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Abstract

Inflammatory airway diseases such as asthma and chronic obstructive pulmonary disease (COPD)
exhibit stereotyped traits that are variably expressed in each person. In experimental mouse
models of chronic lung disease, these individual disease traits can be genetically segregated and
thereby linked to distinct determinants. Functional genomic analysis indicates that at least one of
these traits, mucous cell metaplasia, depends on members of the calcium-activated chloride
channel (CLCA) gene family. Here we review advances in the biochemistry of the CLCA family
and the evidence of a role for CLCA family members in the development of mucous cell
metaplasia and possibly airway hyperreactivity in experimental models and in humans. Based on
this information, we develop the model that CLCA proteins are not integral membrane proteins
with ion channel function, but instead are secreted signaling molecules that specifically regulate
airway target cells in healthy and disease conditions.
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INTRODUCTION

The calcium-activated chloride channel (CLCA) proteins were first isolated in 1991 and
have since grown to a complex family that is preserved throughout the animal, plant, and
microbial kingdoms. Despite uncertainty over the biological and pathological function of the
CLCA family of proteins, they remain as an intriguing target for therapeutic intervention.
This practical interest in CLCA proteins was largely confined to the cancer field until new
lines of research recognized a connection between CLCA gene expression and the
development of inflammatory airway disease both in animal models and in humans with
asthma, chronic obstructive pulmonary disease (COPD), and cystic fibrosis. This link
between CLCA gene expression and airway disease is particularly interesting because each
of these diseases is associated with excess production of airway mucus, and at least some
members of the CLCA family are expressed selectively in mucous cells (1-3). Thus, it is
possible that the development of mucus hypersecretion in complex airway diseases or even
after acute respiratory infection can be marked or perhaps driven by CLCA proteins. The
possibility that CLCA controls mucus production is especially relevant to clinical aspects of
airway diseases, since mucus hypersecretion is responsible for much of the morbidity and
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mortality associated with these conditions (4-11). Furthermore, there is limited
understanding of the pathobiology underlying the development of hypersecretory diseases,
and there are no effective and specific therapeutic strategies to inhibit mucus production or
secretion in acute or chronic respiratory disease.

In this review, we provide the background biochemistry that defines the CLCA family,
focusing on the genomic organization of the family, and the structure-function relationships
of the CLCA proteins. Previous reviews are also available on this topic (12-16), but we will
update this information to include more recent genome sequencing and identification of
additional CLCA family members. We will then summarize our knowledge of the functional
biology of CLCA proteins, focusing on the role of specific CLCA proteins in causing
disease. Significant research effort has aimed at the possible activity of CLCA proteins in
the control of cell death and the development and spread of cancer, and we will summarize
this issue. However, we will concentrate mainly on the role of CLCA proteins in the
development of inflammatory airway disease. We devote specific attention to the association
of CLCA family members with the inflammatory process that leads to overproduction of
airway mucus and the often concomitant development of airway hyperreactivity, since these
two disease traits are characteristic of airway disease and are likely responsible for much of
the morbidity associated with this type of disease. We review the evidence for CLCA
function in animal models of airway disease and in humans with chronic obstructive lung
disease in separate sections. We conclude with a perspective on CLCA biology, and a set of
questions that need to be addressed for future research on CLCA proteins, since this field is
just now poised for definitive understanding and critical therapeutic development.

BACKGROUND BIOCHEMISTRY

In this section, we review the genomic organization of the CLCA gene locus and provide a
nomenclature to define all of the members of the CLCA gene family in humans and related
animal species. We also review how this genomic information serves as a basis to define the
structure of CLCA proteins, and how this structure may relate to function. The information
is aimed at providing a background for the subsequent sections on the biological role of
CLCA proteins in healthy and diseased tissue.

