (mRNA) requires its reverse transcription into
complementary DNA (cDNA) and a subsequent genomic integration. This often happens in a
gene locus that is not associated with the “original” gene (Long et al. 2003; Zhang 2003;
Magadum et al. 2013). Such a process may lead to mMRNA specific properties of the duplicated

gene. For example, typical regulatory sequences as well as introns might be absent in genes



INTRODUCTION

duplicated by retroposition. In contrast, genes duplicated by this way may exhibit a polyadenyl
tail (Zhang 2003; Kaessmann et al. 2009; Magadum et al. 2013). Duplicative transposition can
be mediated by either non-allelic homologous recombination (NAHR) or non-homologous end
joining NHEJ (Hahn 2009). In the former, a sequence upstream of one gene is highly
homologous to another one that is located downstream of it. NAHR results in duplication or
loss of the gene flanked by the homologous sequences (Lee 2013). NHEJ, as a part of the
physiological DNA double strand break repair, is independent of such homologous sequences
(Lieber 2010).

With respect to these models and the fact that all cloned mammalian CLCA members possess
introns and are located in line within a highly conserved gene locus, it appears not unlikely that
CLCA duplicates evolved by unequal crossing over events or duplicative transposition.
Interestingly, Gruber and coworkers found a special type of transposable element upstream
the first exon of hCLCA1; however in contrast to typical transposable element insertions of the
type found by Gruber et al, no target site duplication surrounding it was present (Gruber et al.
1998).

Once a gene duplication has occurred in the germline of an individual, it is depending on the
mode of selection if and how fast it becomes fixed in the population’s genome. In this case,
population is defined as a concrete number of randomly mating diploids under constant
selective pressure (Innan and Kondrashov 2010). In 2010, Innan and Kondrashov reviewed
accepted models of duplicate preservation in a population (Innan and Kondrashov 2010): If the
new copy is under neutral selection, which means the duplication does not affect the fitness, it
is likely to develop a new function, a process termed neofunctionalization (Ohno 2013).
Another outcome may be subdivision of the original function among both gene copies, which
is called subfunctionalization (Hughes 1994; Force et al. 1999). The time after duplication and
fixation of it in a population”s genome is termed fate-determining phase. If the new copy is
under positive selection during fixation, which means the duplication has a benefit for the
fitness, there are three possible scenarios on the copies fate (Innan and Kondrashov 2010).
Either, the copy has a beneficial effect by an immediate increase of gene dosage. As a
consequence, it will be kept functional, identical to the original gene (Innan and Kondrashov
2010). Second, the duplicated gene has a shielding function against deleterious mutations of
the original one and by this provides a selective advantage. Over time, a logic consequence
might be inactivation of the duplicate (Innan and Kondrashov 2010). Third, the duplication per
se leads to a new function of the copy that will be immediately preserved (Innan and
Kondrashov 2010). If the gene to be duplicated, however, is already present as a polymorphic
allele and under positive selection, the model of adaptive radiation postulates adaptive fixation

of the duplication already in the pre-duplication phase (Francino 2005). In contrast, the model
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of permanent heterozygote describes the following scenario: Given that two different alleles
are kept by balancing selection prior to duplication and a heterozygote for a single locus
comprises the same fitness as to two loci that are homozygous for a different allele, then a
duplication in a gene for which the highest fitness is achieved in the heterozygous state is
immediately beneficial (Spofford 1969; Proulx and Phillips 2006). When multi-allelic
diversifying selection is the model of evolution, selection targets the genetic variability. In this
case, gene duplications increase fitness due to a possibility of mutation and selection. As a
result, the given locus is highly variable among individuals of the population (Innan and
Kondrashov 2010). Finally, the dosage balance model accounts for groups of genes with
optimal dosages that are dependent on each other. Loss or duplication is only tolerated in

parallel and it accounts for duplications during WGDs (Innan and Kondrashov 2010).

1.2.2 Gene paralogues, orthologues and orthologue conjecture

When a gene duplication has occurred and was fixed and preserved in a population’s genome,
the population may eventually be exposed to conditions that give rise to a new species. The
formation of a new species is a process that is termed speciation. Depending on time of the
speciation and duplication event, the duplicated genes are related to each other within and
among species in defined relationships, for which a specific terminology is used. In general,
gene homology describes the similarity of two or more genes due to a common ancestor.
Orthologues are genes that share a single ancestral gene in the last common ancestor of two
distinct species (Fitch 1970). Paralogous genes are related to each other via duplication within
one lineage (Fitch 1970). More specifically, the term co-orthologues defines orthology of one
or more genes of one lineage to one or more genes of another lineage due to a lineage specific
duplication (Sonnhammer and Koonin 2002). Outparalogues are paralogous genes that exist
as a consequence of gene duplication preceding a speciation event (Sonnhammer and Koonin
2002). In contrast, inparalogues are linage specific paralogues, which result as the

consequence of gene duplication after a speciation event (Sonnhammer and Koonin 2002).

If gene sequence homology is considered in terms of possible gene functions, it is assumed
that orthologous genes have a higher chance of functional equivalence to each other than
paralogues do (Tatusov et al. 1997; Dolinski and Botstein 2007; Fang et al. 2010; Gabaldén
and Koonin 2013; Stamboulian et al. 2020). This idea was termed orthologue conjecture (Nehrt
et al. 2011; Altenhoff et al. 2012) but has been the challenged by recent findings (Nehrt et al.
2011). Especially when it comes to the prediction of gene function in newly sequenced
genomes, shortcomings in the concept of orthologue conjecture can have fatal consequences

for the prediction.
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1.2.3 Methods for analysis of molecular evolution

Most approaches for analysis of molecular evolution are genocentric, which means they almost
exclusively refer to in silico analyses of gene and protein sequence relationships among
species and/or individuals. For example, molecular phylogeny utilizes various algorithms,
based on either genetic distances (Sokal 1958; Felsenstein 1984; Saitou and Nei 1987),
Maximum Parsimony (Czelusniak et al. 1990), Maximum Likelihood (Felsenstein 1981), or
Bayesian Inference (Huelsenbeck et al. 2002) methods. As a result, a phylogenetic tree is
generated and phylogenetic relationships among the input sequences are displayed. Besides
these techniques, the comparative analysis of chromosomal gene localizations, termed
synteny, is a tool for unveiling evolutionary relationships. Furthermore, a bundle of algorithms
for the detection of phylogenetic signals within nucleotide or amino acid sequences that arose
from selection pressures over time is available at the Datamonkey server

(https://www.datamonkey.org/, Weaver et al. 2018).

However, many important traits, such as mRNA and protein expression patterns in tissues and
cells or biochemical properties, have rarely been considered in such analyses. The lack of
information specifying these properties might contribute to the failure of functional predictions
based on the concept of orthologue conjecture in some cases and should be an integral part

of any evolutionary investigation.

1.3 Genetic diversity of the CLCA gene family

Due to the establishment of high-throughput sequencing methods, the number of available
annotated whole-genome sequences from various animal species is rising steadily and with
increasing rates. As a result, numerous species with predicted CLCA gene sequences can be
identified in the current genome databases (Kent et al. 2002; Clark et al. 2016; Cunningham
et al. 2022). Despite that, the following section will exclusively cover those species, for which
representatives of the CLCA gene family have either been cloned and fully sequenced or
otherwise verified in the literature. This selection was justified by the availability of
experimentally validated data from at least some of these CLCAs. A phylogenetic tree
generated by the Maximum Likelihood method displays all putatively functional CLCA
members and their phylogenetic relationship among these species based on their amino acid

sequences (figure 1).


https://www.datamonkey.org/
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Figure 1. Phylogenetic relationship of putatively functional feline, human, porcine, equine, bovine, rat and murine
CLCA proteins

The phylogenetic tree was generated using the Maximum Likelihood method and Jones-Taylor-Thornton (JTT)
matrix-based model on amino acid sequences by the MEGA X software package. This analysis involved 33 amino
acid sequences. CLCA sequences from predicted pseudogenes were excluded. The tree with the highest log
likelihood (-17794.11) is shown. The percentage of trees in 100 bootstraps, in which the associated taxa clustered
together is shown next to the branches. Initial tree(s) for the heuristic search were obtained automatically by
applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the JTT model, and
then selecting the topology with superior log likelihood value. A discrete Gamma distribution was used to model
evolutionary rate differences among sites (5 categories (+G, parameter = 1.5110)). The rate variation model allowed
for some sites to be evolutionarily invariable ([+1], 10.21% sites). All positions containing gaps and missing data
were eliminated. There were a total of 705 positions in the final dataset. Accession numbers to the NCBI Genbank
sequences are provided left to the protein and scientific species name. It becomes obvious that all CLCAs can be
designated to one of four distinct clusters: CLCA1 (pink), CLCA2 (blue), CLCA3 (brown) and CLCA4 (orange).
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1.3.1 The CLCA gene locus in mammals

Based on the literature (Plog et al. 2009; Mundhenk et al. 2018) and the actual version of the
NCBI Genbank (date of retrieval: 01.10.2022), there are five taxonomic orders including seven
mammalian species with available experimental data for members of the CLCA gene family.
These contain the order primates with humans, the order rodents with mice and rats, the order
carnivores with cats, the order perissodactyls with horses and the order artiodactyls with pigs
and cows. In all these species, the CLCA gene locus is flanked by the ODF2L and SH3GLB1
genes and embraces up to eight CLCA homologues, depending on the species. The cat is the
only mammal that has one putatively functional representative of the gene clusters CLCAL to
CLCA4 (Mundhenk et al. 2018). All other species have a single CLCAL and a single CLCA2,
but differ in the copy number and intactness of CLCA3 and CLCA4 representatives (Plog et al.
2009; Plog et al. 2015; Clark et al. 2016; Mundhenk et al. 2018). In humans and other primates,
CLCAS is a pseudogene, while CLCA4 is present as a single intact gene (Mundhenk et al.
2018). Like in humans, pigs lack an intact CLCA3, but have a duplicated CLCA4 (Plog et al.
2009). An interesting finding in the genome of a porcine subpopulation is the pseudogenization
of one CLCA4 representative (Plog et al. 2015). Instead, horses have an intact CLCA3 and
two intact CLCA4 genes but one putative CLCA4 pseudogene (Clark et al. 2016). Cows and
rats possess two intact CLCA3 and one intact CLCA4 (Mundhenk et al. 2018). Mice are the
species with the most numerous CLCA representatives. They possess three CLCA3 and three
CLCA4 copies, whereby one CLCA4 is predicted to be inactivated (Patel et al. 2009). For a
better understanding, the respective genotypes are illustrated in figure 2.

11
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Prototypic mammalian CLCA locus

ODF2L || CLCA2 || CLCA1 || CLCA4 || CLCA3 || SH3GLB1

Species specific variations of the CLCA locus according to the NCBI Genbank

W | ODF2L ” CcLcA2 ” CLCAT ” CLCAL ” LOC101093450 ” SHIGLBT |
® | ODF2L | | CLCA2 | | CLCA1 ” CLCAL ” CLCA3P ” SH3GLB1 |
T o e [ e [ cew [ covwmam || ciomr [ sweter |
o N | I I | | e |
H‘ oo |[Toee [ aen [ oon |[ees [ | [ e |
— N [ o |[Temr [ ew [ ce |[aa ][ o [ sroome ]
& | Odfa ” Clca? ” Clcat ” Cicada ” Cicadb ” Clcade ” Clcadb ” Clcala? ” Clealal ” Shiglb1

Figure 2. lllustration of the CLCA gene locus from cat, human, pig, horse, cow, rat and mouse

This figure illustrates the CLCA gene locus as it was found in the NCBI Genbank (date of retrieval: 01.10.2022).
Faded orange or brown colors and/or the letter “P” indicate predicted pseudogenes. Porcine CLCA3 was not listed
in the NCBI Genebank, but was included in this figure as published by Plog et al. in 2012 (*). Pink color represents
the CLCAL cluster, blue color highlights the CLCAZ2 cluster, brown indicates the CLCA3 cluster and orange labels
the CLCAA4 cluster.

1.3.2 CLCA homologous genes in other taxa

To date, only a single CLCA gene has been experimentally isolated and sequenced from a
non-mammalian species (Lee et al. 2011). In this study, a 2940 base pair (bp, 940 aa) cDNA
from the African clawed frog (Xenopus laevis) was reconstructed using rapid amplification of
cDNA-ends-polymerase chain reaction (RACE-PCR). Expression analysis revealed a high
abundance of mMRNA in the small intestine and colon and a low abundance of mRNA in the
liver (Lee et al. 2011). In silico analyses predicted multiple glycosylation sites and a highly
hydrophobic amino acid sequence towards the C-terminus, insinuating the presence of a

transmembrane domain (Lee et al. 2011).

In 2013, an in silico-based database research study identified the protease motif containing N-
CLCA domain as a structural component of proteins in numerous bacterial and metazoan
species (Lenart et al. 2013). Interestingly, the kingdoms Fungi and Plantae (plants) lacked
proteins with such a domain, a finding that also applied to the genus Amoeba. The authors of
this study designated all proteins containing such an N-CLCA domain as CLCA proteins, which

lead to the identification of myriad CLCAs with a highly diverse protein architecture across the
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tree of life. According to the study, the placozoan species Trichoplax adhaerens was the most
ancient species with a CLCA protein domain architecture that is comparable to the known
mammalian CLCAs. From N- to C-terminus, this predicted CLCA protein comprised an N-
CLCA domain, a vVWA domain and a fibronectin type 11l domain. Since the study was based on
sequence retrieval from databases and the bsr domain is not assigned to a proper accession
number, a bsr domain was not predicted for this representative. These findings implicate the
presence of CLCA genes coding for a mammalian type CLCA protein since the Proterozoic
eon (542 — 2500 million years ago), where the placozoan clade likely started to form (Kumar
et al. 2022).

1.4 Cloned members, cell specific protein expression patterns and biochemical
properties of mammalian CLCAs
Experimental data specifying the expression of CLCA protein on the cellular level, as well as
in vitro biochemical properties are available for some of the CLCA members of the
aforementioned seven mammalian species. The following sections will cover the current
knowledge on cell type specific protein expressions of CLCAs. It will become obvious that most
of the CLCAs are restricted to a low amount of cell types with a slight species dependent
variance. Members of clusters CLCA1, CLCA2 and CLCA4 belong to this group. In contrast,
others are widely expressed by many cell types, such as members of CLCA cluster 3. All
references on which these findings are based will be provided in detail in the corresponding
sections. Since the cell composition of organs in higher vertebrates is often highly complex,
different CLCA homologues, which were expressed by distinct cells that are found in a single
organ. This can cause an overlapping overall expression pattern. For example, in the feline
trachea, CLCAL is found in goblet cells and CLCA3 is expressed by tracheal epithelial cells

and cells of submucosal glands (Erickson et al. 2020).

It has to be emphasized at this point that the studies on protein expression that are cited in the
following chapters varied in terms of the study setups. As a consequence, systematical and
comprehensive data regarding the expression in certain anatomical localizations are lacking

for some of the species.

1.4.1 CLCAL: the CLCA of goblet cells

The first mammalian CLCA1 member, hCLCAL, was isolated by Gruber and coworkers in 1998
from a human genomic library (Gruber et al. 1998). Since then, orthologues from mouse
(Komiya et al. 1999), pig (Gaspar et al. 2000), horse (Anton et al. 2005) and cat (Erickson et
al. 2020) were cloned. In summary, CLCAL protein was predominantly detected in goblet cells
of various mucus membrane surfaces in pigs, mice, cats, humans, and horses (Hoshino et al.
2002; Leverkoehne and Gruber 2002; Anton et al. 2005; Range et al. 2007; Plog et al. 2009;
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Erickson et al. 2020). Interestingly, CLCA1 protein was also found in airway submucosal
glands of pigs, mice and horses (Leverkoehne and Gruber 2002; Anton et al. 2005; Plog et al.
2009), but not in cats (Erickson et al. 2020). Submucosal glands in other organs, like those of
the murine uterus (Leverkoehne and Gruber 2002) or those of the porcine alimentary tract
(Plog et al. 2009) stained positive for CLCA1 using immunohistochemistry. No data for the cell
type specific protein expression of CLCA1 was found in the literature for rats and cows. In vitro
experiments investigating biochemical properties of the human and murine orthologues
demonstrated that CLCAL was a fully secreted protein (Gibson et al. 2005; Mundhenk et al.
2006). The secretion of the N-terminal cleavage product was shown for the porcine, feline, and
equine orthologue, however, experiments investigating the fate of the carboxyterminal
cleavage product are lacking (Range et al. 2007; Plog et al. 2009; Erickson et al. 2020).
Furthermore, it was experimentally shown for human (Gruber et al. 1998), murine (Mundhenk
et al. 2006), porcine (Plog et al. 2009) and equine (Range et al. 2007) CLCA1 orthologues that
these proteins were cleaved and glycosylated. For the cat, cleavage was also suggested
(Erickson et al. 2020). Experiments demonstrating the full secretion of both CLCA1 cleavage
products of the rat and bovine orthologues are lacking. This also applies for cleavage and
glycosylation of the rat and bovine or glycosylation of the feline orthologues.

1.4.2 CLCA2: the CLCA of keratinocytes

Only one year after hCLCAL1 was cloned, hCLCA2, the first member of the CLCAZ2 cluster was
isolated from a expressed sequence tag (EST) database (Agnel et al. 1999). CLCA2
orthologues from mouse (Evans et al. 2004) and pig (Plog et al. 2012b) were subsequently
cloned, however no such cloning was reported for rat, cat, horse, and cow. CLCA2 protein was
mainly found in cutaneous and/or mucocutaneous keratinocytes of various organs in humans
(Connon et al. 2004;Seltmann et al. 2018), mice (Braun et al. 2010), rats (Hamalainen et al.
2021), cats (Erickson et al. 2020) and pigs (Plog et al. 2012b). In addition, a slight species-
specific variation of the expressing cell types was described. In humans, CLCA2 was detected
in corneal epithelial cells (Connon et al. 2006) and lung vascular endothelium (Abdel-Ghany
et al. 2001). Murine CLCA2 protein was also found in Hasall's body of thymus (Braun et al.
2010) and mammary epithelium (Hughes et al. 2016). In pigs, expression of the CLCA2 protein
was additionally described in cells of the inner hair follicle root sheath (Plog et al. 2012b). In
the airways, CLCAZ2 protein was found in submucosal glands in humans, mice and pigs (Dietert
et al. 2015). Furthermore, mice express the CLCA2 protein in non-ciliated epithelial cells and
in goblet cells of a certain niche in the bronchial bifurcation (Dietert et al. 2015). The expressing
cell type for equine and bovine species was not experimentally investigated yet. Protein
biochemical properties of CLCA2 included cleavage of human (Gruber et al. 1999), murine

(Evans et al. 2004), porcine (Plog et al. 2012b), and glycosylation of human (Gruber et al.
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1999) and murine (Braun et al. 2010) orthologues. Glycosylation was not experimentally tested
in pigs and cleavage plus glycosylation was not tested in rat, feline, equine and bovine CLCAZ2.
The N-terminal, but not the C-terminal cleavage product is secreted, as it was shown for human
(Elble et al. 2006) and murine orthologue (Braun et al. 2010). This suggests the presence of a
TMC.