Genomic organization and gene expression

The initial members of the CLCA family were identified independently in two laboratories
based on protein purification and were designated as bovine tracheal calcium-activated
chloride channel (CaCC) and bovine lung endothelial cell adhesion molecule 1 (Lu-
ECAM-1) (17-19). Subsequent molecular cloning indicated that the two gene products were
homologous (13, 20). New nomenclature was developed, and CaCC was named bClcal and
Lu-ECAM-1 was designated bClca2. Since that time, additional Clca gene homologues were
discovered in multiple species. In addition, putative orthologues are being discovered in
other species as genome sequences are completed. For example, sequencing of the genome
for the sea squirt (Ciona intestinalis) led to the description of seven putative CLCA
homologues in that species (14). At present, homologues or putative homologues of CLCA
family members exist in at least 30 species (Aedes aegypti, Anopheles gambiae, Bos taurus,
Canis familiaris, Cavia porcellus, Ciona intestinalis, Ciona savignyi, Danio rerio, Dasypus
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novemcinctus, Echinops telfairi, Equus caballus, Erinaceus europaeus, Gallus gallus,
Loxodonta africana, Macaca mulatta, Microcebus murinus, Mus musculus, Myotis
lucifugus, Ochotona princeps, Ornithorhynchus anatinus, Oryctolagus cuniculus, Otolemur
garnettii, Pan troglodytes, Pongo pygmaeus, Rattus norvegicus, Sorex araneus,
Spermophilus tridecemlineatus, Strongylocentrotus purpuratus, Tupaia belangeri, and
Xenopus tropicalis) based on Ensembl GeneTreeView or NCBI Gene database query (21,
22). In many species, the genomic organization of the CLCA locus is highly conserved, with
the CLCA genes contained in a single block that preserves the same ordering of CLCA
family members (Figure 1). However, it is not yet certain that exon homologies are routinely
preserved for noncoding promoter sequences that regulate gene expression.

A consequence of sequencing multiple species during the discovery of the CLCA gene
family is an inconsistent nomenclature for the CLCA genes. A more unified nomenclature
scheme was proposed to resolve some of these inconsistencies (12), however, additional
homologues and renaming have occurred since that time. Two comprehensive reviews of
CLCA cloning and sequencing have been recently published (14, 16). Here we have updated
the nomenclature for selected species (human, mouse, bovine, rat, and horse) that are
especially relevant to airway disease (Table 1). This nomenclature is based on structural
homology for coding sequences (Figure 2). We have preserved the CLCA designation for
this gene family, although this approach may have to be revised in the future if CLCA
proteins prove to function as signaling molecules instead of ion channels.

The human CLCA (hCLCA) locus consists of four genes located on the short arm of
chromosome 1 (1p31-p22), a region containing no other known genes (14). These hCLCA
genes were identified using homology screens for bClcal and bClca2 sequences (14).
Similarly, there are four Clca genes in the cow and horse genomes, and five Clca genes in
rats. In contrast to these species, the mouse Clca (mClca) locus consists of eight genes
located on chromosome 3 (23). The basis for the extra Clca genes in the mouse is uncertain,
but the situation appears to lead to at least some degree of functional redundancy (24). One
member of the human and mouse CLCA gene family (hCLCA3 and mClca8, respectively)
may represent pseudogenes since they contain premature stop codons and may not be
expressed at detectable levels. However, there are conflicting views on the level of
expression for these two genes, so it is still possible that they exert some type of biological
function under some conditions.

The pattern of expression of the CLCA genes in different tissues was determined soon after
gene identification and was perhaps the first insight into the functional biology of CLCA
proteins. Each hCLCA gene has a distinct pattern of expression based on mRNA detection in
healthy human tissue (Table 2). Similar to the case for human CLCA genes, the mouse Clca
family members are expressed differentially across tissues (Table 3). Of the four horse Clca
(eClca) genes, only eClcal has been characterized to any extent, and it is expressed in the
nasal epithelium, trachea, subtracheal glands, mucous (goblet) cells of the airway
epithelium, sweat glands, kidney, small intestine, and colon (25). The pattern of CLCA
expression, particularly at the protein level still needs to be fully determined. Similarly,
there is limited information on the types of cells that express CLCA proteins. However, as
further developed in the next section on inflammatory airway disease, the initial analysis
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indicates that specific CLCA family members (e.g., hCLCAL in humans and mClca3 in
mice) exhibit increased expression in airway mucous cells and are therefore associated with
conditions that manifest mucus production.