1.4.3 CLCAS: the ubiquitous CLCA

All members of the third cluster of CLCA genes have been cloned from cow (Cunningham et
al. 1995; Elble et al. 1997), mouse (Gandhi et al. 1998; Lee et al. 1999; Elble et al. 2002) and
rat (Jeong et al. 2005; Yoon et al. 2006). In humans and pigs, CLCA3 appears to be a
pseudogene (Mundhenk et al. 2018). The horse and the cat are the only two of five species
with a putatively functional CLCA3 (Patel et al. 2009; Mundhenk et al. 2018). However, no
cloned member was described yet in both of these species. Since the nomenclature of the
cloned CLCAZ3 representatives of cow and rat in the original publications is confusing and the
nomenclature given by NCBI Genebank is not indicative of the associated cluster, phylogenetic
trees indicating the designation of these sequences are listed in figure 1 and in the appendix
figures 3 and 4. The cellular CLCA3 protein expression spectrum described in the literature
was the widest among all mammalian CLCA members. In the mouse, CLCA3a protein was
expressed in pancreatic acinar cells, acinar and duct cells of the parotid gland, gastric parietal
cells, goblet cells and crypt-enterocytes of small intestine, proximal and distal tubular epithelial
cells (Roussa et al. 2010), endothelial cells (Abdel-Ghany et al. 2002) and keratinocytes in cell
culture (Seltmann et al. 2018). Furthermore, the results of a study by Furuya and coworkers
suggested that Clca3a might be expressed by stromal cells of the splenic red pulp, lymphatic
endothelium and thymic stromal epithelium (Furuya et al. 2010). No study described the cell
type specific protein expression of murine CLCA3b yet. Rat CLCA3 protein was detected in
olfactory sensory neurons (Gonzalez-Silva et al. 2013; Mura et al. 2017), ductal epithelial cells
of the submandibular gland (Yamazaki et al. 2005; Ishibashi et al. 2006; Yamazaki et al. 2013)
and keratinocytes (Yamazaki et al. 2013). Feline CLCA3 protein was found in cells of
submucosal glands and/or ciliated epithelial cells of the airways (Mundhenk et al. 2018;
Erickson et al. 2020) and esophageal keratinocytes (Mundhenk et al. 2018). The bovine
CLCA3 protein was detected in vascular endothelial cells of the lung and in respiratory
epithelial cells of bronchi and trachea (Elble et al. 1997). Cell types expressing CLCA3 protein
in the horse are still unknown. Murine CLCA3a and rat CLCA3 are cleaved (Roussa et al.
2010) and glycosylated (Gandhi et al. 1998; Yamazaki et al. 2005; Roussa et al. 2010; Lee et
al. 2016) proteins. Results from in vitro experiments by Elble et al. and Cunningham and
coworkers targeting the bovine CLCAS also implied cleavage and glycosylation of the bovine
CLCAS proteins (Cunningham et al. 1995; Elble et al. 1997). Whether the putatively functional
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CLCA3 members are fully secreted proteins in each species is contradictory and remains to
be determined experimentally. In silico analysis predicted no TMC for the feline orthologue
(Mundhenk et al. 2018). A secretion was experimentally demonstrated for a murine CLCA3
member (Huan et al. 2008). In contrast, Yoon et al. predicted a transmembrane domain for rat
CLCA3 (Yoon et al. 2006). Furthermore, an in vitro study of a rat CLCA3 found no evidence of
heterologous expressed protein in the cell culture medium (Lee et al. 2016).

1.4.4 CLCA4: the CLCA of enterocytes

Concurrently with hCLCAZ2, the sequence of human CLCAA4, the first cloned member of the
CLCA4 cluster, was published in 1999 (Agnel et al. 1999). A few years later, and also at the
same time with mCLCA2, the murine CLCA4a (Evans et al. 2004) was isolated from the
intestine. The rat CLCA4 was later cloned from the uterus (Song et al. 2009). Finally, porcine
CLCA4a (Plog et al. 2012a) and CLCA4b (Plog et al. 2015) were cloned in 2012 and 2015,
respectively. Murine CLCA4b, and the CLCA4 orthologues from cat, cow and horse have not
been isolated yet. CLCA4 protein members were predominantly found in enterocytes. For
example, human CLCA4 protein was detected in epithelial cells of colonic glands (Chen et al.
2019; Mo et al. 2020). The murine orthologue was expressed in enterocytes along the intestine
(Bothe et al. 2008) and the porcine CLCA4a in enterocytes on the small intestine villus tips
(Plog et al. 2012a), while CLCA4b protein was detected in small and large intestinal crypt
epithelial cells (Plog et al. 2015). Interestingly, the porcine CLCA4a protein seemed to be
expressed also in tracheal and bronchial epithelial cells (Plog et al. 2012a). The expressing
cell type of the murine CLCA4b and the rat, feline, equine, and bovine orthologues is still
unknown. Cleavage and glycosylation was shown for murine CLCA4a (Evans et al. 2004;
Bothe et al. 2008) and porcine CLCA4a (Plog et al. 2012a), while only cleavage was tested
and demonstrated for porcine CLCA4b (Plog et al. 2015) proteins. The release of the N-
terminal cleavage product into the medium was verified for murine CLCA4a (Bothe et al. 2008)
and porcine CLCA4a (Plog et al. 2012a), while the C-terminal fragment of CLCA4 orthologues
was found in association with the cell membrane in murine CLCA4a (Evans et al. 2004; Bothe
et al. 2008) and porcine CLCA4a (Plog et al. 2012a). These findings suggested the presence
of a TMC. Biochemical properties of other CLCA4 members still remain unknown and have to

be elucidated in the future.

The numerous, descriptive data obtained from mammalian CLCAs provide an excellent basis
for comparative molecular and expressional analyses. By comparison of these data to those
of evolutionary more distant species, such as the chicken, conserved and newly acquired traits

can be identified and help to infer the most likely evolution of this gene family.
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1.5 Scientific questions and hypotheses

1.5.1 Is the exon-intron structure of galline CLCA1 and 2 similar to those of mammalian
clusters CLCA1-4?
The known mammalian CLCA genes are encoded by 14 exons. It was hypothesized that this

is a conserved trait among galline and mammalian CLCA genes.

1.5.2 Are the protein architecture and the biochemical properties of galline CLCAl a
combination of those of mammalian CLCA1, 3 and 4?

Due to the close genetic distance of gCLCA1 and mammalian CLCA1, 3 and 4 demonstrated

by Mundhenk and coworkers (Mundhenk et al. 2018), it was hypothesized that a similar protein

domain architecture and biochemical properties of mammalian CLCA1, 3 and 4 apply for

gCLCAL.

1.5.3 Is the cellular expression pattern of galline CLCAl1 a combination of those of
mammalian CLCA1, 3 and 4?

Since mammalian CLCA clusters 1, 3 and 4 are expressed by different cell types, it was

hypothesized that gCLCAL1 combines this property without being expressed just by a single

cell type.

1.5.4 Are the protein domain architecture and the biochemical properties conserved among
galline CLCA2 and the mammalian orthologues?

Due to the close genetic distance to mammalian CLCA2 and due to the concept of orthologue

conjecture, it was hypothesized that gCLCA2 has similar protein domains and biochemical

properties as mammalian CLCA2.

1.5.5 Are the cell type specific expression patterns of gCLCA2 and mammalian CLCA2
conserved?
Due to the close genetic distance to mammalian CLCAZ2, it was hypothesized that gCLCA2

has a similar cell type specific expression pattern.

1.5.6 Which characteristics might hypothetical ancestral CLCA proteins have had?
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Abstract

Species-specific diversities are particular features of mammalian chloride channel regulator,
calcium activated (CLCA) genes. In contrast to four complex gene clusters in mammals,
only two CLCA genes appear to exist in chickens. CLCAZ2is conserved in both, while only
the galline CLCA1 (9gCLCA1) displays close genetic distance to mammalian clusters 1, 3
and 4. In this study, sequence analyses and biochemical characterizations revealed that
gCLCA1 as a putative avian prototype shares common protein domains and processing fea-
tures with all mammalian CLCA homologues. It has a transmembrane (TM) domain in the
carboxy terminal region and its mRNA and protein were detected in the alimentary canal,
where the protein was localized in the apical membrane of enterocytes, similar to CLCA4.
Both mammals and birds seem to have at least one TM domain containing CLCA protein
with complex glycosylation in the apical membrane of enterocytes. However, some charac-
teristic features of mammalian CLCA1 and 3 including entire protein secretion and expres-
sion in cell types other than enterocytes seem to be dispensable for chicken. Phylogenetic
analyses including twelve bird species revealed that avian CLCA1 and mammalian CLCA3
form clades separate from a major branch containing mammalian CLCA1 and 4. Overall,
our data suggest that gCLCA1 and mammalian CLCA clusters 1, 3 and 4 stem from a com-
mon ancestor which underwent complex gene diversification in mammals but not in birds.

Introduction

The chloride channel regulator, calcium activated (CLCA) gene family has been implicated in
the pathophysiology of inflammatory airway diseases, such as asthma [1-3] or cystic fibrosis
[4-6], tumor progression and metastasis [7-11]. In this context, different CLCA proteins have
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CLCAT1 in chicken

been linked to cellular functions including mucus processing [12,13], activation of airway mac-
rophages [14-16], the modulation of the anion channel TMEM16A [17,18], cellular differenti-
ation such as mucus cell metaplasia [1,19-21], cellular senescence and apoptosis [7,22-27], or
as adhesion molecules for metastatic tumor cells [28,29]. Due to their proposed biomedical rel-
evance, CLCA molecules have been studied in healthy and diseased humans [2,4,5,26,30-37]
and mammalian model organisms including mouse [38-44], pig [45-49], horse [3,50], and cat
[51,52].

The mammalian genome contains multiple CLCA gene copies, which can be classified into
four distinct clusters based on genetic distances [51]. All CLCA genes are located in a single,
conserved gene locus flanked by the two genes “outer dense fibre of sperm tails 2-like”(ODF2L)
and “SH3-domain GRB2-like endophilin B1” (SH3GLBI). Clusters 1 and 2 are conserved in
mammals, and each species carries only one functional CLCA1 and CLCA2 homologue. In
contrast, clusters 3 and 4 are diverse, characterized by inactivation and duplication events in
several mammalian species. In pigs, sheep, and dry-nose primates including humans, the
CLCA3 gene underwent independent mutational inactivation including several frameshift and
nonsense mutations as well as the introduction of an additional exon [51]. In contrast to this
pseudogenization, the gene is duplicated in cattle and mice leading to two or three functional
orthologues, respectively. In other species such as cats, cluster 3 consists of only a single func-
tional orthologue. In cluster 4, the CLCA4 gene is duplicated in pigs and mice with two or
three representatives, respectively. In humans, cats, and cattle only one functional CLCA4 gene
exists in this cluster. Taken together, the CLCA gene family is characterized by conserved clus-
ters, such as 1 and 2, and by diverse clusters, such as 3 and 4 in mammals [51].

This genetic heterogeneity is also reflected in the cellular expression patterns of the pro-
teins. CLCA1 was detected in mucin-producing cells of different mammal species
[3,30,49,50,52,53] and the CLCA2 proteins are commonly expressed in keratinocytes of strati-
fied epithelia [27,47,52,54-56]. In contrast, the expression patterns of the cluster 3 proteins are
diverse in mammalian species. A single intact CLCA3 has so far only been found and charac-
terized to date in cats. It is expressed in mucus-producing submucosal cells, ciliated epithelial
cells, and esophageal keratinocytes [51]. In species with duplicated and intact CLCA3 genes
such as mouse and cattle (Bos taurus), their gene products were localized to keratinocytes,
secretory epithelial cells, smooth muscle cells, and vascular endothelial cells [38,40,42,57-61].
In mammals, the CLCA4 proteins are predominantly expressed in enterocytes [46,48,62]. The
duplication products of CLCA4 may lead to different cellular niches. In pigs, for example, one
was localized to enterocytes of the villus tips of the small intestine while the other duplicate
was found in crypt epithelial cells of small and large intestine [46,48]. In humans and pigs and
in contrast to mice, CLCA4 members are also expressed in the airways [33,46,63]. In cluster 3
and 4, the duplication events seem to broaden the tissue and cellular expression pattern of the
CLCA proteins with a species-specific evolution. This duplication may be associated with a
sub- or neofunctionalization, which is unknown to date.

Despite this diversity at the genomic level and in the expression pattern of the particular
CLCA clusters in mammals, a common feature of their functional protein products is the
entry into the secretory pathway and an autocatalytic posttranslational cleavage of the precur-
sor protein into a larger amino (N)-terminal and a smaller carboxy (C)-terminal subunit [64].
The N-terminal subunit encompasses a cysteine-rich CLCA domain with a HExxH motif
(PFAM identifier: pfam08434), a von Willebrand factor type A (YWA) domain (PFAM identi-
fier: pfam13519) and a B-sheet rich domain [64]. The C-terminal cleavage fragment has a
fibronectin type III domain (PFAM identifier: PF00041) [64]. Additionally, based on biochem-
ical properties, the mammalian CLCA clusters can be divided into two groups: the proteins of
cluster 1/3 are soluble proteins, which are secreted in their entirety by the cells [51,52,64-66],
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whereas the proteins of cluster 2/4 are anchored in the plasma membrane via a C-terminal
transmembrane domain [47,62,64,67]. Only one study on the phylogenetic distribution of the
zinc-binding amino-acid (aa) motif HExxH of the CLCA domain has been published so far
[68]. Furthermore, no CLCA homologues of other vertebrates have been investigated in detail
to date, which limits assertions about novel acquired and conserved traits of CLCA proteins in
the mammal lineage. Recently, it was reported that the CLCA genes in chicken are flanked by
ODF2L and SH3GLBI identically to mammals; however, only two homologues were found in
this gene locus [51]. One galline homologue clustered with the conserved mammalian CLCA2
genes. In contrast, the second CLCA homologue, gCLCA1, clustered not only with the mam-
malian cluster 1, but also with the diverse clusters 3 and 4.

Here, we test the hypothesis that gCLCA1 combines expressional and protein-biochemical
characteristics of mammalian CLCA1, 3, and 4, which suggests a common ancestor with an
independent expansion in the early mammalian lineage. We analyzed the genomic organiza-
tion and protein structure of gCLCAL1 in silico, characterized its protein-biochemical proper-
ties and expression patterns in comparison to mammalian CLCAL, 3, and 4. The data may
help to elucidate the properties and putative functions of early ancestral members of this gene
family and infer novel properties of the diverse CLCA clusters in mammals.

Materials and methods
Characterization of the gCLCA gene locus and phylogenetic analyses

In addition to the architecture of the gCLCA locus [51] detailed gene positions and sizes and
exon-intron boundaries were extracted from the NCBI (https://www.ncbi.nlm.nih.gov/) data-
base and Plog et al. [49]. In brief, CLCA protein sequences were obtained from the NCBI and
ensembl (http://www.ensembl.org/index. html) databases and aligned. Phylogenetic trees were
generated using the phylip package (Phylogeny Inference Package 3.6. J. Felsenstein. Depart-
ment of Genome Sciences, University of Washington, Seattle, WA, USA). First, three indepen-
dent trees were generated by the maximum likelihood (ml), most parsimony (mp), and 100
neighbor joining (nj) methods. The final tree was based on the ml tree, with branch nodes
occurring also in mp. Mammalian and avian CLCA2 were used as an outgroup. For better
identification of distinct evolutionary speed in different protein domains, separate trees were
calculated for the N-CLCA domain which includes a catalytic domain (cat, corresponding to
aa45-200 in chicken CLCA1) and a cysteine-rich domain (cys, aa201-289), the von Willebrand
factor A domain (VWA, aa297-483), a B-sheet rich domain (bsr, aa484-698), and fibronectin
type III domain (fn3, aa754-874).

In silico amino-acid sequence analysis of gCLCA1 and generation of
antibodies

The aa sequence of the gCLCAL1 was analyzed via NCBI Conserved Domain Database [69],
EMBL-EBI HMMER web server [70], SUPERFAMILY 2 database [71,72], Phobius webserver
[73], SOSUI [74], CCTOP [75], and SignalP 5.0 [76] algorithms to identify putative protein
domains. Asparagine (N)-linked glycosylation sites were predicted using NetNGlyc 1.0 (http://
www.cbs.dtu.dk/services/NetNGlyc/). The putative proteolytic cleavage site was identified by
interspecies comparison with aa sequences of mammalian CLCA proteins. Anti-gCLCA1 anti-
bodies were generated as described [49]. In brief, according to immunogenicity predictions,
two oligopeptides were synthesized corresponding to aa92 to 105 (KKNSTYSRLKTESY,
gCN1) and aa821 to 834 (ASVPSDDEGNTSDG, gCCl). Limulus polyphemus hemocyanin-
conjugated peptides were used for immunization of two rabbits each. Specific IgG-antibodies
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were purified from the antisera using a cyanogen bromide immunization peptide-coupled
sepharose column. The immunopurified polyclonal antibodies generated against the N-termi-
nal and C-terminal part of the gCLCA1 protein were named gC1-N1 and gC1-C1,
respectively.

Animals and tissue processing

44 tissues each (S1 File) from ten-week old female chickens (Hampshire x White Leghorn,

n = 3) and the gonads of male chickens (Hampshire x White Leghorn, n = 3) of the same age
were snap-frozen on dry ice subsequent to a brief immersion in 2-methylbutane. For immuno-
histology or immunofluorescence, tissues were fixed in 4% neutral-buffered formaldehyde for
48 h and embedded in paraffin (FFPE-tissues). All tissues were by-products from slaughtered
animals intended for human consumption. The animals had been bred, housed, and slaugh-
tered in the Albrecht Daniel Thaer-Institute of Agricultural and Horticultural Sciences of the
Humboldt-Universitdt zu Berlin, Germany (State Office of Health and Social Affairs Berlin,
approval number IC 114-ZH70). Weight at harvest was 1-1.2 kg (females) and 1.3-1.5 kg
(males). The animals were raised on miscanthus litter in groups of 25, with infrared heat lamps
offered until week five. The animals were fed with fledgling rearing feed until week eight and
pullet feed afterwards. Females were harvested in the morning and males in the morning of
the following day.

Molecular cloning of gCLCA1I and generation of gCLCA1 mutants

gCLCAI was cloned and mutants were generated as described in detail in S2 File. In brief, the
gCLCAL1 open reading frame (ORF) was amplified from reverse transcribed RNA extracted
from the proctodeum and tagged with the enhanced yellow fluorescent protein (EYFP) at the
C-terminus by cloning into the pEYFP-N1 vector (CLCAIWT). For analysis of an EQ muta-
tion in the zinc-binding aa motif in accordance with Pawlowski et al. [77] and Bothe et al. [78],
the wild type motif was replaced by a synthesized gene fragment containing a substitution of
glutamic acid (E) with glutamine (Q) at position 164 (CLCA1E164Q). As none of the specific
anti-gCLCA1 antibodies were applicable for immunoblotting (see Immunoblotting section), a
gCLCA 1-fragment was substituted by a synthesized gene fragment containing a recognition
site for murine N-terminal CLCA1 antibodies (o.-p3b2, [53]) in order to enable for the detec-
tion of the N-terminal cleavage product of the murinized wild type (gCLCA1Nmabcl) or muri-
nized EQ mutant (CLCAINmabclE164Q) in vitro.

Tissue expression pattern of gCLCA1 mRNA

The gCLCA1 mRNA organ-specific expression pattern was analyzed by RT-qPCR as described
in detail in S2 File. In brief, total RN A was isolated from tissues (S1 File), reverse transcribed,
and the synthesized cDNA was diluted to a final concentration of 1 ng/ul. Specific, exon-
boundaries spanning primers were used to detect gCLCA1 or the reference gene phosphoglyc-
erate kinase 1(PGK1) [79] using a SYBR green qPCR assay. ¢CLCAI-mRNA was considered to
be expressed, when C,-values of 35 or below were detected in at least two of three samples
tested.

Transient transfection of HEK293 cells

HEK?293 cells were transfected as described in detail in S2 File. In brief, the cells were grown in
six-well plates in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10%
heat-inactivated fetal calf serum (FCS), 1% HEPES, and 1% penicillin/streptomycin. When the
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cells were approximately 80-90% confluent, they were transfected using 2 pg of a plasmid
(EYFP-mock, pcDNA3.1"-mock, gCLCA1WT, gCLCA1E164Q, gCLCAINmabcl, gCLCAIN-
mabclE164Q, mCLCAL1 [78], mCLCAIE157Q [78], mCLCA4a [80], or mCLCA4aE157Q [80])
and 8 ul polyethylenimine (PEI, 1 mg/ml) per well. 12 h after transfection, the cells were
washed with phosphate buffered saline (PBS) and serum-free DMEM was added to the cells.
72 h after transfection, the cell culture medium was removed and centrifuged at 14000 x g for
one h at 4°C. The supernatant was concentrated using Vivaspin 2 protein concentrator spin
columns (Sartorius, Gottingen, Germany) with a 10 kDa molecular weight cutoff. The cells of
each well were lysed using 500 ul radioimmunoprecipitation assay (RIPA) buffer supple-
mented with a protease inhibitor cocktail. The protein concentration of supernatants and cell
lysates were quantified using the bicinchoninic acid (BCA) method prior to freezing at -20°C.

Endoglycosidase treatment

For glycosylation analysis, lysates from gCLCA INmabcl-transfected cells were deglycosylated
by incubation with 25 U/ml endo H, 50 U/ml PNGase F, or left untreated at 37°C overnight
according to the manufacturer s protocol (New England Biolabs, Ipswich, Massachusetts,
USA) and consequently immunoblotted as described in the Immunoblotting section.

Immunoblotting

Cell lysates and supernatants of transfected cells were analyzed by immunoblotting as
described in detail in S2 File. In brief, samples of cell lysates or concentrated cell culture super-
natant were reduced in 1,4-dithiothreitol (DTT) and separated in a 10% acrylamide gel. The
proteins were transferred onto a polyvinylidene fluoride (PVDF)-membrane and blocked with
5% non-fat milk. The membranes were probed with gC1-N1 and gC1-C1 both at a three-fold
dilution series from 5 pg/ml to 0.05 pg/ml, or mouse monoclonal anti-YFP (cat. G163, abm,
Vancouver, Canada) at 1:500, or rabbit polyclonal anti-mCLCA1 [53] at 1:500, or rabbit poly-
clonal anti-mCLCAA4a [62], or mouse monoclonal anti beta-actin (A5441, MilliporeSigma,
Saint Louis, Missouri, USA) antibodies at 1:1000. The membranes were incubated with horse-
radish peroxidase-conjugated goat anti-rabbit (115-035-068, Jackson Immuno Research Labo-
ratories, Inc., West Grove, Pennsylvania, USA) or goat anti-mouse (111-035-144, Jackson
Immuno Research Laboratories, Inc.) secondary antibodies and developed using enhanced
chemiluminescence. The immunoblotted gCLCA1 protein was not detectable using antibodies
gC1-N1 or gC1-C1 at any dilution used (S3 File).

Immunocytochemistry of transfected HEK293 cells

Procedures are described in detail in S2 File. In brief, cells were grown on 8-well tissue cham-
ber slides and transfected with gCLCAIWT or EYFP-mock plasmids. 72 h after transfection,
the cells were briefly fixed in ice-cold methanol (100%) for five min followed by a fixation in
4% paraformaldehyde for ten min. The cells in each well were permeabilized with 0.1% Triton
X-100 in PBS and blocked with 10% goat normal serum (GS) and 0.05% Tween 20 in PBS.
After blocking, the cells were probed with untreated or pre-absorbed gC1-N1, or gC1-Cl, or
irrelevant affinity-purified rabbit polyclonal (anti-pig CFTR [81]) antibodies (each used at

1 pg/ml). Alexa fluor 568-conjugated goat anti-rabbit (AB_143157, Invitrogen, Carlsbad, Cali-
fornia, USA) were used as secondary antibodies followed by 4’,6-diamidino-2-phenylindole
(DAPI) nuclear counterstain for each experiment. No specific signals were detected using the
gC1-N1 antibody (S3 File).
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Tissue expression pattern of gCLCA1 protein using immunofluorescence
and immunohistochemistry

Methods are described in detail in S2 File. In brief, all tissues from the three animals that
showed a gCLCA I-specific Ct-value below 35 were analyzed using immunofluorescence.
FFPE-tissues were cut at 3 pm thickness, mounted on adhesive glass slides, and dewaxed. For
immunohistochemistry, endogenous peroxidase was blocked by 0.5% H,O,. Antigens were
retrieved using 1 mg/ml recombinant protease from Streptomyces griseus or microwave heat-
ing (600 W) for 15 min in 10 mM citric acid, pH 6.0, containing 0.05% Triton X-100. Slides
were blocked with 10% Roti-ImmunoBlock and 20% GS in PBS and probed with gC1-C1 at

1 pg/ml or rabbit monoclonal anti-villin (ab130751, Abcam, Cambridge, United Kingdom) at
1:400 or irrelevant affinity-purified rabbit polyclonal (anti-pig CFTR [81]) at 1 ug/ml antibod-
ies. 3,3'-Diaminobenzidine (DAB) stain was added after incubation with goat anti-rabbit bio-
tinylated secondary antibodies (BA-1000, Vector Laboratories, Burlingame, California, USA)
at 1:200 and an avidin-biotin complex solution. Slides were counterstained with 1% alcian blue
in HCl at pH 1.0 and 0.1% nuclear fast red-aluminum sulfate.

For immunofluorescence analysis, tissue sections were permeabilized with 0.1% Triton X-
100 in PBS and blocked with 10% GS and 0.05% Tween 20 in PBS. The slides were incubated
with the gC1-Cl antibody at 1 pg/ml or an irrelevant affinity-purified rabbit polyclonal (anti-
pig CFTR) antibody [81] using the same concentration. Alexa fluor 568-conjugated goat anti-
rabbit (AB_143157, Invitrogen) secondary antibodies at 1:200 and a DAPI nuclear counter-
stain were used for immunofluorescence.

Unless otherwise noted, all in vitro studies were performed in a minimum of three indepen-
dent cell batches where all transfections were conducted in parallel.

Results

The galline gCLCA1 gene shares characteristics with its mammalian
orthologues and encodes a putatively functional protein

The galline CLCA locus is located on chromosome 8 flanked by the genes ODF2L and
SH3GLBI and it is shorter than mammalian CLCA loci ([49], Fig 1A). Compared to the
human, porcine, and murine genes of cluster 1 ([49], Fig 1A and 1B), the gCLCA1 gene is
shorter, however, it is composed of 14 exons just as all intact mammalian CLCA genes (Fig
1B). The gCLCA1 ORF consists of 2808 base pairs (bp, 936 aa), which is longer than those of
mammalian homologues, such as human CLCAI (2742 bp, 914 aa) or murine CLCA4b (2775
bp, 925 aa) [64,82]. The predicted galline CLCAI gene does not contain premature stop codons
or frameshift mutations as it had been identified for mammalian CLCA3 [51] and therefore
may encode a functional protein. Compared to the reference sequence of the NCBI Genbank
(XM_422360.6, Gallus gallus), our gCLCAI ORF contained four synonymous and four non-
synonymous single nucleotide polymorphisms (SNPs, 54 File).

The gCLCAL1 protein contains canonical CLCA domains

All known mammalian CLCA proteins enter a secretory pathway and contain an N-CLCA
(PFAM identifier: pfam08434) and a vVWA (PFAM identifier: pfam13519) domain. For
gCLCAL, the SignalP 5.0 algorithm also predicted a signal peptide between aal and 29. Fur-
thermore, the NCBI Conserved Domain Database (CDD), EMBL-EBI HMMER and SUPER-
FAMILY 2 databases identified an N-CLCA (aa31 to 293) and a vVWA domain (aa315 to 482,
Fig 2). A cysteine-rich domain within the N-terminal cleavage product, which has been
described for mammalian CLCA proteins [77], was also identified in gCLCA1 (Fig 2).
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Fig 1. gCLCA1 gene locus and structure as compared with mammalian homologues. (A) Comparisons of CLCA gene loci of the chicken and of the
three mammalian representatives human, pig, and mouse. The galline CLCA locus consists of two CLCA genes, gCLCAI and gCLCA2, and is shorter
than that of mammals. Genes are depicted as boxes and noncoding, intergenic segments are represented as black lines. The chicken locus is scaled
2-fold larger for illustrative purposes. P = pseudogene, kb = kilobases. (B) Comparative gene structure of gCLCAI and functional mammalian CLCA1, 3
and 4 genes. Like the mammalian CLCA genes of clusters 1, 3, and 4, gCLCA1 is encoded by 14 exons (vertical boxes). Due to short intronic segments
(horizontal black lines), the gCLCA1 gene is shorter than its orthologues of the mammal cluster 1, 3, and 4.
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Similar to the transmembrane proteins of the mammalian cluster 4, the in silico analysis
consistently predicted a single hydrophobic transmembrane domain between aa897 (SOSUI,
Phobius) / 898 (CCTOP) and aa919 (SOSUI) / 922 (CCTOP, Phobius) (Fig 2) for gCLCAL. To
verify the presence of the predicted transmembrane domain, the cellular location of the C-ter-
minal cleavage product of the gCLCA1 protein was experimentally analyzed. A green signal of
the C-terminal EYFP-tag was detected along the plasma membrane of cells transfected with
the gCLCAIWT plasmid (Fig 3A). This is in contrast to the diffuse green, cytoplasmic auto-
fluorescent EYFP signal as detected in cells transfected with the EYFP-mock plasmid (S6 File).
pcDNA3.1+ transfected HEK293 cells failed to show a specific green autofluorescent signal (S6
File). A red signal along the plasma membrane was found by immunostaining of the cells with
the gC1-C1 antibody which binds to the C-terminal subunit of gCLCA1 (Fig 3B, S3 File).
These results suggest the presence of a C-terminal transmembrane domain in gCLCA1 similar
to mammalian CLCA4 proteins.
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Fig 2. The basic functional domains of mammalian CLCA proteins are conserved in gCLCA1. Schematic depiction of the gCLCAL1 protein and of
CLCA proteins of clusters 1, 3, and 4 in three mammalian representatives (human, pig and mouse). A cleavable N-terminal signal peptide (dark brown
box), an N-CLCA domain (N-CLCA, light brown box), a vVWA-domain (vWA, light green box), a B-sheet rich domain (bsr, dark green box) and a
fibronectin type III domain (fn3, light blue box) were predicted by in silico analyses and manual sequence alignments. The N-CLCA domain comprises
an intact zinc-dependent metalloprotease motif (HExxH, vertical yellow bar). The vVWA domain contains a MIDAS site (DxSxS, T, D, vertical yellow
bar). Vertical dark red bars indicate cysteine residues, predominantly in the N-CLCA domain. The gCLCA1 protein is putatively cleaved after the
amino acids QNR at aa position 705 (scissor). gCLCALI has a putative C-terminal transmembrane domain (TM, light red box) similarly to the CLCA
representatives of cluster 4. The gCLCA1 protein is an N-linked glycoprotein with 12 predicted glycosylation sites. The number of glycosylation sites is
higher than in the CLCA proteins of cluster 4, followed by the proteins of cluster 3 and 1. Putative glycosylation sites are indicated by v—icons. Numbers
display the absolute position, for protein domains further specified by the first or last three amino acids of each domain, respectively.

https://doi.org/10.1371/journal.pone.0266937.9002
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Fig 3. Localization of the C-terminal cleavage product of gCLCA1 in the plasma membrane. (A) The C-terminal cleavage product of the
gCLCAIEYFP fusion protein was detected at the plasma membrane of transiently transfected HEK293 cells via autofluorescence of the EYFP-tag
(green). (B) A corresponding red signal was reproducible by immunofluorescence using the gC1-C1 (anti-gCLCA1 C-terminal) antibody. Alexa fluor
568-conjugated secondary antibodies. Bars indicate 20 pm. Representative images of three independent experiments.

https://doi.org/10.1371/journal.pone.0266937.9003

The gCLCAL1 protein has biochemical properties similar to those of
mammalian CLCAs Posttranslational Cleavage

The zinc-binding aa motif HExxH of the CLCA domain, which is necessary for autocatalytic
cleavage of a precursor protein into a larger N- and a smaller C-terminal cleavage product
[64], is a common feature of all known mammalian CLCA proteins [77,83]. An intact HExxH
motif (HEWAH, aal63-167) and a putative proteolytic cleavage site (QNR/ALY, after R705)
were also identified in the gCLCAL protein (Fig 2). It has been reported that mutagenic disrup-
tion of the mammalian HExxH motif abrogates the cleavage of mammalian CLCALI or only
impairs that of CLCA4 proteins [78,80]. To evaluate a putative HExxH-dependent cleavage of
gCLCAL, lysates from cells transfected with the gCLCA1 wild type and the gCLCA1E164Q
mutant were immunoblotted with anti-EYFP antibodies. For cells expressing the wild-type
protein, a weak band of the precursor protein at ~154 kilodalton (kDa) and a strong band of
the C-terminal cleavage product at ~64 kDa were detected (Fig 4). In contrast, no cleavage
product was visible in lysates from cells transfected with the gCLCA1E164Q mutant. A single
strong band of the uncleaved, mature glycosylated protein at ~166 kDa and the weak band of
the immature glycosylated precursor protein at ~154 kDa (Fig 4) were detected. These findings
are consistent with an autocatalytic cleavage of gCLCAL as previously described for mamma-
lian CLCAs. Additionally, the EQ mutation of gCLCA1 leads to a total abrogation of the cleav-
age event similar to mammalian CLCA1 (Fig 5).

Secretion of the N-terminal cleavage product

It has been shown that the N-terminal subunit of mammalian CLCA4 is secreted [46,62]. To
test for secretion of the N-terminal cleavage product of the gCLCA1, conditioned cell culture
media and lysates from cells transfected with gCLCAI were analyzed. The ~102 kDa N-
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Fig 4. gCLCAL1 is a HExxH-dependent cleavable protein. Immunoblot of cell lysates from HEK293 cells transiently transfected with the EYFP-mock
plasmid (EYFP), the gCLCAIWT (gCLCAL1) plasmid, and the gCLCA1E164Q plasmid containing an EQ substitution at position two of the catalytic
active HExxH motif (SCLCA1EQ) is shown. A C-terminal cleavage product of gCLCA1 and its immature glycosylated precursor protein were identified
at ~64 kDa or at ~154 kDa (*), respectively. Cleavage was prevented by the EQ substitution in the HExxH motif as no cleavage product was detectable;
however, a strong band at ~166 kDa was identified, which putatively represents the uncleaved, mature glycosylated full-length protein. Identical to cells
transfected with the gCLCAIWT plasmid, the immature glycosylated precursor protein at ~154 kDa was detected in cell lysate from gCLCAIE164Q
transfected cells. To control for equal total protein loading the samples were identically immunoblotted with primary anti-beta-actin antibodies.
Representative images of three independent experiments.

https://doi.org/10.1371/journal.pone.0266937.9004
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Fig 5. The gCLCA1EQ mutant eliminated autocatalytic cleavage similar to CLCA proteins of mammalian cluster
1. Immunoblotting of HEK293 cell lysates. The left panel illustrates immunoblots from murinized galline CLCA1, the
central panel from murine CLCAL1 and the right panel from murine CLCA4a constructs. The proteins of the three
homologues differ in their molecular weights. The mutation of the HExxH motif of gCLCA1 eliminated the cleavage of
the ~154 kDa precursor protein (*) similarly to the murine CLCA1 protein. In contrast, the cleavage of the murine
CLCA4aEQ mutant was only impaired, but not totally absent. Asterisks (*) indicate the uncleaved protein of the
respective CLCA homolog. To control for equal total protein loading, the samples were identically immunoblotted
with primary anti-beta-actin antibodies. WT = HExxH wild type motif, EQ = EQ mutation in the HExxH motif,

C = mock-transfected control. Representative images of three independent experiments.

https://doi.org/10.1371/journal.pone.0266937.9005

terminal cleavage product was detected in the supernatant and the cell lysate while the ~64
kDa C-terminal cleavage product was exclusively found in the cell lysate (Fig 6), which further
supports the presence of a C-terminal transmembrane domain. Consistently, only tryptic pep-
tides from the N-terminal cleavage product were found in the supernatant from cells trans-
fected with the gCLCA1 using LC-ESI-MS/MS (S5 File). Thus, similar to mammalian CLCA4
proteins, the N-terminal cleavage product of gCLCA1 was secreted.

N-glycosylation and cleavage in the medial Golgi

Mammalian CLCA proteins of clusters 1, 3, and 4 are N-linked glycoproteins, with different
number of glycosylation sites [46,49,51,52,62,66]. Consistent with these results, the NetNGlyc
1.0 algorithms predicted 12 potential N-linked glycosylation sites for gCLCA1, located at aa
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Fig 6. Secretion of only the N-terminal cleavage product of gCLCA1 into the cell culture supernatant.
Immunoblotting of lysates (L) and cell culture supernatants (S) from HEK293 cells transfected with the
gCLCAINmabcl (gCLCA1) and EYFP-mock plasmid (EYFP). The N-terminal cleavage product was detected at ~102
kDa in cell lysate and supernatant. In contrast, the C-terminal, transmembrane domain containing cleavage product
was exclusively detected at ~64 kDa in the cell lysate, but not in the supernatant. A weak band of the immature
glycosylated gCLCA1 precursor protein was detectable in the cell lysate at ~154 kDa (*). The same amounts of proteins
for the respective lysates and supernatants from transfected cells were analyzed in these experiments. To control for
equal total protein loading of cell lysates and for lack of contamination of the supernatants by cell debris, the samples
were identically immunoblotted with primary anti-beta-actin antibodies. Representative images of three independent
experiments.

https://doi.org/10.1371/journal.pone.0266937.9006

positions 34, 46, 94, 459, 512, 523, 568, 588, 777, 816, 847, and 862 (Fig 2). To corroborate
these predictions, cell lysate from gCLCA 1Nmabcl-transfected cells was treated with endogly-
cosidases endo H and PNGase F for identification of the kind and extent of the glycosylation.
The ~154 kDa precursor protein was sensitive to endo H and PNGase F (Fig 7) resulting in a
size shift from ~154 kDa to ~130 kDa which shows an immature high mannose-type glycosyla-
tion pattern. In contrast, the N- and C-terminal cleavage products were resistant to endo H
but sensitive to PNGase F treatment, shown by a reduction in size from ~102 kDa to ~78 kDa
(Fig 7) and ~64 kDa to ~52 kDa (Fig 7), respectively. This indicates that the majority of the
predicted eight consensus glycosylation sites in the N-terminal subunit and four glycosylation
sites in the C-terminal cleavage product may be used for glycosylation, when a molecular
weight of ~ 3 kDa per site is assumed [84]. Furthermore, the complex, high mannose-rich gly-
cosylation pattern of the N- and C-terminal cleavage products, in contrast to the precursor
protein, suggests a cleavage of gCLCAL in the medial Golgi.
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Fig 7. Glycosylated gCLCAL1 is cleaved in the medial Golgi. Immunoblot of cell lysate of HEK293 cells transiently transfected with the
gCLCAINmabcl plasmid (gCLCAL) and a control EYFP-mock plasmid (EYFP). The gCLCALI precursor (*) was mannose-rich glycosylated, reduced in
size by endo H and PNGase F treatment. In contrast, both cleavage products were solely sensitive to PNGase F as shown by a reduction in size of the N-
terminal and C-terminal cleavage product to ~78 kDa or ~52 kDa, respectively. The cleavage event seems to occur in the medial Golgi. U = Untreated,
C = untreated mock-control, H = endo H treated, F = PNGase F treated cell lysate. To control for equal total protein loading, the samples were
identically immunoblotted with primary anti-beta-actin antibodies. Representative images of three independent experiments.

https://doi.org/10.1371/journal.pone.0266937.9007
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The gCLCAL1 protein is expressed in enterocytes throughout the intestine

The expression pattern of gCLCA1 was identified on the mRNA and protein levels. gCLCAI
mRNA was detected in all segments of the alimentary tract (pharynx, esophagus, duodenum,
jejunum, ileum, cecum, rectum, coprodeum), the Bursa of Fabricius, the eye, and the lung (S1
File). These tissues were further analyzed via immunofluorescence and immunohistochemistry
to identify the cell types that express gCLCAL. The protein was exclusively found at the brush
border of intestinal epithelial cells (Fig 8A), which also express villin, a structural marker of
enterocytes (Fig 8B, [85]). However, mucin-producing intestinal goblet cells lacked any
gCLCAL1 expression (Fig 8A). In all segments of the intestinal tract, gCLCA1 protein was
detected in enterocytes (Fig 9). Additionally, it was detected along the bursal epithelium (57
File). No specific gCLCAL1 protein signals were detected in any other tissue analyzed.
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Fig 8. gCLCA1 protein is expressed in the brush border membrane of enterocytes, but not in goblet cells. (A) The gCLCA1 protein (brown) was
detected at the apical surface of enterocytes of colonic crypts by immunohistochemistry using the gC1-C1 (anti-gCLCA1 C-terminal) antibody. A
counterstain with alcian blue highlights goblet cells (dark blue) that did not show any gCLCAL1 protein expression. (B) The cellular expression pattern
was similar to villin, a marker for the brush border of enterocytes (brown). Color was developed using DAB as substrate (brown). Bars indicate 20 um.

https://doi.org/10.1371/journal.pone.0266937.9008
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Coprodeum ‘ Rectum

Fig 9. gCLCAL1 protein is expressed along the chicken intestine. Anti-gCLCA1 C-terminal antibody was used to detect gCLCA1 along the epithelium
in duodenum (A), jejunum (B), ileum (C), cecum (D), rectum (E) and coprodeum (F). Alexa fluor 568-conjugated secondary antibodies and DAPI
counterstain (blue). Bars indicate 40 / 100 pm.

https://doi.org/10.1371/journal.pone.0266937.9009

Compared to the expression pattern of CLCA proteins in mammals, the expression of gCLCA
showed congruence with mammalian CLCA4 proteins [46,48,62].