Protein structure and function

The proposed structural organization of CLCA proteins has undergone considerable revision
in recent years. The initial structural models were based on the observation that the bClcal
protein appeared to regulate calcium-dependent chloride conductance in tracheal epithelial
cells (20). The proposal that CLCA proteins may therefore function as ion channels was
further supported by experiments in which transfection of 293T cells with several different
CLCA isoforms from various species (human, mouse, rat, pig, and cow) were all found to
produce a chloride current in response to calcium ionophores or calcium release from the
endoplasmic reticulum (16, 26), a process involving calcium/calmodulin-dependent protein
kinase activity (27). Subsequent theoretical and experimental studies using hydropathy
analysis and epitope insertion in concert with immunohistochemistry produced several
different models of transmembrane topology with as many as five transmembrane spanning
segments (16). However, these models predicted a transmembrane pass within the common
von Willebrand factor type A (VWA) domain, a structurally conserved soluble domain. In
addition, some of the epitope insertion experiments likely resulted in misfolding of the
protein since the hallmark proteolytic cleavage was blocked (28). Thus, even at this early
stage of analysis, there were serious inconsistencies in the proposed model for CLCA
proteins as transmembrane ion channels.

Recent experimental results and improved sequence analysis tools (including hidden
Markov models for transmembrane segments and protein fold prediction) have led to a new
model for CLCA structure. A revised scheme for the domain structure for mouse and human
CLCA proteins is provided in Figure 3, and an annotated analysis of amino acid sequence
for these proteins is provided in Figure 4. This updated analysis implies that the CLCA
proteins are soluble secreted molecules (29-31) with the exception of a subset of CLCA
proteins that contain a C-terminal membrane-anchoring region (32, 33). This anchoring
region takes the form of a transmembrane alpha-helix or GPI anchor that lacks the structural
requirements to function as an ion channel itself (15, 29). A feature common to the CLCA
family of proteins is the presence of a proteolytic cleavage site that is located approximately
240 amino acids from the C-terminus. To date, all of the CLCA isoforms that have been
tested in mammalian cell culture appear to be processed similarly (29-37). In each case, a
precursor 120-kDa glycoprotein is cleaved to produce approximately 85-kDa N-terminal and
35-kDa C-terminal products, both of which contain numerous N-linked glycosylation sites
(30, 33, 38). For hCLCAL, mClca3, and mClca4 (which have no identifiable transmembrane
region), both the N- and C-terminal products are secreted into the media when expressed in
human cell lines (29-31). In similar experiments with hCLCA2 (which has a transmembrane
region), the N-terminal product is released into the media while the C-terminal product
remains cell surface associated (32). A recent report indicates that mClca4 contains luminal
motifs that control its trafficking out of the endoplasmic reticulum (31). Mutation of the
forward-trafficking motifs led to trapping of the full-length protein in the endoplasmic
reticulum, implying that cleavage occurs after exit from this site. This sequence of events is
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consistent with the observation that full-length hCLCAL (as well as the N- and C-terminal
cleavage products) is found secreted into the media of hCLCA1-expressing HEK293 cells
(29), implying that cleavage might occur outside the cell.

One proposal for the nature of CLCA cleavage rests on an analysis of protein sequence. The
N-terminal 280 amino acids comprise a cysteine-rich domain conserved only in the CLCA
family. The function of this domain is unknown, however a recent bioinformatics analysis
suggested that this region contains a zinc metalloprotease domain (39). This finding raised
the possibility that the CLCA proteins may self-cleave as part of normal processing.
Furthermore, expression of an hCLCA1 mutant in which a predicted critical active site
glutamate was changed to glutamine totally abolished cleavage. However, in these
experiments only the cell lysates (and not supernatants) were analyzed, so the mutant protein
may have been misfolded. Therefore, the precise nature of the process for cleavage of
CLCA proteins still needs to be defined. The function of the CLCA protein cleavage
remains uncertain, particularly since a specific cleavage site has not yet been precisely
identified and characterized. Defining the site and mechanism for CLCA cleavage is critical
to defining the function of the mature CLCA peptides.