The phylogenetic signal of full-length gCLCA1 scatters on the domain level

Phylogenetic analyses of five protein domains reveal a clustering of the CLCA proteins in these
domains (Fig 10). Designated mammalian and avian CLCA2 form a outgroup from the avian
CLCA1 and mammalian CLCAL, 3, 4. Any of the sequences cluster with the same group
throughout the protein. The hierarchy within the mammalian clusters is not fully consistent,
due to the known evolutionary dynamics of the rapid formation of major mammalian
branches such as primates, rodents, ungulates, or carnivores within a short period of time and
the independent expansion at different paces later on. Similar processes seem to have taken
place in avian diversification [86] and accordingly, the relationship between the analyzed avian
species remains elusive. Only close relationships such as between chicken and quail and, with
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Fig 10. Phylogenetic relationship of CLCA proteins. Maximum likelihood (ml), most parsimony (mp) and 100 neighbor joining (nj) trees were
generated for the five distinct CLCA domains and merged. Tree was based on the ml tree, with branches in thick, when occurring in the mp tree and
the branch nodes indicated when occurring in more than 70 nj trees. CLCA2 orthologues were reduced to an outgroup. Other clusters were
highlighted. To avoid confusion due to limited space, the five primate species analyzed (human, macaque, baboon, marmoset, bushbaby) are
occasionally not separately defined (*). In the case of CLCA duplicates in mammalian species, the sequences are designated by the abbreviation given in
GenBank (i.e. “mouse_3a2” for murine Clca3a2) or by “x” if the available sequence has been designated as “CLCA-like” or “unknown”.

https://doi.org/10.1371/journal.pone.0266937.9010

some restrictions, kiwi, ostrich and tinamou, are consistently reflected throughout the CLCA
protein. Adding to the separation of the analyzed clusters from the CLCA2 family, mammalian
CLCA1 and CLCA4 form a major branch, independent from avian CLCA1 and mammalian
CLCA3. The analysis of the five domains shows variable genetic distances among avian
CLCA1 and mammalian CLCA3 and CLCA1/4. The relationship between CLCA2, avian
CLCA1, mammalian CLCA3 and CLCA1/4 is therefore inconsistent throughout the full-

length protein.
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Discussion

In contrast to the mammalian CLCA gene family, which consists of up to eight members, there
are only two CLCA homologues in chicken [51], suggesting that the mammalian and the avian
CLCA loci have been subjected to different evolutionary pressures. CLCA2 is conserved in
mammalian and chicken loci [51], whereas the galline CLCA1 displays low genetic distance to
all other three mammalian CLCA proteins. Here, we characterized gCLCA1 as a putative pro-
totype of the avian class in terms of protein structure, biochemical properties, and expression
pattern and compared the results with the nature of the mammalian CLCA 1, 3 and 4 proteins.
The gCLCAL1 protein shares features of all CLCA family members such as a signal peptide, a
CLCA domain with a HExxH motif, a VWA domain, and an autocatalytic cleavage site (Fig 2,
Table 1). The phylogenetic analysis revealed separated CLCA clusters, an evident separation of
the avian and mammalian CLCA?2 from the other clusters and a consistent relationship
between the mammalian CLCA1 and CLCAA4 clusters. The position of avian CLCAL in the
phylogenetic tree was difficult to interpret, confirming the previously postulated idea of high
dynamics of mammalian CLCA clusters 1, 3, and 4 [51]. It appears that avian CLCA1 and its
mammalian relatives may have developed independently from a common ancestor, the avian
CLCAL1 thus sharing select properties of mammalian CLCA 1, 3, and 4.

Table 1. Comparison of gCLCA1 with the mammalian CLCA 1, 3, and 4.

Trait
Number of exons
Duplication of genes
Pseudogenization
Signal peptide
N-CLCA domain
HExxH motif
vWA domain
Canonical cleavage site
TM domain

N-terminal subunit secreted in
vitro

C-terminal subunit secreted in
vitro

Posttranslational cleavage

EQ mutation abrogates
cleavage

N-glycosylation sites

Protein expressing cell type

* only partially inhibited.
n.t.: Not tested.
N: Amino terminal.

C: Carboxy terminal.

gCLCAl
14

+ o+ |+ |+ [+ |+

+++

Enterocyte

vWA: Von Willebrand factor type A.

TM: Transmembrane.

https://doi.org/10.1371/journal.pone.0266937.t001

Mucin-producing cells of intestinal, airway and female

Mammalian CLCA 1 Mammalian CLCA 3 Mammalian CLCA 4

14 14 14
- + +
- + )
+ + +
+ + +
+ + +
+ + +
+ + +
- - +
+ + +
+ +

+ +
+ n.t. -()
+ ++ +++

« Ciliated epithelial airway cell « Enterocyte
« ciliated epithelial

airway cell

reproductive tract o mucus producing airway
submucosal cell

o keratinocyte

« endothelial cell

o smooth muscle cell
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Regarding the cellular expression pattern, gCLCA1 shares more properties with the CLCA4
proteins than with CLCA proteins 3 and 1 (Table 1). gCLCAL1 protein was detected at the api-
cal surface of enterocytes along the alimentary canal, and this expression pattern mirrors that
of mammalian CLCA4 proteins [46,48,62]. In contrast, mucin-producing goblet cells, which
abundantly express CLCAL1 in all mammalian species investigated [2,3,49,50,53], did not
appear to express gCLCAL. Recently, it has been shown that murine CLCA1 has mucus-pro-
cessing properties [13] and controls mucus expansion in the colon [12]; the presence of a pre-
dicted equivalent protease motif in the secreted N-terminal cleavage product of gCLCA1
suggests that this protein may participate in mucus homeostasis in the chicken intestine. In
addition, we found gCLCA1 protein in the epithelial lining of the cloaca and the Bursa of
Fabricius, the latter is an immunological organ unique to birds. gCLCAI mRNA was present
in other organs, such as pharynx, esophagus, eye, and lung, but this was not accompanied by
detectable gCLCALI protein levels.

The presence of a transmembrane domain in the C-terminal subunit, and the secretion of
only the N-terminal subunit are other traits shared by gCLCA1 and mammalian CLCA4 pro-
teins. In contrast, mammalian CLCA1 and CLCA3 are soluble proteins and secreted in their
entirety [3,64-66]. The function of the different gCLCA1 protein domains as well as the rele-
vance of its glycosylation remain to be investigated.

gCLCA1 constructs with a modified HExxH motif lacked posttranslational autocatalytic
cleavage abilities, as reported for mutated human, murine and porcine CLCA1 [77,78]; in con-
trast, equivalent mutations in the HExxH domain of CLCA4 impair autocatalysis only partially
[80]. Thus, whereas gCLCA1 appears to share tissue distribution and cellular expression pat-
terns with mammalian CLCA4, regarding autocatalytic properties it would be functionally
closer to mammalian CLCA proteins of cluster 1.

Which characteristics might a common ancestor of gCLCA1 and the
mammalian CLCA 1, 3 and 4 proteins have had?

The protein and expressional characteristics of gCLCA1 and the comparison with its mamma-
lian relatives allow us to speculate about the nature of their evolutionary ancestor. The com-
monly identified traits of gCLCA1 and the mammalian CLCA4 proteins, such as “proteolytic

» o«

cleavage”, “anchoring of the C-terminal subunit in the plasma membrane via a transmem-
brane (TM) domain”, “secretion of the N-terminal subunit”, glycosylation and enterocyte-
exclusive expression (Table 1) might be considered as a molecular symplesiomorphy and thus
be shared also by a common ancestor.

Such a hypothesis might gain some support from more distantly related species. In silico
analysis of the 940 aa chloride channel accessory 4 gene 1 (CLCA4.1, NP_001267595.1), a CLCA
homologue from Xenopus laevis, suggested heavy glycosylation and a strongly hydrophobic C-
terminus consistent with a transmembrane domain. RT-qPCR analysis had identified the gut
as an expressing tissue, however, the expressing cell type of this CLCA member is still
unknown [87]. Our comparison of the aa sequence of Xenopus CLCA4.1 (xCLCA4.1) with
gCLCAL1 and proteins of the mammalian CLCA 1, 3, and 4 identified a proteolytically active
HExxH site as well as a canonical cleavage site at position 696 (RSR-ALY) in the amphibian
CLCA member, which suggests a putative posttranslational cleavage of the protein. Thus, a
common CLCA ancestor might have been a glycosylated and cleavable transmembrane pro-
tein expressed in the intestine.

The three mammalian CLCA 1, 3, and 4, seem to have developed from duplication events
that did not happen in chicken. Gene duplication, as a key driver of evolution [88], is docu-
mented in nine vertebrate species for at least 37,000 genes [89]. Either, as the most common
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case [90], the duplication is completely lost or the duplicated gene becomes inactivated, result-
ing in pseudogenization. Pseudogenization is known for the CLCA3 gene in certain mammals
such as dry-nose primates, pigs, and sheep [51]. On the other hand, the duplication can be
maintained and adapted, resulting in the gain of a new function (neofunctionalization) or the
original function is now shared among both, the original and the duplicated gene (subfunctio-
nalization) [90]. Additional species-specific duplication events of clusters 3 and 4 have been
described in mammals. Three and two intact CLCA3 genes are present in the murine or bovine
CLCA locus, respectively [51]. Duplication of the CLCA4 gene has also been identified in the
pig and the mouse [51]. The duplication of functional CLCA genes in mammals seems to
amplify the expression pattern of this gene family. In contrast to the expression of the galline
CLCA1 and mammalian CLCA4 proteins in enterocytes, CLCA1 proteins are expressed by
mucin-producing cells such as goblet cells of the intestinal and respiratory tract [2,3,49,53].
The expression pattern of the duplicated CLCA3 members is broader than of other clusters
[51] and is not restricted to epithelial cells. CLCA3 members are also expressed in cells derived
from the mesoderm such as endothelial or smooth muscle cells [42]. In addition to the diver-
sity of the cellular expression pattern of mammalian CLCA proteins, structural variations in
terms of the lack of a transmembrane domain are evident in the CLCA proteins 1 and 3 com-
pared to 4 and the gCLCA1. The structural differences of the CLCA proteins and the diverse
expression pattern may reflect that the CLCA gene duplication events in mammals resulted in
a sub- or even neofunctionalization of the genes. The chicken lacks the diversity of mammalian
CLCA genes and the fully secreted CLCA 1/3 homologues seem to be dispensable for the
chicken. In contrast, the expression of a glycosylated, a single TM domain containing CLCA
protein like gCLCA1 or mammalian CLCA4 in the intestine suggests a taxon spanning, inte-
gral trait of CLCA homologues in this anatomical section.
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ABSTRACT

Recent studies have revealed the dynamic and complex evolution of CLCAI gene
homologues in and between mammals and birds with a particularly high diversity
in mammals. In contrast, CLCA2 has only been found as a single copy gene in
mammals, to date. Furthermore, CLCA2 has only been investigated in few mammalian
species but not in birds. Here, we established core genomic, protein biochemical and
expressional properties of CLCA2 in several bird species and compared them with
mammalian CLCA2. Chicken, turkey, quail and ostrich CLCA2 were compared to
their mammalian orthologues using in silico, biochemical and expressional analyses.
CLCA2 was found highly conserved not only at the level of genomic and exon
architecture but also in terms of the canonical CLCA2 protein domain organization.
The putatively prototypical galline CLCA2 (gCLCA2) was cloned and immunoblotting
as well as immunofluorescence analyses of heterologously expressed gCLCA2 revealed
protein cleavage, glycosylation patterns and anchoring in the plasma membrane
similar to those of most mammalian CLCA2 orthologues. Immunohistochemistry
found highly conserved CLCA2 expression in epidermal keratinocytes in all birds and
mammals investigated. Our results suggest a highly conserved and likely evolutionarily
indispensable role of CLCA2 in keratinocyte function. Its high degree of conservation
on the genomic, biochemical and expressional levels stands in contrast to the dynamic
structural complexities and proposed functional diversifications between mammalian
and avian CLCA1 homologues, insinuating a significant degree of negative selection
of CLCA2 orthologues among birds and mammals. Finally, and again in contrast to
CLCA1, the high conservation of CLCA2 makes it a strong candidate for studying basic
properties of the functionally still widely unresolved CLCA gene family.

Subjects Biochemistry, Evolutionary Studies, Genetics, Genomics, Molecular Biology

Keywords Evolution , CLCA, Avian, Mammal, Chicken, Ostrich, Turkey, Quail, Keratinocyte,
Skin

INTRODUCTION

Chloride channel regulators, calcium activated (CLCA) constitute a family of genes that
has been correlated to various disease conditions, including chronic inflammatory airway
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diseases (Hoshino et al., 2002; Nakanishi et al., 2001; Patel, Brett ¢ Holtzman, 2009; Range,
Mundhenk & Gruber, 2007), cystic fibrosis (Hauber et al., 2003; Ritzka et al., 2004; Young
et al., 2007) and cancer (Chen et al., 2019; Hou et al., 2017; Walia et al., 2009; Walia et al.,
20125 Yu, Walia ¢ Elble, 2013) and shows striking evolutionary dynamics (Bartenschlager
et al., 2022; Mundhenk et al., 2018). In general, CLCAs comprise a prototypical protein
domain architecture of a CLCA N-terminal (N-CLCA), a von Willebrand factor type A
(VWA), a beta sheet rich (bsr) as well as a carboxy (C)-terminal fibronectin type III domain
(fn3) that is separated from N-CLCA, vWA and bsr by proteolytical cleavage (Patel, Brett ¢
Holtzman, 2009). Some CLCAs contain a transmembrane (TM) domain that anchors the
C-terminal cleavage product in the plasma membrane (Bartenschlager et al., 2022; Braun et
al., 2010; Elble et al., 2006; Patel, Brett ¢ Holtzman, 2009; Plog et al., 2012a). CLCAs lacking
the TM appear completely secreted (Gibson et al., 2005; Mundhenk et al., 2006; Patel, Brett
& Holtzman, 2009; Plog et al., 2009).

On the genomic level, all CLCA genes in a given species are located within in a single
locus, which is consistently flanked by the Outer dense fibre of sperm tails 2-like (ODF2L)
and SH3-domain GRB2-like endophilin BI (SH3GLB1) genes (Bartenschlager et al., 2022;
Mundhenk et al., 2018; Plog et al., 2009). Although CLCA genes have been identified in
numerous avian, reptile, amphibian or fish species in the recent past, the main research
has been focused on CLCA homologues in mammalian species so far (Cunningham et al.,
2021). From the phylogenetic perspective, mammalian CLCA genes have been assigned
to four clearly distinct clusters (Mundhenk et al., 2018; Plog et al., 2009). While clusters 3
and 4 exhibit a complex arrangement of multiple genes that seemingly arose from several
independent duplication and inactivation events during the emergence of mammalian
species (Bartenschlager et al., 2022; Mundhenk et al., 2018), both CLCA clusters 1 and 2
comprise only one intact single gene in each mammalian species. Recently, we described
a CLCA locus in the genome of chicken (Gallus gallus) which is similarly flanked by
the galline ODF2L and the SH3GLBI genes (Bartenschlager et al., 2022; Mundhenk et al.,
2018). In contrast to the four mammalian CLCA (maCLCA) clusters, however, chickens
possess only two CLCA homologous genes, the galline CLCA1 (¢CLCAI) and gCLCA2.
From an evolutionary perspective, gCLCAI groups with mammalian clusters CLCA1/3/4
and might therefore be the avian representative of the monophyletic ancestor of this
group (Bartenschlager et al., 2022). In contrast to the genetically and functionally divergent
CLCA1/3/4 cluster, gCLCA2 seems to be much more conserved with gCLCA2 having a
close genetic relationship to maCLCA2 (Bartenschlager et al., 2022; Mundhenk et al., 2018).

Concordantly with the high degree of conservation, maCLCA?2 is consistently expressed
in keratinocytes of stratified epithelia such as those of skin or esophagus and in certain
glandular epithelia in all mammals investigated so far (Braun et al., 2010; Connon et al.,
20065 Connon et al., 2004; Erickson, Gruber ¢ Mundhenk, 2020; Hamalainen et al., 2021;
Plog et al., 2012b; Seltmann et al., 2018; Walia et al., 2012). It has been proposed that the
CLCA2 protein is involved in epithelial differentiation, growth arrest and maturation of
keratinocytes (Connon et al., 2004; Koegel ¢ Alzheimer, 2001; Ramena et al., 2016). Some
species-specific differences regarding the expression, however, have been revealed in the
mammalian respiratory tract, where human, porcine, and murine, but no feline CLCA2
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has been detected in airway submucosal glands (Diefert et al., 2015; Erickson et al., 2018).
Further, additional protein expression has been found in a specific subset of respiratory
epithelial cells of the bronchial bifurcation in mice (Dietert et al., 2015).

Aiming at clarifying the relevance of non-mammalian CLCA2, we characterized the
genomic organization and tissue und cellular expression patterns of CLCA2 in four bird
species, including chicken (Gallus gallus), turkey (Meleagris gallopavo), quail (Coturnix
species (sp.)), and ostrich (Struthio camelus). The genomic organization as well as the
protein domain architecture are described for the galline, quail and ostrich orthologues.
We further describe the biochemical properties of CLCA2 in chicken as a presumed
avian prototype. By comparison with its porcine, feline and murine CLCA2 homologues,
conserved architectural elements, specific traits of biochemical processing and tissue
expression patterns were identified, which will serve as the basis for functional investigations
and structure-function-correlations in the future.