Directly adjacent to the nCLCA domain is a VWA domain, a widely distributed protein-
protein interaction domain (40). The VWA domains commonly engage proteins by
coordinating a divalent cation at the binding interface using a highly conserved set of five
residues known as a metal-ion dependent adhesion site (MIDAS). All of the CLCA VWA
domains contain an intact MIDAS with the exception of hCLCAZ2 and the homologous
mClcab (Figure 4). Ironically, the VWA domain of hCLCA2 was the first CLCA domain for
which a binding partner was identified and it was found to be a beta4-integrin (41). This
binding does not depend on MIDAS, but instead involves the consensus sequence F(S/
N)R(I/L/V)(S/T)S found in some CLCA proteins and the specificity-determining loop
(SDL) of beta4-integrin (41-43). The hCLCA2, mCLCA1, and mCLCAZ2 proteins contain
two of these beta4-binding motifs (Figure 4). This interaction has been observed to promote
adhesion of hCLCAZ2 expressing cell lines to tumorigenic cell lines with upregulated beta4-
integrin expression and may be of importance in certain cancer metastases and
colonizations. Furthermore, it has been hypothesized that the binding of hCLCAZ2 to betad-
integrin initiates a novel signaling cascade that promotes tumor invasion.

In addition to cleavage sites and VWA interaction domains, we find that the remaining
region C-terminal to the VWA domain of CLCA proteins is rich in beta-sheet structure as
determined by a secondary structure prediction using JPRED 3 software (44). This region
includes an easily detectable fibronectin type-I11 (Fnlll) domain. Fnlll domains are protein-
protein interaction modules of the immunoglobulin (Ig) superfamily. No function or binding
partners have been identified for this portion of any CLCA family member. Taken together,
this updated sequence analysis and recent experimental data indicate that the CLCA proteins
cannot act in solo as ion channels and instead imply the revised view that they interact with
other proteins in a possible signaling capacity.
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MODELS OF INFLAMMATORY AIRWAY DISEASE

Isolated cell

In this section, we review cell and animal models that were studied to define the role of
CLCA proteins in the development of inflammatory airway diseases. However, before work
on the function of CLCA in the lung was even begun, several reports suggested that CLCA
proteins might have a role as tumor suppressors. For example, studies of melanoma in mice
indicated that the pattern of metastasis correlated with sites of Clca expression, and that anti-
Clca antibodies blocked metastasis to the lung (19, 45). Furthermore, mice immunized with
purified bClca2 developed resistance to metastasis (46). Other studies showed that human
breast cancer cells lacked the usual expression of hCLCAZ2 expression and overexpression of
hCLCAZ2 decreased the capacity of these cells for invasion and tumor generation in nude
mice (47). Similarly, mouse breast cancer cells expressed decreased amounts of mClcal,
mClca2, and mClca5, and re-expression or overexpression of these proteins decreased cell
growth and increased sensitivity to apoptosis (36, 48). Related work indicated that
interaction between hCLCA2 on endothelial cells and its beta-4 integrin ligand on breast
cancer cells might mediate more aggressive tumor behavior (41, 43, 49). Similarly, CLCA
family members with functional beta-4 integrin binding domains may use this mechanism to
activate focal adhesion kinase signaling to extracellular signal-regulated kinase (ERK) with
the potential to regulate cell survival (42, 43). Decreased hCLCAZ2 expression is also
observed in breast cancer specimens, and this decrease appears to be due to DNA
methylation (50). Recent work also shows that the hCLCAZ2 gene may be deleted in mantle
cell lymphoma specimens (51). These studies highlight the possible role of hCLCA2 as a
tumor suppressor, and set the stage for studies of hCLCAZ1 in inflammatory airway disease.
A connection between the activities of CLCA proteins as tumor suppressors and immune
modifiers has not been examined.

models

Studies of isolated cells were perhaps the first to develop a role for CLCA proteins in
immunity. In particular, overexpression of mClca3 or hCLCAL in a human mucoepidermoid
cell line NCI-H292 causes a significant increase in mucin production (52, 53). These
findings infer that CLCA proteins might regulate the level of mucus production and the
consequent efficiency of mucociliary clearance of particulate and microbial pathogens.
Using this cell model, investigators explored the possibility that CLCA proteins worked as
ion channels to somehow influence mucus production. For example, investigators used
niflumic acid (a drug that was purported to be a specific inhibitor of chloride channel
activity) to block the increase in mucin production found in NCI-H292 cells that expressed
hCLCAZ1 (53). In related work, another group showed that niflumic acid suppressed ATP-
mediated exocytosis of mucin in HT29-CI.16E cells (54). Similarly, McNamara and
colleagues found that adenosine induction of mucin biosynthesis depended on
transactivation of EGF receptor, and that niflumic acid inhibited this type of transactivation
(55). Other work with the niflumic acid derivative MSI-2216 also demonstrated inhibition of
mucus production (56, 57). These studies inferred a role for CLCA proteins in the signaling
pathway leading to mucin synthesis and secretion, but provided no direct evidence for how
CLCA proteins might be involved in this process. Since structural analysis now indicates
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that CLCA proteins cannot be membrane ion channels themselves, there is a need for more
detailed study for how CLCA proteins might control the development of mucous cells.

Although some progress has been made in establishing a role of hCLCAL in mucous cell
metaplasia in isolated cell models, there is little information on CLCA function in airway
smooth muscle cultures. It is possible that CLCA proteins may influence airway smooth
muscle behavior, since antisense oligonucleotides that knock down mClca expression
appeared to inhibit airway hyperreactivity in ovalbumin-challenged mice (52). The available
reports indicate that hCLCA1 (and the homologous mClca3) are localized to mucin granules
of mucous cells in the lung, gastrointestinal tract, and uterus and are not expressed in airway
smooth muscle (28, 34, 58, 59). However, mClca4 is expressed at significant levels in
airway smooth muscle in mice (35). In addition, calcium-activated chloride flux is found in
smooth muscle of the vasculature, urethra, and lymphatics (60-62). Because at least some
CLCA/Clca proteins may depolarize cellular membranes (15), it is possible that CLCA
expression in airway smooth muscle could lead to bronchoconstriction. Similar to the case
for mucous cells, CLCA function in smooth muscle cells still needs to be defined.

Animal models

Perhaps the best evidence for a biologic role of Clca proteins has been developed in animal
models of inflammatory airway disease. In this case, a series of studies have established a
link between the expression of Clca proteins in the lung and the development of
inflammatory airway disease. One of the initial reports came from a study of a mouse model
of allergic asthma that depends on sensitization and subsequent inhalation challenge with
ovalbumin. Using this model, it was reported that mClca3 appeared to regulate mucous cell
metaplasia and airway hyperreactivity (52). Under these conditions, the development of
mucous cell metaplasia and airway hyperreactivity was inhibited by administration of a full-
length mClca3 antisense oligonucleotide delivered with an adenoviral vector system. These
investigators did not recognize that this full-length construct might also interact with shared
sequence homologies in other mClca family members. Nonetheless, expression of mClca3 in
the airway epithelium was sufficient to cause mucous cell metaplasia and airway
hyperreactivity in these animals. This finding was consistent with the evidence that mClca3
expression was sufficient to drive mucin production in NCI-H292 cells (52, 53).

In addition to these studies of allergic asthma in mice, another group studied the role of Clca
proteins in the development of an allergic asthma-like illness in horses. This species
develops a disease of episodic recurrent airway obstruction (also known as heaves) that also
features mucous cell metaplasia and airway hyperreactivity (63-65). The pathogenesis of
this equine disease also involves Th2 cytokine production (especially I1L-4 and IL-13) (66).
Furthermore, like the airway disease that develops in mice and humans, Muc5ac is the
predominant airway mucin that is expressed during the development of mucous cell
metaplasia (67). Thus, the disease in horses manifests the characteristic features of human
asthma and COPD, as well as the allergen challenge and viral infection mouse models of
chronic airway disease (68). Therefore, it appeared likely that equine Clca proteins would
also be involved in the pathobiology of mucous cell metaplasia of the asthma-like disease
that develops in horses. Indeed, investigators report a significant increase in eClcal
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expression in the airway epithelium of horses with equine recurrent airway obstruction (25,
69).