MATERIAL AND METHODS

In silico sequence analysis of gCLCA2 and generation of antibodies
Detailed gene positions, sizes, gene and amino acid (aa) sequences from chicken, quail,
ostrich, pig, cat, and mouse CLCA loci were extracted from the NCBI (https:/www.ncbi.nlm.
nih.gov/) and Ensembl (http:/ivww.ensembl.org/index.html) databases as described by Plog
et al. (2009). NCBI or Ensembl identifiers for CLCA2 sequences used are listed in Fig. S1.
Exon-intron boundaries were established using WebScipio (Hatje, Hammesfahr ¢ Kollmar,
2013) and aligned by GenePainter (Hammesfahr et al., 2013). Predicted protein domains
were identified by the NCBI Conserved Domain Database (Lu et al., 2020), EMBL-EBI
HMMER web server (Potter et al., 2018), Phobius webserver (Kill, Krogh ¢ Sonnhammer,
2007), SOSUI (Hirokawa, Boon-Chieng ¢» Mitaku, 1998), SignalP 3.0 (Bendtsen et al.,
2004) algorithms and manual alignments. Asparagine (N)-linked glycosylation sites were
predicted using the NetNGlyc webserver 1.0 (http:/www.cbs.dtu.dkkervices/NetNGlyc)).
Turkey CLCA2 was not incorporated in the in silico analysis due to the low quality of the full-
length gene and aa sequences stored in the NCBI and Ensemble databases (XP_031410715.1,
XM_031554855.1, ENSMGAT00000009704.2). Phylogenetic relationship based on protein
sequences of galline, quail, ostrich, feline, porcine and murine CLCA2 sequences was
inferred by using the Maximum Likelihood method and JTT matrix-based model conducted
in the MEGA X software package with 100 bootstrap replicates (Tamura, Stecher ¢ Kumar,
2021) (S6).

Anti-gCLCA2 antibodies were generated similar to anti-porcine CLCA1 antibodies (Plog
et al., 2009). In brief, an oligopeptide corresponding to aa 875 to 888 (WTAPGDDFD-
KGQAA) in the C-terminal region of gCLCA2 was synthesized and conjugated with Limulus
polyphemus hemocyanin (LPH). The LPH- conjugated peptide was used for immunization
of two rabbits. Specific IgG-antibodies were isolated from the antisera using a cyanogen
bromide immunization-peptide coupled sepharose column and named gC2.
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Animals and tissues

In accordance with the 3R principle for the reduction of animal experiments, all tissues
used in this study were obtained from the veterinary diagnostic pathology tissue archive of
the Department of Veterinary Pathology, Freie Universitit Berlin, Germany (VetPathFU)
and originated either from the veterinary clinical diagnostic service unit or previous
experimental studies. No animal was bred, raised, kept or euthanized specifically for
this study. For chickens, 45 freshly frozen or formalin fixed and paraffin embedded
(FFPE) tissues (Table 52) from ten-week old female individuals (Gallus gallus domesticus,
Hampshire x White Leghorn, n = 3) and the gonads of age-matched male chickens
(Hampshire x White Leghorn, n = 3) were used from (Bartenschlager et al., 2022). In brief,
the tissues were by-products from slaughtered animals intended for human consumption.
The animals had been bred, housed, and slaughtered in the Albrecht Daniel Thaer-Institute
of Agricultural and Horticultural Sciences of the Humboldt-Universitit zu Berlin, Germany
under the permission of the State Office of Health and Social Affairs (approval number
IC 114-ZH70). Weight at harvest was 1-1.2 kg (females) and 1.3-1.5 kg (males). The
animals were raised in groups of 25, with infrared heat lamps offered until week five.
They were fed with fledgling rearing feed until week eight and young hen feed afterwards.
Miscanthus litter was used for housing enrichment. Harvesting was conducted according
to national guidelines, which includes anesthesia by head blow and rapid exsanguination
via jugular veins and carotid arteries. Females were harvested in the morning and males
in the morning of the following day. FFPE tissues for immunohistochemical analyses,
including esophagus and skin from shanks, abdomen and foot from one female and two
male ostriches (Struthio camelus), three male quails (Coturnix sp.), and skin from three
turkeys (Meleagris gallopavo) and skin of cats (Felis catus) were provided by the veterinary
clinical postmortem diagnostic service unit of VetPathFU with no association to animal
experiments. The tissues were obtained from the routine diagnostic spectrum to determine
the cause of death of animals kept by private owners and free of histopathological changes.
The permission to further use these tissues for research purposes was given by signature on
the necropsy submission form by the owners. Additionally, FFPE skin samples from each
of three mice and pigs from previous experimental studies (Braun et al., 2010; Plog et al.,
2012a approval numbers T 0104/06 and G 0323/06, respectively) were obtained from the
archive of VetPathFU and used for immunohistochemical analyses. In brief, 10-weeks-old
female C57BL/6] mice were kept in cages enriched with nesting material. All animals had
unlimited access to standard pelleted food and tap water. The room temperature was at
22 £+ 2 °C and the relative humidity at 45-65%. A 12-h light/dark cycle was maintained.
For experimental procedures, all mice were sacrificed by cervical dislocation in accordance
with the national guidelines. Furthermore, the piglets (Euroc x Piétrain) were 18 days
old, male, castrated and kept for four weeks in flatdeck compartments in groups of six
piglets enriched with playthings. All animals had unlimited access to mash food and tap
water. The room temperature was 28 °C at stabling and was gradually decreased to 22 °C
within 10 days with air humidity at approx. 65%. The light programme consisted of a 16 h
light and 8 h dark phase. With 45 days of age, all piglets were anesthesized with ketamine
hydrochloride (Ursotamin®, 10%; Serumwerk Bernburg AG, Germany) and azaperone
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(Stresnil®, Jansen-Cilag, Neuss, Germany) and euthanized using tetracaine hydrochloride,
mebezonium iodide and embutramide (T61®, Intervet, Germany). All efforts were made
to minimize animal discomfort and suffering.

Molecular cloning and sequencing of gCLCA2

The gCLCA2 open reading frame (ORF) was cloned as described with minor modifications
(Bartenschlager et al., 2022). In brief, the gCLCA2 ORF was amplified from a batch of
tissues including pharynx, crop, proctodeum and footpad from animal #2 (Table S2). The
gCLCA2 ORF was tagged with the enhanced yellow fluorescent protein (EYFP) at the
C-terminus by cloning it into the pEYFP-N1 vector (Clontech, Mountain View, California,
USA). The resulting plasmid (gCLCA2#2) was sequenced using the primer walking method
(Data S5). Three plasmids from independent experiments yielded identical results.

RT-qPCR tissue localization of gCLCA2 mRNA

mRNA expression was analyzed using RT-qPCR as described (Bartenschlager et al.,
2022). In brief, total RNA was isolated from galline tissues (Table S2), reverse
transcribed, and the cDNA diluted to a final concentration of 1 ng/ul. Specific exon
13/14-boundaries spanning primers (upstream: 5-CCAGGCTAACAGGACTACC-

3’; downstream: 5'-GAAACCTCCTCTTCTGACCTGAAC-3') were used to detect
gCLCA2 or the reference gene phosphoglycerate kinase (PGKI, upstream: 5'-
AAAGTTCAGGATAAGATCCAGCTG-3'; downstream 5'-GCCATCAGGTCCTTGACAAT-
3'; Olias et al., 2014) using a SYBR green qPCR assay (Thermo Fisher Scientific, Waltham,
MA, USA). The gCLCA2-PCR product corresponds to the gCLCA2 protein region
from aa760 to aa809 (QANRTTVPQTAMPWSHAMYIPGYVENGKLKMNPSRPPAI-
ENNVQVRRGGF). gCLCA2 mRNA was considered to be expressed when C;-values of 35
or less were detected in at least two out of three tested animals.

Transient transfection of HEK293 cells

HEK293 cells (ATCC, Manassas, Virginia, USA) were transiently transfected as described
with minor modifications (Bartenschlager et al., 2022). In brief, cells were grown in six-
well plates in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10%
heat-inactivated fetal calf serum (FCS), 1% HEPES, and 1% penicillin/streptomycin.
When reaching 80-90% confluence, the cells were transfected with 2 pg of a plasmid
containing gCLCA2#2 or EYFP alone (mock) using 8 pl polyethylenimine (PEI) per well.
12 h post transfection, the cells were washed with phosphate buffered saline (PBS) and
serum-free DMEM was added. 48 h after transfection, the cells of each well were lyzed
using 500 pl radioimmunoprecipitation assay (RIPA) buffer supplemented with a protease
inhibitor cocktail (complete Mini, EDTA-free, Roche Diagnostics, Rotkreuz, Switzerland).
The protein concentration of supernatants and cell lysates were quantified using the
bicinchoninic acid (Thermo Fisher Scientific, Waltham, Massachusetts, USA) method
prior to freezing at —20 °C.

Endoglycosidase treatment
For glycosylation analysis, lysates from gCLCA2-transfected cells were deglycosylated by
incubation with 25 U/ml endo H, 50 U/ml PNGase F or left untreated at 37 °C over night
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according to the manufacturer’s protocols (New England Biolabs, Ipswich, Massachusetts,
USA).

Immunoblotting

Cell lysates and supernatants of gCLCA2 transfected cells were analyzed using
immunoblotting as described with minor modifications (Bartenschlager et al., 2022). In
brief, samples of cell lysates or concentrated cell culture supernatant were reduced in 1,4-
dithiothreitol (DTT) and separated using a 10% SDS-polyacrylamide gel electrophoresis.
Proteins were transferred to a (PVDF)-membrane (https:/iwww.linguee.de/englisch-
deutschiuebersetzung/polyvinylidene+fluoride.html) and blocked with 5% non-fat milk.
Membranes were probed with antibody gC2 in a three-fold dilution series from 5 pg/ml
to 0.05 pg/ml, or mouse monoclonal anti-YFP (cat. G163; ABM, Vancouver, Canada)
diluted at 1:500, or mouse monoclonal anti-beta-actin (A5441, Sigma-Aldrich, St. Louis,
Missouri, USA) diluted at 1:1,000. Membranes were incubated with horseradish peroxidase-
conjugated goat anti-rabbit (115-035-068, Jackson Immuno Research Laboratories, Inc.,
West Grove, Pennsylvania, USA) or goat anti-mouse (111-035-144, Jackson Immuno
Research Laboratories, Inc.) secondary antibodies and developed using enhanced
chemiluminescence (Supersignal West Pico Plus, Thermo Fisher Scientific, Waltham,
MA, USA). The gCLCA2 protein was only detected by this technique when using the
anti-YFP antibody; however, it was undetectable when the gC2 antibodies were used.

Immunocytochemistry of transfected HEK293 cells

Immunocytochemistry was performed as described with minor modifications
(Bartenschlager et al., 2022). In brief, HEK293 (ATCC) cells were grown on 8-well
tissue chamber slides and transfected with gCLCA2#2 or EYFP- mock plasmids. 48 h
after transfection, the cells were briefly fixed in ice-cold methanol followed by a 4%
paraformaldehyde fixation for 10 min. After permeabilization with 0.1% Triton X-100 in
PBS and blocking with 10% goat normal serum (GS) and 0.05% Tween 20 in PBS, cells were
probed with untreated or pre-absorbed antibody gC2 each used at 2 ng/ml or irrelevant
affinity-purified rabbit polyclonal anti-porcine CFTR antibody (Plog et al., 2010) (S3).
Alexa fluor 568 conjugated goat anti-rabbit (AB_143157, Invitrogen, Carlsbad, California,
USA) were used as secondary antibodies followed by 4’, 6-diamidino-2-phenylindole
(DAPI) nuclear counterstain. All in vitro experiments were repeated three times.

Tissue and cellular localization of gCLCA2 protein using
immunohistochemistry and immunofluorescence

All galline tissues in which gCLCA2 mRNA was detected at C;-values below 35 were analyzed
via immunofluorescence to identify gCLCA2 expressing cell types. Furthermore, skin and
esophagus from chicken, ostriches, quails, as well as skin of turkeys, mice, pigs, and cats were
analyzed via immunohistochemistry. Immunofluorescence and immunohistochemistry
were performed as described with minor modifications (Bartenschlager et al., 2022).

In brief, FFPE-tissues were cut, mounted on adhesive glass slides, and dewaxed. For
immunohistochemistry, endogenous peroxidase was blocked by adding 0.5% H,0O, in
methanol. For immunofluorescence analysis, tissue sections of chickens were permeabilized
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with 0.1% Triton X-100 in PBS. Antigen was retrieved using 1 mg/ml recombinant protease
from Streptomyces griseus. Slides were blocked with 10% Roti-ImmunoBlock and 20%
GS in PBS for immunohistochemistry and 10% GS and 0.05% Tween 20 in PBS for
immunofluorescence, both for 30 min. The slides were probed with the immunopurified
gC2 or irrelevant affinity-purified rabbit polyclonal (anti-porcine CFTR, Plog et al., 2010)
antibodies at 2 pg/ml. Additionally, mouse monoclonal anti-cytokeratin (AE1/AE3,
M3515, Agilent Dako, Santa Clara, California, USA) antibodies were used at 1:400. For
immunofluorescence, Alexa fluor 568-conjugated goat anti-rabbit (AB_143157; Invitrogen,
Waltham, MA, USA) secondary antibodies were used diluted at 1:200, followed by DAPI
nuclear counterstain. For immunohistochemistry with AE1/AE3 primary antibodies, 3,3/-
diaminobenzidine (DAB) was added after incubation with goat anti-mouse biotinylated
secondary antibodies (BA-9200; Vector Laboratories, Burlingame, California, USA) diluted
at 1: 200 and an avidin-biotin complex. For immunohistochemistry with the gC2 primary
antibody, DAB was added after incubation with the Histofine Simple Stain Mouse MAX
PO anti-rabbit polymer kit (414341F; Nichirei Biosciences Inc., Tokyo, Japan). Potential
cross reactivity of the gC2 antibody with pig, cat, mouse, turkey, quail and ostrich CLCA2
orthologues was tested by epitope sequence alignment using the NCBI Protein Blast
(https:/blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins, Table $4).

RESULTS

Avian and mammalian CLCA2 genes and their overall protein
structures are conserved

Similar to mammals (Bartenschlager et al., 2022; Mundhenk et al., 2018), avian CLCA2
(aCLCA?2) are single-copy genes located directly adjacent to the ODF2L gene in all species
analyzed here (Fig. 1A). While in mammals the region between CLCA2 and SH3GLBI
comprise the complex and divergent CLCA1/3/4 locus, birds contain only one single
CLCAI gene (Fig. 1A). The presence of only two CLCA homologues but also the shorter
intronic and intergenic regions that correspond to the more compact organization of avian
genomes (Ellegren, 2005) make the consensus avian CLCA gene locus much smaller than
that in mammals (Fig. 1A, Bartenschlager et al., 2022). The aCLCA2 genes comprise 14
exons that encode for a single, putatively functional protein in all bird species analyzed
here (Figs. 1B, 2), identical to all mammals investigated to date (Patel, Brett ¢~ Holtziman,
2009). The nucleotide numbers vary in only four exons by three to nine nucleotides
between avian and mammalian CLCA2 genes (Fig. 1B), causing only slightly distinct
protein lengths (Fig. 2). Overall, our findings establish a high degree of evolutionary
conservation of the genomic CLCA2 architecture across birds and mammals (Fig. 1B).
For all CLCA2 orthologous genes investigated here, the predicted proteins share the
canonical CLCA protein domain architecture as described (Patel, Brett ¢ Holtzman, 2009).
In silico prediction suggests a signal peptide within the first 22 to 43 aa, indicating entry
into the secretory pathway which is a highly conserved trait in all avian and mammalian
CLCA2 sequences (Fig. 2). An N-CLCA domain (PFAM identifier: pfam08434) containing
a proteolytic HExxH-motif and a cysteine-rich domain is prepended to a vWA domain
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(PFAM identifier: pfam13519) and a bsr domain (Fig. 2, S1, Patel, Brett ¢» Holtzman, 2009).
In contrast to other CLCA proteins but consistent with maCLCA2, the vWA domain of
CLCA2 of birds does not contain an intact metal ion dependent adhesion site (MIDAS,
DxSxS-T4-D5). In concordance to maCLCA2, an fn3 (PFAM identifier: PF00041) and a
TM domain are predicted in the C-terminal cleavage product for aCLCA2 (Fig. 2, Fig.
S1). The presence of designated beta4-integrin binding motif (IBM, consensus sequence
F(S/N)R(I/L/V)(S/T)S, Abdel-Ghany et al., 2003) appears less consistent. Human and
porcine CLCA2 show such an IBM within the VWA domain (human aa480-485: FSRISS
(Patel, Brett & Holtzman, 2009), pig aa480-485: FSRISS, Fig. S1) while it is absent from
chicken, quail, ostrich, feline and murine CLCA2 (Fig. S1). Another IBM motif is lacking
in the C-terminal cleavage product of birds and pigs whereas such a motif was found in
human, feline and murine CLCA2 (human aa480-485: FSRISS (Patel, Brett ¢ Holtzman,
2009), cat aa741-746: FSRVSS, Fig. S1, mouse aa740-745: FSRVSS (Patel, Brett ¢» Holtzman,
2009), Fig. S1).

Noteworthy, aCLCA2 amino acid (aa) sequences are 921 to 930 aa long and therefore
shorter than all of their mammalian homologues with 942 to 944 aa (Fig. 2). In addition,
aCLCA2 do not contain a predicted glycosylation site after the predicted transmembrane
domain (Fig. 2).

A phylogeny based on galline, quail, ostrich, feline, porcine and murine CLCA?2 protein
sequences revealed a monophyletic aCLCA2 group separate from maCLCA2 (Fig. S6).

The gCLCA2 protein shares many biochemical properties with
mammalian CLCA2 proteins
Posttranslational cleavage

The cleavage of a precursor protein into a larger N- and a shorter C-terminal subunit
belongs to the conserved properties of all maCLCA proteins (Patel, Brett ¢» Holtzman,
2009). It is thought to be mediated by the zinc-binding HExxH motif in the N-CLCA
domain, cleaving the protein at a canonical cleavage site (Bothe et al., 2012; Lenart et al.,
2013; Pawlowski et al., 20065 Yurtsever et al., 2012). Consistently, canonical HExxH motifs
and putative proteolytic cleavage sites were identified in aCLCA2 proteins (Fig. 2). The
predicted cleavage was verified in vitro for gCLCA2 as a putative avian prototype by
immunoblot analysis of lysates from heterologously transfected HEK293 cells. A band
consistent with a precursor protein at approx. 145 kilodalton (kDa) and a band consistent
with the C-terminal cleavage product of approx. 57 kDa were detected (Fig. 3), suggesting
that posttranslational cleavage of CLCA?2 also occurs in chicken.

N-glycosylation and cleavage in the medial Golgi

maCLCA?2 proteins are multiple N-linked glycosylated (Braun et al., 2010; Elble et al., 20065
Gruber et al., 1999; Plog et al., 2012b). Consistently, our in silico analyses predicted five N-
linked glycosylation sites for aCLCA2 (Fig. 2). To verify this prediction experimentally,
lysates from gCLCA2- transfected HEK293 cells were treated with endoglycosidases endo
H and PNGase F and immunoblotted to identify the kind and extent of glycosylation.
The approx. 145 kDa precursor protein was sensitive to endo H and PNGase F treatments
(Fig. 4), resulting in a size shift from approx. 145 kDa to approx. 130 kDa, suggestive
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Figure 1 The genomic architecture of avian and mammalian CLCA2 genes is highly conserved while
CLCA1 homologues are diverse only in mammals but not in birds. (A) Boxes indicate genes, black lines
illustrate intergenic regions. Box colors highlight CLCA orthologues with white boxes indicating neighbor-
ing genes. Gray areas indicate regions of high sequence homology. The avian CLCA loci are scaled 2-fold
larger for illustrative purposes. kb, kilobases. (continued on next page...)