In a distinct approach to understanding the basis for inflammatory airway disease, our lab
also came to evaluate the role of the Clca gene family (24). Our group aimed to genetically
segregate mucous cell metaplasia from airway hyperreactivity in a mouse model, and
thereby identify a molecular pathway that might be associated with a single disease trait.
Others have also used inbred mouse strains to define a genetic influence on airway disease,
but this work has generally concentrated on the development of airway hyperreactivity (70—
78). In the usual case, these previous studies were directed at defining a genetic locus for a
single quantitative trait rather than segregating one trait from another in a complex
phenotype. Moreover, the usual allergen challenge model of airway disease did not often
account for the chronic nature of the phenotype. In view of the well-described role of
respiratory syncytial virus (RSV) as well as other viruses in chronic airway disease (79-84),
we developed a mouse model of viral bronchiolitis. The infectious agent used in this model
is Sendai virus (SeV), which is a mouse parainfluenza virus that is similar to other
paramyxoviruses that more commonly infect humans. However, mice are relatively resistant
to infection with human pathogens such as RSV. By contrast, SeV replicates at high
efficiency in the mouse lung, and SeV infection causes injury and inflammation of the small
airways (i.e., bronchiolitis) that is indistinguishable from the comparable condition in
humans. This acute response is followed by a delayed but permanent switch to chronic
airway disease that is characterized by mucus production (mucous cell metaplasia) and
increased airway reactivity to inhaled methacholine (airway hyperreactivity) (24, 85, 86).
We came to recognize that both of these traits are inducible on a long-term basis after viral
bronchiolitis in the C57BL/6J strain of inbred mice (86). In contrast, we found that the
Balb/cJ strain responded similarly during the acute infection but then failed to develop any
chronic airway disease (24).

We took advantage of this difference in genetic susceptibility to develop an F2 intercross
population with phenotypic extremes that exhibit one or the other disease trait, and analyzed
these extremes for gene expression using oligonucleotide microarrays (24). This combined
genetic and genomic strategy provided evidence of a selective association between
expression of a member of the mClca gene family, i.e., mClca3, with the development of
mucous cell metaplasia but not airway hyperreactivity. In support of the relationship
between mClca3 expression and mucous cell metaplasia, we also found that transfer of the
mClca3 gene into the mouse airway (using an adeno-associated viral vector) was sufficient
to produce mucous cell metaplasia, but did not cause airway hyperreactivity (24). We next
generated a mouse that was homozygous for a targeted null mutation of the mClca3 gene
(mClca3~'~). However, mClca3~~ mice developed the same degree of mucous cell
metaplasia (and airway hyperreactivity) as wild-type mice, both in viral and allergen-
challenge models of chronic airway disease (24).

Since mClca3 gene expression was sufficient but not necessary for the development of
mucous cell metaplasia, we reasoned that another mechanism must also be capable of
mediating the chronic change in airway behavior. We specifically questioned whether
another mClca gene might be responsible for such an effect. Accordingly, we used the
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BLAST (87) program to search for homologues of the mClca3 gene and consequently
uncovered four additional mClca genes flanking mClca3 on mouse chromosome 3. We
tentatively named these genes mClca5, mClca6, mClca7, and mClca8; and subsequently,
these genes were given the same designations (23, 88), with homology to human CLCA
family members as shown in Figure 2. Because other mClca family members are also
expressed in airway tissue (88, 89), they may compensate for the loss of mClca3 and thereby
allow for the development of mucous cell metaplasia in the setting of mClca3 deficiency
(24). Indeed, we recently showed that mClca family members may exhibit functional
redundancy in the development of inflammatory airway disease. In particular, mClca5
expression was also increased in concert with mucous cell metaplasia and airway
hyperreactivity after viral infection (24). In addition, mClca5 gene transfer to the airway
epithelium was sufficient to cause mucous cell metaplasia but not airway hyperreactivity
(24). Preliminary studies indicate that mClca6 expression in the airway epithelium is also
sufficient for mucous cell metaplasia but not airway hyperreactivity (90).

Another group also recognized that mClca3 deficiency alone does not influence the
development of mucous cell metaplasia after allergen challenge, but their analysis of genetic
compensation was limited to expression levels of mClcal, mClca2, and mClca4 (91). In fact,
our work indicates that mClca5, mClca6, and mClca7 are more suitable candidates for
compensatory function. Given the extensive sequence homology for the mClca family
members, it is likely that mClca3 antisense oligonucleotides might bind and inhibit several
family members. Under these conditions, mClca gene knockdown may inhibit the induction
of mucous cell metaplasia and airway hyperreactivity after viral infection, but this
possibility still needs to be formally tested.

The precise signals that regulate mClca gene expression in mouse models of inflammatory
airway disease are also under study. Most studies show that Th2 cytokines (IL-4, IL-9, and
IL-13) will drive increased expression of CLCA proteins in cell culture (53, 92-94).
However, at least one group does not find this relationship (94, 95), suggesting that the state
of the cultured cells may influence the responsiveness to cytokine. For example, the degree
of cell differentiation could influence the expression of cytokine receptor or receptor
signaling function. Indeed, IL-13 receptor expression and signaling function may be a
critical determinant of mucous cell metaplasia after viral infection (96). In that regard, the
Stat6 transcription factor that transmits the signal from IL-4 and IL-13 receptors is also
required to upregulate CLCA gene expression (93). Similarly, increased Clca expression
develops in concert with increased I1L-13 expression in virus- and allergen-induced mouse
models of airway diseases (24, 52, 91, 96, 97). Moreover, increased Clca expression
develops after IL-13 instillation into the lung and in IL-13 transgenic mice (93, 94, 98, 99).
Thus, Th2 cytokine signals serve to regulate CLCA gene expression under a variety of
conditions. This stimulatory effect of IL-13 may depend on Stat6-binding sites in the CLCA
gene promoter, but the precise biochemical mechanism still needs to be defined.

INFLAMMATORY AIRWAY DISEASE IN HUMANS

In this section, we review the evidence of a role for CLCA proteins in inflammatory airway
disease in humans. We concentrate on the two most common types of chronic airway
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disease, asthma and COPD, but we include reports of CLCA action in other diseases that
also manifest mucus hypersecretion and airway hyperreactivity.

CLCA Polymorphism as Genetic Susceptibility Factor

Several lines of evidence have linked CLCA gene variation to the development of
inflammatory airway disease in humans. In particular, two separate studies have used
quantitative trait locus (QTL) linkage analyses of large cohorts of COPD patients to track
the influence of CLCA genes on airway disease. Each of these studies found that lung
function (marked by the degree of abnormality in FEV1/FVC ratio) is linked to genetic
change in a region of human chromosome 1 containing the CLCA family locus (100, 101).
In addition, specific variations in the hCLCAL gene have been linked to susceptibility to
airway disease. Thus, a haplotype analysis of single nucleotide polymorphisms (SNPs) in
the hCLCAL gene observed linkage to childhood and adult asthma as well as COPD in a
Japanese population (102, 103). Analysis of patients with mild forms of cystic fibrosis (that
maintains residual gastrointestinal chloride current but still manifests increased
gastrointestinal and airway mucus accumulations) also detected linkage with genetic
variations in the CLCA gene locus (104). Other investigators have shown that intestinal
mucous secretion is improved when mClca3 expression is restored in mouse models of
cystic fibrosis (37, 105), suggesting that a physiologic level of Clca function is necessary for
normal intestinal as well as airway mucous cell function.

CLCA Expression as a Biomarker

In studies of human tissue, several studies have shown that the levels of hCLCA1 mRNA
and protein are significantly increased in the airway epithelium of asthmatic patients (58,
106-108). Preliminary studies suggest that increased levels of hCLCAL protein can also be
detected in bronchoalveolar lavage (BAL) fluid as cleaved N-terminal and C-terminal
polypeptides in these types of patients (109). Upregulation of hCLCAL has also been
observed in airways of cystic fibrosis patients with high levels of mucus production (110,
111). Furthermore, in patients with COPD, lung samples may contain increased levels of
hCLCAZ1 as well as hCLCA2 and hCLCA4 (108, 112, 113). Thus, hCLCAL and perhaps
hCLCA2 and hCLCA4 expression appear to be useful biomarkers of inflammatory airway
disease. Because of the difficulties in accurately monitoring mucus production or mucous
cell metaplasia in vivo, it is therefore possible that measurements of CLCA mRNA or
protein may serve as a useful biomarker for quantifying this disease trait in the setting of
airway inflammation. Indeed, one study of asthma patients already suggests that hCLCA1
mRNA levels may decrease after treatment with inhaled glucorticoids (107), and a
preliminary report suggests that hCLCA1 levels may track with mucous cell metaplasia
following withdrawal of glucocorticoid treatment (109). However, additional studies are
needed to validate the use of CLCA mRNA or protein levels as a diagnostic or prognostic
marker of activity of inflammatory airway disease.