Full-size Gal DOI: 10.7717/peer;j.14202/fig-1
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Figure 1 (...continued)

(B) The exon architecture of avian and mammalian CLCAZ is highly conserved. Identical to mammals,
aCLCA2 genes are encoded by 14 exons with concurring exon lengths in exons 2, 3, 4, 6, 8,9, 10 and 11.
Black boxes represent exons and blue boxes depict introns. Gaps in the alignment are highlighted in yellow
for exons and in grey for introns. Large grey digits at the top indicate exon numbers, small black digits in-
dicate base pairs per exon. bp: base pairs.

SP  N-CLCA VWA bsr X  f3 T™
HExxH
y | 155-158| "| | | | 700
ol ol 1 1 ol
930 aa il i 1 1 i
275 417 592 687 841
) 155 - 158 700
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921 aa i i1 i noi i
60 22 270 587 627 682 805,810,836
164 - 168 708
j I 0 a0 3
944 aa i 1 i1 1 i i M 1
74 97 231235 202 522 637 682 822 939
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gég = glycosylation site

Figure 2 Avian and mammalian CLCA2 proteins share the canonical CLCA2 predicted protein archi-
tecture. Graphical alignment of CLCA2 orthologues. Protein domains are indicated by boxes in shades of
blue and entitled by: SP, signal peptide; N-CLCA, N-CLCA domain; VWA, von Willebrand factor type A
domain; bsr, beta sheet rich domain; fn3, fibronectin type III domain; TM, transmembrane domain. Yel-
low vertical boxes illustrate HExxH-motifs, red vertical boxes and the scissor sketch depict putative cleav-
age sites, vertical red lines constitute cysteines. Numbers indicate aa positions or lengths, respectively.
Full-size & DOL: 10.7717/peerj.14202/fig-2

of an immature high mannose-type glycosylation pattern. In contrast, the C-terminal
cleavage product was resistant to endo H treatment but sensitive to PNGase F treatment,
as suggested by a reduction in size from approx. 57 kDa to approx. 54 kDa (Fig. 4).
Our results indicate that virtually all predicted sites might be glycosylated, presuming a
molecular weight of approx. 3 kDa per glycosylation (Pult et al., 2011). Furthermore, the
complex high mannose-rich glycosylation pattern of the C-terminal cleavage products,
in contrast to the immature glycosylated precursor protein, suggests cleavage of gCLCA2
early in the medial Golgi, similar to what has been observed for the murine CLCA2 (Braun
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Figure 3 Posttranslational cleavage of the gCLCA2 precursor protein. Left panel: illustration of protein
cleavage: N-CLCA: N-CLCA domain, vVWA: von Willebrand factor type A domain, bsr, beta sheet rich do-
main; fn3, fibronectin type III domain; TM, transmembrane domain; EYFP, enhanced yellow fluorescent
protein tag; scissor sketch, putative cleavage site; Y, antibody binding site. Right panel: immunoblot analy-
sis of lysates from gCLCA2 or EYFP-mock plasmid transfected HEK293 cells using an anti-EYFP antibody.
An asterisk (*) indicates uncleaved precursor protein, a hash (#) indicates C-terminal cleavage product.
To control for equal total protein loading, the samples were identically immunoblotted with primary anti-
beta-actin antibodies (bottom panel). Representative image of three independent experiments are shown.
Full-size & DOI: 10.7717/peer;j.14202/fig-3

et al., 2010). Thus, glycosylation and cleavage in the medial Golgi also appear as conserved
traits.

Anchoring in the plasma membrane

Identically to its maCLCA2 orthologues, a TM domain in the C-terminal subunit was
predicted for aCLCA2, which anchors the protein to the plasma membrane (Fig. 2; Braun et
al., 2010; Elble et al., 2006; Gruber et al., 1999; Plog et al., 2012b). Consistently, a prominent
green autofluorescent EYFP signal was detected along the plasma membrane of HEK293
cells transfected with the gCLCA2 construct that contained an EYFP tag downstream to
the TM domain (Figs. 5A and Figs. 5B1). A coinciding signal (Fig. 5B3) was found by
immunocytochemistry using the anti-gC2 antibody directed against the fn3 domain of
the protein, which is located upstream to the C-terminal transmembrane domain (Fig.
5B2). This is in contrast to the diffuse green signal of cytosolic EYFP protein (Fig. 5C).
Therefore, anchorage of the CLCA2 protein in the cell membrane via a TM domain seems

also conserved with mammals.

aCLCA2 is expressed in stratified squamous epithelia of skin and
mucous membranes

The tissue and cellular expression patterns of gCLCA2 were examined at the mRNA- and
protein-levels. gCLCA2 mRNA was detected by RT-qPCR in all tested locations of the skin
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Figure 4 gCLCA2 is a multiple N-linked glycosylated protein and cleaved early in the medial golgi. Left
panel: illustration of protein cleavage and deglycosylation: scissor sketch, cleavage; Y, antibody binding
site; PC, precursor protein; CC, C-terminal cleavage product; asterisk, deglycosylated, uncleaved precur-
sor protein; hash, deglycosylated C-terminal cleavage product. Right panel: immunoblot analysis of lysates
from HEK293 cells transfected with gCLCA2 or the EYFP-mock plasmids (C), using an anti-EYFP anti-
body. Lysates were treated with endoglycosidases endo H (H), PNGase F (F) or left untreated (U). To con-
trol for equal total protein loading, the samples were immunoblotted with anti-beta-actin antibodies (bot-
tom panel). Representative image of three independent experiments.

Full-size B8 DOL: 10.7717/peerj.14202/fig-4

(back, foot, wattle, ball of the foot, proctodeum) and skin appendages (feather follicle, beak,
uropygial gland) as well as in organs with keratinizing mucosal membranes, such as the
nose, pharynx, esophagus, crop, and proctodeum (Fig. 6, Table 52). Additionally, gCLCA2
mRNA was found in the trachea, cecum, kidney, bursa of Fabricius, thyroid gland, sciatic
nerve, eye and in the liver (Fig. 6, Table S2). gCLCA2 protein was exclusively detected
immunohistochemically in keratinocytes of the skin, skin appendages and keratinizing
mucosal membranes of the larynx, esophagus and crop (Fig. 7A, Fig. 53). gCLCA2 was
localized in all layers of the stratified epithelium similar to the epithelial cell marker
cytokeratins (Fig. 7B). At the subcellular level, signals consistently appeared as multiple,
evenly distributed dots within the cytosol, with no specific signal enrichment detected at the
plasma membrane. However, we failed to detect the CLCA2 protein in other tissues with
notable gCLCA2 mRNA presence (Fig. 6). Abundant expression in epidermal keratinocytes
appears as a consistent hallmark of CLCA2 proteins, as verified in chicken, turkeys, quails,
ostriches, cats, pigs and mice (Fig. 8).

DISCUSSION

Previous investigations on the CLCA gene family have revealed unusually complex
evolutionary developments in some of its members (Bartenschlager et al., 2022; Mundhenk
et al., 2018). The divergent cluster of mammalian CLCA1/3/4 genes is characterized by
multiple and independent duplication and inactivation events. This suggests flexible
adaptation to environmental conditions and separation and specification of gene functions
(Mundhenk et al., 2018; Patel, Brett ¢ Holtzman, 2009; Plog et al., 2015). In sharp contrast,
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Figure 5 Heterologously expressed gCLCA2 is associated with the plasma membrane. (A) illustration
of the anti-gCLCA2 binding site: N-CLCA, N-CLCA domain; vVWA, von Willebrand factor type A do-
main; bsr, beta sheet rich domain; scissor sketch, putative cleavage site; fn3, fibronectin type III domain;
TM, transmembrane domain; EYFP, enhanced yellow fluorescent protein tag; Y, antibody binding site. (B)
auto- and immunofluorescent localization of the C-terminal cleavage product of gCLCA?2 using antibody
gC2 in HEK293 cells transfected with the gCLCA2 plasmid. B1, green signal; EYFP, autofluorescence; B2,
red signal anti-gCLCA2 immunofluorescence; B3, orange; merged signals of EYFP autofluorescence and
anti-gCLCA2 immunofluorescence. Alexa fluor 568-conjugated secondary antibodies. (C) autofluores-
cence (green signals) of HEK293 cells transfected with the EYFP mock plasmid. Bars indicate 20 jLm. Rep-
resentative images of three independent experiments are shown.

Full-size Gal DOI: 10.7717/peerj.14202/fig-5

the CLCA2 gene appears as a consistent single intact gene in mammalian and avian species
examined here (Fig. 1A). It thus appears that CLCA2 is the most conserved gene of the
family, providing an opportunity to gain a consistent and detailed insight into basic
properties of CLCA genes. Here, our systematic comparisons of the CLCA2 genomic and
protein structures, biochemical properties and tissue as well as cellular expression levels
confirmed the high degree of conservation within and between birds and mammals.
Similar to all previously studied CLCA genes, avian CLCA2 (aCLCA2) genes are encoded
by 14 exons with small in-frame deletions, compared to maCLCA2 (Fig. 1B), leading to
slightly shorter protein sequences. Furthermore, aCLCA2 match the canonical protein
architecture of CLCA that had been described for mammalian species (Braun et al., 2010;
Elble et al., 2006; Evans, Thoreson & Beck, 2004; Patel, Brett & Holtzman, 2009; Plog et al.,
2012b), namely the consecutive sequence of a signal peptide followed by the domains
N-CLCA, vWA, bsr, fn3. These domains as well as the consistent proteolytic cleavage motif
located between bsr and fn3 might constitute a not yet defined common functional property
of intact CLCA gene family members. Obviously, however, the evolutionary turnover

Bartenschlager et al. (2022), PeerJ, DOI 10.7717/peerj.14202 13/25
59


https://peerj.com
https://doi.org/10.7717/peerj.14202/fig-5
http://dx.doi.org/10.7717/peerj.14202

Peer

281

29

30 T
(]

314

521 T

331

351 I

Ct-value

361 1
37— — — — .
& @ » S & L @ ¢ ¥ Q.2 & P @ @
WAL OGN SV S W G G Vg
e & S ¥y & F L& LSV
& & L & & b P T E TS
é 4 © ,‘6 Q) & \( N
» R & o g
* &L
o

Figure 6 Abundant gCLCA2 mRNA was detected by quantitative RT-PCR in tissues containing kera-
tinizing epithelium. Black dots represent median Ct values, error bars indicate the range. n = 3 animals
per group. Ct, cycle threshold.

Full-size Gl DOI: 10.7717/peerj.14202/fig-6

has modified functional properties, as suggested by the lack of an otherwise consistent
TM domain in maCLCAL1 (Bartenschlager et al., 2022). Similarly, an intact MIDAS site
that is present in the mammalian CLCA1/3/4 cluster and its avian CLCA1 orthologue
(Bartenschlager et al., 2022) was found to be interrupted in CLCA?2 proteins in mammals
and birds. This conserved feature of CLCA2 might point to a similar sub-functionalization
in mammals and birds.

Cleavage of gCLCA2 into a larger N-terminal part and a smaller membrane-anchored
C-terminal tail is presumably caused by proteolytic cleavage between the bsr and fn3 domain
in the medial Golgi. This is similar to what has been found in its murine orthologue (Braun
et al., 2010) whereas the human orthologue is cleaved extracellularly after its insertion into
the plasma membrane (Elble et al., 2006). Thus, cleavage in the medial Golgi appears to be
the evolutionarily older, prototypical process, which might have been changed in certain
lineages, including humans.

The CLCA2 protein was consistently found to be expressed in epidermal keratinocytes of
various cutaneous and mucosal body coverings of chicken, turkey, quail and ostrich. This
highly select cellular protein expression is similar to that of human, murine, feline, and
porcine orthologues (Braun et al., 2010; Connon et al., 2006; Connon et al., 2004; Erickson,
Gruber & Mundhenk, 2020; Hamalainen et al., 2021; Plog et al., 2012b; Seltmann et al.,
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Figure 7 Immunofluorescence localization of the gCLCA2 protein in the cells of stratified/cornified
epithelia of the skin, mucus membranes and feather follicles. (A) Immunofluorescence on galline tissues
using the gC2 antibody (left panels), compared to hematoxylin and eosin (HE) stained tissue sections of
FFPE-samples (right panels) for structural comparisons. Alexa fluor 488-conjugated secondary antibodies
were used for visualization (green) and DAPI as nuclear (continued on next page...)
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Figure 7 (...continued)

counterstain (blue). Bars: 10 um. (B) the gCLCA?2 protein is located in stratified epithelial cells charac-
terized by the expression of cytokeratins. Left panel: Immunofluorescent localization of the gCLCA2 pro-
tein in stratified epithelium of wattle skin using antibody gC2 and Alexa fluor 488-conjugated secondary
antibodies with DAPI nuclear counterstain (blue). Central panel: immunohistochemical localization of
acidic and basic cytokeratins in a serial tissue section using the AE1/AE3 antibody cocktail, biotinylated
anti-mouse IgG secondary antibodies conjugated with horseradish peroxidase and DAB as chromogen
(brown) with hematoxylin counterstain (blue). Right panel: tissue morphology visualized using hema-
toxylin (blue) and eosin (pink) stain on a consecutive tissue section. Bars: 10 jLm. Representative images
of sections from three animals.

2018). Despite the obvious differences of avian and mammalian skin anatomy (Akat et
al., 2022), CLCA2 expression in keratinizing epithelial cells seems to be highly conserved,
supporting the notion that skin and skin appendages including hair in mammals and
feathers in birds share a common ancestry (Di-Poi ¢ Milinkovitch, 2016). The idea of the
symplesiomorphic nature of CLCA2 protein abundance in hair (Plog et al., 2012b) and
feather follicles might be extended to other sites as well. It had been reported that corneal
epithelial cells of galline embryos express CLCA2 protein (Connon et al., 2006). Like in
skin, hair and feathers, expression in corneal epithelial cells is plausible as they derive from
a common ectodermal origin with keratinocytes. Accordingly, gCLCA2 specific nRNA was
found in the ten-week old chicken eye in our study, while no protein was detected using
immunohistochemistry. It will be interesting to explore whether impaired sensitivity for
protein detection was the reason for this discrepancy or if CLCA2 expression in corneal
epithelial cells depends on the developmental status. Similarly, the detection of gCLCA2
mRNA in several other tissues, albeit at lower mRNA expression levels, with concomitant
lack of detectable CLCA2 protein is in line with similar findings on murine CLCA2 (Braun
et al., 2010). On the one hand, the gCLCA2 specific amplicon detected by RT-qPCR is
slightly (129 nucleotides) upstream to the sequence that encodes the antibody-binding site
for the anti-gCLCA?2 antibody used in this study. Therefore, it cannot be fully excluded that
these tissues, which apparently express gCLCA2-mRNA but lack expression of gCLCA2
protein, may express truncated or otherwise modified variants of gCLCA2. On the other
hand, this discrepancy underscores established difficulties in exploring gene products
that appear at low expression levels or are restricted to small niches of expression sites.
Theoretically, non-translated transcripts of CLCA2 might also have regulatory properties,
but to our knowledge, no such mechanisms have ever been proposed for any member of
the CLCA gene family. For this reason, we propose the most relevant role of CLCA2 in
keratinocytes of skin, hair and feather follicles in mammals and birds, respectively. The
highly conserved expression in the epidermis may suggest an indispensable role for CLCA2
in keratinocyte function during the course of evolution. It remains to be established,
however, to which functional aspect this may pertain, including skin barrier function,
osmolar homeostasis, cell signaling or local immunity.

Despite the fact that most of the assessed traits appear conserved between aCLCA2 and
maCLCA2, two inconsistencies were found: first, while we failed to detect the gCLCA2
protein in the airways of chicken, it is abundantly expressed in epithelial cells of the
respiratory tract of some albeit not all mammals (Dietert et al., 2015). Given the established
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Figure 8 CLCA2 expression is conserved in viable epidermal keratinocytes across avian and
mammalian species. Inmunohistochemistry using the gC2 antibody and an irrelevant control antibody
(anti-porcine CFTR). Biotinylated anti-mouse secondary antibodies and DAB as chromogen (brown) and
hematoxylin counterstain (blue). Gray scalebar: species divergence in million years. Black bars: 20 pum.
Representative images of sections from three animals per species.

Full-size & DOI: 10.7717/peerj.14202/fig-8

evolutionary relationships, this may propose a potential adaptation of CLCA2 in the
respiratory tract during mammalian evolution and its subsequent loss in cats or other
carnivores. Theoretically, a more ancient function of CLCA2 in the respiratory tract
and an independent loss in avian and select mammalian species may be conceived,
possibly to be confirmed in a common ancestor of avian and mammals. Even more
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complicated to interpret is the presence of IBM motifs in the vWA and fn3 domains of
CLCA2 that are thought to mediate cell-cell adhesion via interaction between CLCA2
and beta4-integrin (Abdel-Ghany et al., 2003; Abdel-Ghany et al., 2001). However, the
inconsistency of functional data on this motif and its relatively loose consensus sequence
F(S/N)R(I/L/V)(S/T)S raise doubt on whether this motif has any physiological function in
CLCA2.

To date, knowledge about functional properties of CLCA?2 are still limited, as is the
case for CLCA proteins in general. CLCA2 seems to lack significant associations with
human diseases, (OMIM Database entry #604003), which is usually the prime driver for
generating animal models to investigate more complex functions in vivo. This is in contrast
to ma CLCA]I, for which its proposed role as modifier in cystic fibrosis (Hauber et al., 2003;
Ritzka et al., 2004; Young et al., 2007) has stimulated the generation of several knockout
models in mice (Erickson et al., 2018; Erickson et al., 2015; Long et al., 2006; Mundhenk et al.,
20125 Nystrom et al., 2018; Patel et al., 20065 Robichaud et al., 2005). The lack of a relevant
phenotype in any of these models raises general reservations regarding the suitability of
deleting a gene for exploring its function, but in the case of CLCA, the interpretation
was complicated even further. The similar protein architectures of CLCAs and, at least in
mice, the overlapping tissue expression patterns of CLCA1 and CLCA2 (Long et al., 2006;
Mundhenk et al., 2012; Patel et al., 2006; Robichaud et al., 2005) immediately suggested
a functional cross-compensation between different CLCA members in the respiratory
tract. Given the tissue expression pattern of distinct CLCA members in the epidermis
of mice (Seltmann et al., 2018), a mutually overlapping and possibly redundant function
of certain CLCAs would also question the suitability of the mouse as model organism
for studying CLCA2 function keratinocytes. In chicken, however, the overall architecture
of the CLCA locus is much less complex than that in mammals (Bartenschlager et al.,
2022; Mundhenk et al., 2018). Moreover, the non-overlapping expression of gCLCAI in
enterocytes (Bartenschlager et al., 2022) and gCLCA2 in keratinocytes largely excludes the
possibility of mutual compensation in chickens. In combination with the high degree of
conservation among avian and mammalian CLCA2 and the recent progress in genome
editing techniques in birds (Chojnacka-Puchta ¢ Sawicka, 2020; Morin, Véron ¢ Marcelle,
2017), the simple structure of the galline CLCA gene locus together with its distinct
expression pattern might provide a suitable setting for in vivo explorations of CLCA2
functions using genetically edited chickens.

CONCLUSIONS

Our data provide strong evidence for a high conservation of CLCA2 in mammalian and
avian species during evolution. This is in stark contrast to the dynamics and proposed
complex functional adaptations in the CLCA1/3/4 cluster. The slow evolutionary dynamics
of CLCA2 genes insinuates a significant degree of negative selection and a strong functional
conservation of CLCA2 orthologues among birds and mammals, particularly in epidermal
keratinocytes. This proposes gCLCA2 as a suitable object for studying basic functional
properties of CLCA 2. Furthermore, the simple structure of the CLCA locus in birds and
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distinct and rather simple expression patterns in chicken may serve as an ideal frame to
experimentally address overall CLCA functions in the latter, rather than in mammals.
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Concluding discussion and outlook

This cumulative thesis aimed to characterize the two recently predicted galline CLCA members
(Mundhenk et al. 2018) in terms of exon-intron structure, protein domain architecture,
biochemical properties and protein expression. By comparison with the mammalian CLCA
clusters 1-4, conserved traits and differences between the two galline CLCAs and mammalian
CLCAs were identified. These analyses provided evidence for the most likely evolutionary
scenario of the CLCA gene family among avian and mammalian species.

1.8 A hypothetical ancestral CLCA1 gene diversified in mammals but not in birds

Recently published phylogenetic analyses of galline and mammalian CLCA protein sequences
revealed a monophyletic group of gCLCA1 and mammalian CLCAL, 3 and 4 separate from a
monophyletic group of gCLCA2 and mammalian CLCA2 (Mundhenk et al. 2018). This finding
was in accordance to the results obtained from a protein domain specific analysis including the
CLCA sequences of twelve avian species and fifteen mammalian species, as it is illustrated in
publication 1 (chapter 1.6). Noteworthy, all avian CLCAL sequences formed a monophyletic
group separate from the mammalian CLCA 1, 3 and 4 sequences in each of the analyzed
domain. When phylogenetic relationships of the domains were investigated, variable genetic
distances between avian CLCA1 and mammalian CLCA1, 3 and 4 were detected (publication
1; chapter 1.6). However, and in accordance to the phylogenetic analysis of full length gCLCA1
and mammalian CLCA1, 3 and 4 protein sequences (Mundhenk et al. 2018), the first nodes of
avian CLCA1 and mammalian CLCA3 had the closest distance in most of the analyzed
domains (publication 1; chapter 1.6). Based on the phylogenetic trees provided in publication
1 (chapter 1.6), mammalian CLCA3 had a closer genetic distance to mammalian CLCA4 than
to CLCAL in all domains, except for the VWA domain. These aa sequence-based data suggest
a diversification of an ancestral CLCA1 that ended up in complex, highly dynamic and often
lineage-specific patterns of duplication events in the mammals, which seem to not have

happened in birds.

But which properties in terms of gene structure, protein architecture, protein biochemistry and
cell type specific expression pattern does an avian CLCA1 possess? And moreover, does an
avian CLCA1 combine all the characteristics that are split into three specialized mammalian
protein clusters? To address these questions, in silico analyses of the galline CLCA1 gene and
protein were performed. Furthermore, the gene was cloned, its protein biochemical properties
and mRNA expression as well as its cell specific protein expression in tissues were analyzed.
The gCLCAL protein is encoded by 14 exons and has a protein domain architecture as it was
described for mammalian CLCA1, 3 and 4 proteins (publication 1; chapter 1.6). This
architecture includes a signal sequence and the N-CLCA, VWA, bsr, and fn Il domains. In

addition, a putative cleavage site similar to that of mammalian CLCA1, 3 and 4 was detected
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in silico (publication 1; chapter 1.6). Interestingly, and in accordance to CLCA4 proteins, a TMC
was present as described in publication 1 (chapter 1.6). Moreover and as demonstrated for
mammalian CLCA4, gCLCAL1 is a heavily asparagine-linked glycosylated, cleaved protein
(publication 1; chapter 1.6). The N-terminal fragment was secreted, while the C-terminal
cleavage product remained associated with the cell membrane (publication 1; chapter 1.6).
Interestingly, when the catalytic site responsible for self-cleavage was mutated, the cleavage
was completely abrogated in gCLCAL, as it was described only for mammalian CLCA1
(Pawtowski et al. 2006; Bothe et al. 2011; publication 1; chapter 1.6). These findings support
hypotheses 1.5.1 and 1.5.2 and indicate that the gene structure, protein domain architecture,
heavy glycosylation, cleavage and secretion of the N-terminal fragment are ancient
characteristics, which were likely also present in an ancestral CLCAL (scientific question
1.5.6).

Remarkably, gCLCAL protein was exclusively found in a single cell type: in analogy to CLCA4
in mammals, it was expressed along the apical surface of enterocytes in villi and crypts along
the galline alimentary canal. However, no other cell types, as for example goblet cells which
are known to express mammalian CLCA1 were positive for gCLCA1 (publication 1; chapter
1.6). This finding did not support hypothesis 1.5.3 but suggests the expression in enterocytes
as an old, conserved trait, which was likely also present in an ancestral CLCA1 (scientific

guestion 1.5.6).

Taken together, the phylogenetic relationship between gCLCA1 and mammalian CLCAL, 3
and 4, as well as their biochemical properties and cell-specific protein expression patterns
allow speculations about the evolution of these genes among birds and mammals. Based on
the mentioned data of mammalian CLCA1, 3 and 4 as well as the galline CLCAL1, a hypothetical
ancient CLCA1 gene was likely expressed in intestinal enterocytes in villi and crypts along the
alimentary canal of an avian-mammalian ancestor. Also, the encoded protein might have been
heavily glycosylated and cleaved. A TMC likely associated the C-terminal cleavage product
with the plasma membrane, while the N-terminal fragment might have been secreted. The
hypothetical ancestral CLCA1 putatively underwent genetic duplications in the mammalian
lineage, but not in the avian phylum. This likely resulted in an adaptive radiation of these genes
only in mammals. For some of the mammalian species, there are preliminary data available
that support the model of gene subfunctionalization after duplication. For example, a spatial
separation of the expression of the two porcine CLCA4 proteins in villus (CLCA4a) and crypts
(CLCA4Db) might indicate such a subfunctionalization process on the level of protein expression
(Plog et al. 2012a; Plog et al. 2015). In parallel, the pseudogenization of CLCA4b in a porcine
subpopulation (Plog et al. 2015) supports the hypothesis on the highly dynamic evolution of

these genes in mammals. The spatial expressional separation of both porcine CLCA4 proteins
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indicates a subfunctionalization prior to inactivation by pseudogenization of CLCA4b. This
suggests the pseudogenization of CLCA4b as a recent event in the history of domestic pigs
(Plog et al. 2015).

1.9 The strong conservation of CLCA2 in keratinocytes implicates an important
function in these cells

Phylogenetic analyses revealed a close genetic distance not only between the galline CLCA2
and mammalian CLCA2 but even among mammalian CLCA2 aa sequences (Mundhenk et al.
2018). This finding provided first evidence for a high degree of conservation of these
orthologues and raised questions on the kind and extent of this conservation regarding exon-
intron structure, protein architecture, biochemical properties and protein expression in the
mammalian and avian taxa. The three analyzed avian CLCA2 orthologous proteins of ostrich,
chicken and quail are all encoded by 14 exons, as it is the case for mammalian CLCA2
(publication 2; chapter 1.7). Interestingly, not only the number of exons in avian and
mammalian CLCA2 were identical, but a majority of exons also corresponded to each other in
their number of nucleotides (publication 2; chapter 1.7). These data support the hypothesis
1.5.1 and demonstrate the high degree of conservation in the exon-intron structure of avian
and mammalian CLCAZ2.

A multiple sequence alignment of avian and mammalian CLCA2 protein sequences revealed
a typical CLCAZ2 protein domain architecture in avian CLCAZ2 as it was reviewed by Patel for
mammals (Patel et al. 2009). Both taxa have an N-CLCA, a VWA, a bsr, a fn lll and a TMC
domain. In contrast to mammalian CLCAL, 3 and 4 (Patel et al. 2009), mammalian CLCA2
proteins lack an intact metal ion dependent adhesion site (MIDAS) in the VWA domain. This
lack of an intact MIDAS was also found in all avian CLCA2 aa sequences (publication 2;
chapter 1.7). For a second CLCA-typical aa motif, the beta4-integrin binding motif, the results
were less consistent. The presence, the location and the number of the beta4-integrin binding
motifs were inconsistent among mammalian CLCA2 sequences and completely absent in
avian CLCA2 proteins (publication 2; chapter 1.7). These findings support the hypothesis 1.5.4
in terms of protein domain architecture with the exception of the absence of a beta4-integrin
binding motif in avian CLCA2. This aa motif appears to be a lineage specific trait with a high
degree of variation in mammals. These results suggest this motif to be under divergent

selection compared to other parts of the protein in mammals.

Biochemical properties were analyzed for the galline CLCA2 protein as a putative avian
prototype. The cloned, heterologous expressed gCLCA2 appeared to be a cleaved,
glycosylated protein possessing a TMC (publication 2; chapter 1.7) as it was described for

mammalian CLCA2 (Elble et al. 2006; Braun et al. 2010). The conservation of protein
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biochemical properties of CLCA2 among chicken and mammalian species support the
hypothesis 1.5.4.

Remarkably, the galline CLCA2 protein was exclusively found in keratinocytes of the galline
epidermis as an anatomical unit of the cutaneous skin and certain mucus membranes
(publication 2; chapter 1.7). This expression spectrum appears to be slightly narrower than that
of mammals, where CLCA2 protein was also found in cells of the respiratory tract, with a
species-specific variation (Dietert et al. 2015). As it was described for the presence of a beta4-
integrin binding motif in mammalian CLCA2 sequences (Abdel-Ghany et al. 2001), the cell
specific expression of CLCA2 protein in this anatomical location seems to be a mammal-
specific trait with a degree variation depending on the species. Analyses of cutaneous sections
of four bird species, including ostrich, chicken, quail, and turkey revealed the presence of their
CLCA2 protein orthologues in the epidermis, similar to that of chicken (publication 2; chapter
1.7). The immunohistochemical staining pattern of avian CLCA2 slightly diverged from the one
described in mice and men. The murine CLCA2 was only found in the epidermal granular layer
(Bothe et al. 2008) and the human CLCA2 was mainly detected in the basal layer (Connon et
al. 2004). In contrast to these findings, the avian CLCA2 protein orthologues were also
detected in keratinocytes between the basal and the granular layer of the avian epidermis
(publication 2; chapter 1.7). Taken together, the expression of CLCAZ2 protein in keratinocytes
seems to be a highly conserved trait among birds and mammals, which supports hypothesis
1.5.5, albeit a slight difference depending on the expression patterns in the epidermal layer
has been described in mammals. This finding implicates a significant function of these proteins
in epidermal keratinocytes, which might have been unaltered since the mammal and avian
lineage diverged approximately 300 million years ago (Namekawa and Lee 2009). Thus, an
ancient CLCA2 protein might have been a cleaved, glycosylated transmembrane protein
containing an N-CLCA, VWA, bsr and fn Ill domain. Furthermore, this hypothetical ancient
CLCA2 has likely been expressed in keratinocytes. Only slight modifications of this proteins

evolved since the mammalian-avian speciation event (research question 1.5.6).

This high degree of conservation allows speculations on a possible function of CLCA2 in the
mammalian and avian epidermis that might be common for both of the taxa. Considering the
concept of orthologue conjecture (chapter 1.2.2), the function of mammalian and avian CLCA2
proteins in the epidermis could be very similar: all proteins share a high degree of phylogenetic
homology, a similar protein architecture, biochemical properties and cell-specific expression.
Results from analyses of CLCAZ2 function in mammals might be transferred to birds and vice
versa. For example, an interaction of mammalian CLCA2 with the anion channel TMEM16A,
which is known to be also expressed in mammalian epidermal keratinocytes (Choi et al. 2021),

has been recently demonstrated in vitro (Sharma et al. 2018). Future studies have to reveal if
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a similar interaction also applies for avian CLCA2 and TMEM16A. Besides that, proteases are
essential components for the maintenance of intactness and differentiation of the integument,
including the epidermis (Zeeuwen 2004). Since CLCA2 proteins have an intact HEXXH-
protease motif, the role of CLCAZ2 in these processes should be further investigated using in

vitro and in vivo models.

1.10 The chicken appears to be a promising model organism for functional CLCA2
investigations
As described in the introduction, several murine CLCA1l knockout models have been
generated to study CLCA functions, however none of them developed a clear phenotype under
unchallenged conditions (Robichaud et al. 2005; Long et al. 2006; Patel et al. 2006; Mundhenk
et al. 2012; Erickson et al. 2015; Erickson et al. 2018; Nystrom et al. 2018). This observation
hampered functional CLCA analyses in the recent years. Due to the high redundancy and
overlapping expression pattern of CLCA proteins in mice and other mammals, the absence of
a phenotype in knockout models appears plausible by a compensation of the knockout by other
CLCA members expressed in the same environment. For example, in the intestine of mice,
such a compensation might be accomplished by CLCA4. Furthermore and similar to this
assumption concerning CLCAL, a knockout of CLCA2 in murine keratinocytes might be
compensated by CLCAS3. This highlights the weaknesses of a murine CLCA knockout model

and demonstrates the need for another organism with a lower genetic complexity.

In this context, the chicken appears to be characterized by some merits. First, only two CLCA
genes exist in the galline genome and their gene products are expressed by different cell types
(gCLCA1 in enterocytes as described in publication 1, chapter 1.6 and gCLCA2 in
keratinocytes as described in publication 2; chapter 1,7). As a consequence, both proteins are
present in spatially separated environments (intestine or skin and cornified mucus membranes,
respectively). With respect to these findings, the compensation of one knocked out gene by
the other homologue appears very unlikely. Second, CLCA2 is strongly conserved among
chicken and mammals not only in terms of protein domain architecture, but also in its protein
biochemistry and expression. Thus, it does seem to be reasonable that functional insights
gained by experiments on galline CLCA2 can be transferred to mammals. Third, there are
versatile genome editing techniques available for chicken that allow the generation of such a
knockout model on a routine basis (Morin et al. 2017; Chojnacka-Puchta and Sawicka 2020).
Factors such as species-specific generation time and economic aspects, including housing
requirements, are inferior compared to those of murine models but are still affordable
compared to primate models, for example. Furthermore, since the avian reproduction is
mediated by eggs, the galline embryo is easily accessible and studies on the role of CLCA in

differentiation and development can be performed more conveniently compared to mammals.
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However, for a couple of reasons, a gCLCA1 knockout chicken will probably not serve as a
useful model for studying mammalian CLCA1, which appears to be the currently most relevant
CLCA member in biomedical research (Patel et al. 2009). First, especially the expression in
goblet cells and the fully secreted character of mammalian CLCA1 deviate significantly from
that of gCLCAL, which is expressed in enterocytes and possesses a transmembrane domain
that anchors the C-terminal cleavage product in the plasma membrane. Second, CLCA1 is
highly associated with asthma (Nakanishi et al. 2001; Hoshino et al. 2002; Anton et al. 2005;
Erickson et al. 2020), cystic fibrosis (Van Der Doef et al. 2010) or COPD (Hegab et al. 2004)
in mammals , which are diseases that have not yet been described in the chicken. However,
when the function of mammalian CLCA4 in enterocytes is the focus of interest, a gCLCA1
knockout model might provide some useful data, since both share a comparable expression
pattern in the gut and have a similar protein architecture and biochemistry in common.
Noteworthy and in contrast to mammals, no other CLCA member is expressed in the galline

gut, which might compensate the loss of gCLCAL and by this mask a knockout phenotype.

1.11 Outlook and limitations of this cumulative thesis

Early evolutionists such as Carl von Linné, Jean-Baptiste Lamarck, Charles Darwin, Alfred
Russel Wallace or Thomas Henry Huxley based their hypotheses on phenotypical traits, which
they obtained by exact description and comparison of morphological findings in recent life
forms and/or fossils. By this, they substantially formed the modern view on mechanisms
influencing macroevolution, which is defined as the formation of systematic classes here
(Hautmann 2020). In contrast to these pioneers of evolution, we nowadays are living in a time
where we are aware of the existence of genes and their products. We now know about the
laws according to which genetic exchange happens between individuals and populations. We
can infer the degree of relationship between individuals and species by comparing their gene
and genome sequences. As we move forward into the post-genomic era, when genomes of
more and more species will be decoded, the information associated with gene products will be
the fundamental resource to understand their function and the forces that shaped them.
Moreover, this information on gene products, including data on expression, protein
architecture, and biochemical properties, will be essential pieces of a puzzle, the whole of
which will be a refinement of the modern view of the (molecular) tree of life. With respect to the
early evolutionists, this might be accomplished by a similar approach to the one that was
already used over 150 years ago, when theories of evolution where published: Exact
description and comparison of traits. However, instead of being restricted to macroscopic
phenotypes, we will be able to compare data on, for example, gene and protein expression
patterns, protein architecture or biochemical properties. This cumulative thesis adopted this

approach using the CLCA gene family as an example and identified significant similarities but
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also important differences of these genes and their associated properties between avian and
mammalian species. In particular, the differences between genes and gene products
underscore the importance of such analyses when it comes to the selection of an animal model
to investigate physiological and pathological functions of a gene and the transferability of the
data obtained from this investigation. Once again, it becomes obvious that a clearly defined
research question and the specific anatomy, physiology, as well as the genetic background of
a species of interest must be the most important factors influencing the selection of an animal
model. To some extent, this is still in contrast to the common practice of using established
mammalian models such as mice, just based on factors like the availability of established
strains, husbandry systems, short reproduction cycles, small body sizes, and other, also
economically driven aspects. Using the data obtained in this cumulative thesis, it appears
reasonable to choose the chicken as a model organism for a defined range of functional
investigations on the CLCA gene family. Due to the knowledge of the evolutionary relationship
among chicken and mammals, which is available now, the transferability of a defined range of

data obtained from a CLCA knockout chicken to mammalian CLCA becomes arguable.

In terms of modeling the evolutionary background of CLCA, some aspects of this cumulative
thesis have to be critically discussed. Accurate modeling of gene evolution requires the
analysis of a huge amount of nucleotide and/or protein sequences. In this cumulative thesis,
the evolutionary background among avian and mammalian CLCA genes was analyzed using
only up to equal to or little greater than a dozen protein sequences from each of these taxons,
respectively. For comparative analyses of protein biochemical properties and cell specific
protein expression, both galline CLCA genes were cloned, heterologously expressed and
analyzed in vitro using immunoblot techniques or in tissues using immunohistochemistry.
Since data from these experiments are available only for chicken, there might be a bias
towards gallinaceous birds. Furthermore, no data specifying the CLCAs of lower mammalian
species such as marsupials are available to date. Due to the gain of more and more whole-
genome sequences of animals, there will be a tremendous increase of comparable sequence
data from many other species which can be subjected to such phylogenetic investigations in
the close future. Furthermore, systematic biochemical and expressional studies focusing on
far more bird and mammalian species will be necessary to correct the bias toward gallinaceous
birds and higher mammals. These studies will be necessary to refine the phylogenetic
relationships, unveil selection pressures and lineage specific variations of CLCAs as well. Such
analyses will help to refine the identification of conserved traits and dispensable elements of
these proteins. Comparative, functional assays such as the analysis of the ability to activate
TMEML16A, the identification of educts for the HEXXH protease motif or the interaction with

inflammatory cells should be systematically established and investigated for CLCAs across

78



CONCLUDING DISCUSSION AND OUTLOOK

various species in the future. Furthermore, it was reported that the most distant animal
possessing a mammalian-like CLCA protein is the placozoan species Trichoplax adhaerens
(Lenart et al. 2013). Besides the modeling of the rather recent evolution of CLCA among birds
and mammals, it will be interesting to systematically analyze the CLCA sequences, the cellular
expression and biochemical properties of CLCAs from invertebrates like Radiata or
Protostomia, vertebrates like fish, amphibians, reptiles and lower mammals to unveil more
delicate phylogenetic signals and to derive the most likely evolutionary background of all
mammalian-like CLCAs. Such investigations might also provide data that help to elucidate the

cause of the complex evolutionary developments of CLCA.

It became obvious that the cell-specific expression pattern is a prominent factor in which CLCA
proteins vary significantly among the CLCA clusters. With respect to this finding, it has to be
considered that the regulation of protein expression involves two dimensions: First, the gene
to be expressed is transcribed and second, the messenger RNA generated by transcription is
translated into a protein. Factors influencing the cell specificity of gene transcription are mainly
promoters, however, the degree of methylation of cytosine and guanine (CpG) islands and
histones, enhancer and silencer sequences or RNA interference also significantly influence
the transcription of genes in eukaryotes. Comparative identification and analyses of CLCA
promoters between avian and mammalian species were not part of this cumulative thesis but
might provide an explanation for these differences in cell type-specific expression patterns.
Assays and techniques for CLCA-specific promoter analyses should be established and such

investigations should be done in the future.

At this point, let’s return to the questions posed in the third section of the introduction: Is the
complexity and diversity of these genes a unique entity of mammals? And what is the
evolutionary background of this complexity? We are aware of the likely evolutionary
background of CLCAs between mammalian and avian species at this point. The characteristics
of hypothetical ancient CLCA genes and their gene products were inferred by this cumulative
thesis. There were identified conserved regions of CLCA that did not change in the course of
evolution between birds and mammals. Conversely, highly variable sections with impact on
the biochemical processing, in which these genes and gene products differ between the
species were also found. The first question is yet to be fully answered, however it became
obvious for birds that there are species with a significantly less complex CLCA genotype

compared to mammals.
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1.12 Conclusions

The CLCA gene family is characterized by highly dynamic developments among birds and
mammals, including gene duplications and deletions in mammalian CLCA3 and 4 genes
(Mundhenk et al. 2018). Additionally, there are also highly conserved genes such as CLCAZ2,
which are under strong negative selection. The chicken possesses only two CLCA members,
with a similar exon-intron structure compared to CLCA members of mammals. The galline
CLCAL has the highest congruence with mammalian CLCA4, but also combines properties of
mammalian CLCAL and 3. Galline CLCAZ2 is highly similar compared to mammalian CLCA2
and might fulfill similar functions in mammals and birds. Due to the simple CLCA genotype, the
non-overlapping expression pattern of both CLCAs and the high similarity of galline and
mammalian CLCAZ2 proteins, the chicken might be an auspicious knockout model for studying
CLCA2 functions in vivo. Based on the results of this cumulative thesis, one came to speculate
that the ancient CLCAs of a mammalian-avian ancestor might have been cleaved, glycosylated
proteins with an N-CLCA, a VWA, a bsr, an fn lll and a TMC domain. The gCLCA1 / mammalian
CLCAL, 3 and 4 ancestor might have been expressed in enterocytes, while the ancient CLCA2

could have been expressed in keratinocytes.
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Summary
Evolutionary Diversity of CLCA Genes Among Birds and Mammals

Florian Bartenschlager

The chloride channel regulators, calcium activated (CLCA) gene family has mainly been
associated with cancer and chronic inflammatory airway diseases but the presumably complex
cellular functions of these gene products are still widely unknown. The family comprises four
distinct genetic clusters in mammals, termed CLCALl to CLCAA4. It is highly complex and
diverse and includes amplified or inactivated genes with a high degree of variation between
species. For example, in contrast to mice with eight CLCAs including one inactivated gene,
humans have only three intact CLCAs and one inactivated gene. The tissue and cellular
expression patterns of different CLCA homologues within a species are also often redundant.
This complexity and redundancy of the CLCA members might be a reason, why the function
of this gene family has not been revealed yet based on a mammalian model organism. The
complexity and redundancy of mammalian CLCAs raise two questions: Are the complexity and
diversity of these genes unique features of mammals? And second, what is the evolutionary
background of these peculiar developments? To address these questions, data on CLCA
homologues obtained from evolutionarily more distant species are needed. Recently, a rather
simple CLCA gene locus was predicted for the chicken, comprising only two CLCA genes. In
a phylogenetic analysis, the first galline CLCA gene product, gCLCA1, was found closely
related to mammalian CLCAL, 3 and 4. In contrast, the second one, gCLCA2, seemed more

closely related to mammalian CLCAZ2 than to gCLCA1 or mammalian CLCA1, 3 and 4.

In this cumulative thesis, the galline CLCA genes and their genomic structures were analyzed
and both members were cloned. Their protein architecture and biochemical properties were
investigated in silico and in vitro. In addition, their mRNA as well as their cellular protein
expression patterns were analyzed. All data were compared to mammalian CLCAL, 2, 3, and
4. Both avian proteins are encoded by 14 exons and are located in a conserved locus between
the Outer Dense Fiber of Sperm Tails 2-Like (ODF2L) and SH3-Domain GRB2-Like Endophilin
B1 (SH3GLB1) genes. gCLCA1 combines many properties of mammalian CLCAL, 3 and 4 as
it was shown to be a cleaved protein with a typical CLCA domain architecture. Despite its
relatively high phylogenetic distance to mammalian CLCAA4, it shares most common traits with
this member. This includes heavy asparagine-linked glycosylation, the presence of a
transmembrane domain in the carboxy-terminal cleavage product and protein expression in
the apical membrane of enterocytes. In contrast, gCLCA2 was highly similar to mammalian
CLCA2 in terms of its protein architecture, cleavage and glycosylation. These findings were in

line with results from in silico analyses of CLCA2 sequences from other avian species.
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Furthermore, the presence of a transmembrane domain in the carboxy-terminal cleavage
product and its expression in keratinocytes are traits of avian CLCA2, which are also found in
mammalian CLCAZ2. Interestingly, and as opposed to the expression patterns of mammalian
CLCA proteins, no overlapping tissue or cellular expression patterns were detected for the two
galline CLCA members.

Based on these findings, CLCA2 appears to be highly conserved among birds and mammals.
The results allow to speculate that a hypothetical gene ancestor was expressed in
keratinocytes of a common ancestral species before mammalian and avian lineages diverged.
This high degree of CLCA2 conservation is in contrast to gCLCAL1 and mammalian CLCAL, 3
and 4. During evolution, a hypothetical ancient ancestor of gCLCA1 / mammalian CLCA1, 3,
and 4, was likely expressed by enterocytes of a common ancestral species of mammals and
birds. The hypothetical ancestral gene seems to have expanded by gene duplications in the
mammalian lineage, which did not occur in birds. Besides that, these findings cannot only be
used to unveil the evolutionary history of the CLCA family but should be taken into account
with regard to the selection of an animal model for the functional analysis of these genes. The
chicken might serve as a promising species for knockout models to study CLCAZ2 functions in
vivo. Results obtained from such a knockout chicken are likely transferable to mammalian
CLCAZ2 due to the high degree of conservation. A chicken gCLCA1 knockout model might
provide data, which might be transferred most likely to mammalian CLCA4 genes in the gut,
as both share a similar cell type specific protein expression in this microenvironment, a similar

protein architecture as well as similar biochemical properties.

At the transition to the post-genomic era with publically accessible information on gene
structures as well as nucleotide and protein sequences of various species, comprehensive
analyses of gene families across species have become possible. The comparison of such data
in combination with the comparison of gene related information, including cellular expression
patterns and biochemical properties, is a powerful approach to enlighten the evolutionary
background of proteins. Furthermore, it might be beneficial to identify the most suitable animal

model for further functional and biomedical studies.
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Zusammenfassung

Evolutionare Diversitat der CLCA Gene zwischen Vdgeln und Sdugetieren
Florian Bartenschlager

Die CLCA, engl. ,chloride channel regulator, calcium-activated“ Genfamilie wird hauptsachlich
mit Krebserkrankungen sowie chronisch entzindlichen Atemwegserkrankungen in
Zusammenhang gebracht. Die mutmalfilich komplexen Funktionen dieser Gene sind bisher
jedoch noch weitgehend unbekannt. Die CLCA Genfamilie umfasst bei Saugetieren vier
verschiedene Cluster, die als CLCAL1 bis CLCA4 bezeichnet werden. Sie zeichnet sich durch
eine aulierordentliche Komplexitat und Vielfaltigkeit aus und beinhaltet tierartlich variierend
amplifizierte und inaktivierte Gene. So besitzt der Mensch beispielsweise drei intakte CLCAs
sowie ein inaktiviertes Gen, wohingegen die Maus tber 8 CLCAs verfligt, von denen ebenfalls
eines als inaktiviertes Gen vorliegt. Dariiber hinaus sind die Gewebe- und
Zellexpressionsmuster der CLCA-Homologen auch innerhalb einer Spezies haufig redundant.
Diese Komplexitéat und Redundanz von CLCA konnten Griinde sein, welche die Aufdeckung
der Funktion dieser Genfamilie im Saugetiermodell bisher erschwerte. Damit stellen sich zwei
Fragen: Ist die Komplexitat dieser Genfamilie eine Eigenart der Sdugetiere? Und was ist der
evolutiondre Hintergrund fur diese Entwicklungen? Um diese Fragen zu beantworten, werden
Daten Uber CLCA bendtigt, die von evolutionar weiter entfernten Arten stammen. Kirzlich
wurde fir das Huhn ein relativ einfacher CLCA Genlokus vorhergesagt, welcher nur zwei
CLCA Gene umfasst. Das erste CLCA Genprodukt des Huhns, gCLCAL, zeichnet sich durch
eine besondere phylogenetische Nahe zu CLCAL, 3 und 4 der Saugetiere aus. Im Gegensatz
dazu ist das zweite CLCA Genprodukt, gCLCA2, ndher mit Sauger-CLCA2 verwandt als mit
gCLCAL oder Sauger-CLCAL, 3 oder 4.

In dieser kumulativen These wurden die gallinen CLCA Gene sowie deren genomische
Struktur analysiert und beide Homologe wurden kloniert. Dartber hinaus wurde deren
Proteinarchitektur und die biochemischen Eigenschaften in silico und in vitro untersucht.
Weiterhin wurden die mRNA- und zellularen Proteinexpressionsmuster im Vergleich zu
CLCAL, 2, 3 und 4 bei Saugetieren analysiert. Beide Vogelproteine werden von 14 Exons
kodiert und befinden sich an einem konservierten Ort zwischen den ODF2L, engl. ,Outer
Dense Fiber of Sperm Tails 2-Like” und SH3GLB1, engl ,,SH3-Domain GRB2-Like Endophilin
B1“ Genen. gCLCA1 vereint mit seiner Proteinspaltung sowie der Proteinarchitektur viele
Eigenschaften von CLCA1, 3 und 4 der Saugetiere. Trotz einer relativ grof3en
phylogenetischen Entfernung zu Sauger-CLCA4 weist es jedoch die meisten gemeinsamen
Merkmale mit diesem CLCA-Vertreter auf. Hierzu zéhlen eine starke, an Asparagin gekoppelte

Glykosylierung, eine Transmembrandomane im carboxyterminalen Spaltprodukt und eine
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Proteinexpression in der apikalen Membran von Enterozyten. Im Gegensatz dazu ist gCLCA2
dem Saugetier-CLCA2 in Bezug auf dessen Phylogenie, Proteinarchitektur, Spaltung und
Glykosylierung sehr ahnlich. Diese Befunde lie3en sich mittels in silico Analysen auch fir
weitere aviare CLCAs nachweisen. Daneben sind die Préasenz einer Transmembrandomane
im carboxyterminalen Spaltprodukt und die Expression in Keratinozyten Merkmale des aviaren
CLCAZ2, die auch bei Saugetier-CLCA2 vorzufinden sind. Bemerkenswerterweise fanden sich
im Gegensatz zu den Sauger-CLCAs bei den gallinen CLCA-Mitgliedern keine tberlappenden

gewebe- und zellspezifischen Expressionsmuster.

Unter Betrachtung dieser Befunde erscheint CLCA2 bei Vdgeln und Séaugetieren stark
konserviert zu sein. Weiterhin Iasst sich auf Basis der in dieser kumulativen These erhobenen
Daten spekulieren, dass ein hypothetischer gemeinsamer genetischer Vorfahre
wahrscheinlich in Keratinozyten eines gemeinsamen Vorfahren von Vogeln und S&ugern
exprimiert wurde. Dieser hohe Grad an Konservierung von CLCA2 steht im Gegensatz zu
demjenigen von gCLCAL und Saugetier-CLCA1, 3 und 4. Im Laufe der Evolution scheint ein
hypothetischer genetischer Vorfahre von gCLCA1/Saugetier-CLCA1, 3 und 4 vermutlich in
Enterozyten eines gemeinsamen Vorfahren von Vdgeln und Saugern exprimiert worden zu
sein. Dieser hypothetische genetische Vorfahre scheint durch Genduplikationen bei
Saugetieren expandiert zu sein, nicht jedoch bei Végeln. Neben diesen Aussagen zu einem
wabhrscheinlichen evolutiondren Szenario der CLCA Genfamilie zwischen Vogel und Sauger
lassen sich die Ergebnisse jedoch auch zur Auswahl eines Modellorganismus zur funktionalen
Analyse dieser Gene nutzen. Hierbei erscheint das Huhn zur Untersuchung der CLCA2-
Funktion in vivo ein vielversprechender Kandidat fiir knockout-Modelle, deren
Untersuchungsergebnisse durch den Grad an Konservierung mit hoher Wahrscheinlichkeit auf
Saugetiere Ubertragbar sind. Ein gCLCA1-Knockoutmodell kdnnte hingegen Daten liefern, die
hochwahrscheinlich auf CLCA4 Gene von Saugetieren im Darm Ubertragbar sind, da beide in
dieser anatomischen Lokalisation ein vergleichbares zellspezifisches Expressionsmuster

sowie eine ahnliche Proteinarchitektur und biochemische Eigenschaften besitzen.

Im Anbruch des postgenomischen Zeitalters, in dem Genstrukturen sowie Nukleotid- und
Proteinsequenzen verschiedener Spezies Offentlich leicht zugénglich sind, werden
umfassende, vergleichende Analysen von Genfamilien Uber verschiedene Spezies hinweg
mdglich. In Kombination mit dem Vergleich von genbezogenen Daten wie zellularen
Expressionsmustern oder biochemischen Eigenschaften der Genprodukte ist dies ein
wirkungsvolles Vorgehen, um den evolutionaren Hintergrund von Proteinen aufzudecken und

das geeignetste Tiermodell fir weitere wissenschaftliche Fragestellung auszuwéhlen.
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Appendix
The nomenclature of the cloned bovine and rat CLCA3 genes in the respective original

publications is not according to the NCBI Genebank entries and nomenclature found in both is
not indicative of the associated CLCA cluster. This causes confusion and hampers
interpretation of the data. In order to solve these problems, protein sequences were retrieved
from the NCBI Genbank and protein sequences were extracted from the literature. Based on
these sequences, phylogenetic trees were generated using the Maximum Likelihood method.

Yamazaki 2013 rCLCA-f

Yamazaki 2005 ratCLCA

Jeong 2005 ratbrainCLCA

Yamazaki 2013 rCLCA-t

Mura 2017 ratCLCA

Yoon 2006 ratbrainCLCA2

ref|[NP 001100919.1CLCA1

4 ref[NP 958822.1CLCA4

Cica3

O | e [ e [

(==

Figure 3. Relationship between published rat CLCA amino acid sequences in the literature compared to those
found in the NCBI Genbank
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The evolutionary history was inferred by using the Maximum Likelihood method and Whelan and Goldman model.
The tree with the highest log likelihood (-4325.61) is shown. The percentage of trees in which the associated taxa
clustered together is shown next to the branches. Initial tree(s) for the heuristic search were obtained automatically
by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the JTT model,
and then selecting the topology with superior log likelihood value. The rate variation model allowed for some sites
to be evolutionarily invariable ([+1], 15.69% sites). This analysis involved 12 amino acid sequences. All positions
containing gaps and missing data were eliminated (complete deletion option). There were a total of 459 positions
in the final dataset. Evolutionary analyses were conducted in MEGA X. Yellow font indicates the published sequence
in the literature, black font that of the NCBI Genbank sequence. This analysis indicates that Clca4l was cloned two
times independently, while Clca5 was cloned four times. Both belong to the CLCA3 cluster. Differences between
the sequences found in the literature compared to the ones from NCBI Genbank might be due SNP based mutations
or splice products. Clca4 was cloned only one time.

Publications mentioned in figure 3 are listed below:

Mura, C. V., R. Delgado, M. G. Delgado, D. Restrepo and J. Bacigalupo (2017):

A CLCA regulatory protein present in the chemosensory cilia of olfactory sensory neurons
induces a Ca(*")-activated CI(-) current when transfected into HEK293.

BMC Neuroscience, 18, 61. DOI: 10.1186/s12868-017-0379-7.

Song, J., X. Zhang, Z. Qi, G. Sun, S. Chi, Z. Zhu, J. Ren, Z. Qiu, K. Liu, L. Myatt and R. Z.
Ma (2009):

Cloning and Characterization of a Calcium-Activated Chloride Channel in Rat Uterus1.

Biology of Reproduction, 80, 788-794. DOI: 10.1095/biolreprod.108.071258.

Yamazaki, J., K. Okamura, K. Ishibashi and K. Kitamura (2005):
Characterization of CLCA protein expressed in ductal cells of rat salivary glands.

Biochimica et Biophysica Acta (BBA) — Biomembranes, 1715, 132-144. DOI:
10.1016/j.bbamem.2005.08.001.

Yamazaki, J., K. Okamura, K. Uehara and M. Hatta (2013):

CLCA splicing isoform associated with adhesion through B1-integrin and its scaffolding
protein: specific expression in undifferentiated epithelial cells.

Journal of Biological Chemistry, 288, 4831-4843. DOI: 10.1074/jbc.M112.396481.

Yoon, I.-S., S. M. Jeong, S. N. Lee, J.-H. Lee, J.-H. Kim, M. K. Pyo, J.-H. Lee, B.-H. Lee, S.-
H. Choi, H. Rhim, H. Choe and S.-Y. Nah (2006):

Cloning and Heterologous Expression of a Ca?*-Activated Chloride Channel Isoform from Rat
Brain.

Biological and Pharmaceutical Bulletin, 29, 2168-2173. DOI: 10.1248/bpb.29.2168 .
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APPENDIX
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Figure 4. Relationship between published bovine CLCA amino acid sequences in the literature compared to those
found in the NCBI Genbank

The evolutionary history was inferred by using the Maximum Likelihood method and Whelan And Goldman model.
The tree with the highest log likelihood (-5400.08) is shown. The percentage of trees in which the associated taxa
clustered together is shown next to the branches. Initial tree(s) for the heuristic search were obtained automatically
by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the JTT model,
and then selecting the topology with superior log likelihood value. A discrete Gamma distribution was used to model
evolutionary rate differences among sites (5 categories (+G, parameter = 1.6586)). This analysis involved 7 amino
acid sequences. All positions containing gaps and missing data were eliminated (complete deletion option). There
were a total of 638 positions in the final dataset. Evolutionary analyses were conducted in MEGA X. Yellow font
indicates the published sequence in the literature, black font that of the NCBI Genbank sequence. This analysis
indicates that CLCA3 and LOC784768 were cloned.

Publications mentioned in figure 4 are listed below:

Cunningham, S. A., M. S. Awayda, J. K. Bubien, Ismailov, Il, M. P. Arrate, B. K. Berdiev, D.
J. Benos and C. M. Fuller (1995):
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Cloning of an epithelial chloride channel from bovine trachea.

Journal of Biological Chemistry, 270, 31016-31026. DOI: 10.1074/jbc.270.52.31016.

Elble, R. C., J. Widom, A. D. Gruber, M. Abdel-Ghany, R. Levine, A. Goodwin, H. C. Cheng
and B. U. Pauli (1997):

Cloning and characterization of lung-endothelial cell adhesion molecule-1 suggest it is an
endothelial chloride channel.

Journal of Biological Chemistry, 272, 27853-27861. DOI: 10.1074/jbc.272.44.27853.
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