CLCA Proteins as Therapeutic Targets

In addition to use as a biomarker, CLCA proteins (and particularly hCLCAL) may also be
useful as specific therapeutic targets in the treatment of inflammatory airway disease, or
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even in general for controlling excessive mucous secretions. As noted above, one group has
supported this approach by showing that knockdown of mClca gene expression using
antisense directed against mClca transcripts will block the development of mucous cell
metaplasia and airway hyperreactivity after ovalbumin allergen challenge in mice (52).
However, this report has not yet been confirmed in this mouse model or other models, and
there are no ongoing efforts to apply this strategy to humans with airway disease.

In addition to genetic knockout and knockdown strategies, other groups have pursued the
potential for small molecules to inhibit CLCA function. In particular, niflumic acid and its
derivatives were proposed initially as CLCA inhibitors. In support of this possibility, one
group has shown that niflumic acid can inhibit mucous cell metaplasia induced by hCLCA1
expression or IL-13 administration (53). These findings led to the pursuit of talniflumate (a
niflumic acid derivative) as a potential therapy for overproduction of mucus in airway
disease. Preclinical data in a mouse model of cystic fibrosis indicated that talniflumate
improved survival by decreasing gastrointestinal obstruction caused by mucus (114). In
addition, a phase 11 study of the drug found no toxicity in patients with cystic fibrosis (115).
Talniflumate was also being considered for treatment of asthma and COPD, but it appears
that drug development was eventually halted (115, 116). Another niflumic acid derivative,
MSI-2216, was also found to inhibit mucous secretion both in airway cell lines as well as
primary-cultures of upper airway epithelial cells, but further development of this drug was
also stopped (56, 57).

Some of the likely problems for drug development of CLCA inhibitors have been the issues
of drug specificity and mechanism of action. In the case of niflumic acid, the drug may
block multiple members of the CLCA family rather than a single member (13, 88). This
effect was attributed to inhibition of a common ion channel function among family
members. However, this mechanism became less likely when it was recognized that CLCA
proteins were unlikely to function as calcium-dependent chloride channels. Moreover,
subsequent studies suggested that niflumic acid and its derivatives may act by directly or
indirectly blocking activation of the Stat6 transcription factor (93). The niflumic acid class
could thereby block the actions of IL-13 on mucus production, since at least part of the
IL-13 receptor signaling travels through Stat6 to drive downstream expression of mucin
genes. In any case, it is reasonable to conclude that more precise definition of the molecular
mechanism for CLCA action will be needed to rationally develop specific inhibitors.

CONCLUSION

In sum, there is a critical clinical need for better understanding and treatment of
inflammatory airway disease in general, and mucous cell metaplasia in particular. Although
work is at an early stage, several lines of evidence already suggest that CLCA proteins
(particularly hCLCAZL) may be master regulators of mucin gene expression in humans. We
have gradually developed the proposal that the airway maintains a special program for host
defense and that changes in this same program may lead to airway disease. The same
argument can be made for mucus secretion. Thus, under normal circumstances a physiologic
level of mucus production allows for mucociliary clearance of particulate matter from the
airway and aids in defense against respiratory pathogens. However, if mucus secretion is
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excessive, it leads to airway obstruction and consequent dysfunction. In both normal and
abnormal conditions, there appears to be an immune axis that drives cytokine production,
and in turn, a downstream mechanism that translates the cytokine signal into mucin gene
expression. In humans, this downstream mechanism features hCLCAL, the first member of a
newly defined family of “chloride channel calcium-activated” (CLCA) proteins in humans.
It is possible that additional CLCA family members may mediate airway hyperreactivity, but
this issue requires further study. In either case, the mechanism for how hCLCA1 might
signal to cause mucin gene expression and mucous cell metaplasia is a goal of ongoing
studies. Initial analysis of CLCA structure and function suggests that these proteins are
secreted and cleaved into fragment polypeptides. We are particularly focused on defining the
possibility that hCLCAL is a secreted protein that is cleaved into an active polypeptide that
in turn binds to a receptor on the cell surface and signals to activate mucin gene expression
(Figure 5). This scheme for hCLCAL (and orthologous mClca3,5,6) control over epithelial
behavior can be tested in isolated airway epithelial cells as well as mouse models and then in
patients with mucous cell metaplasia due to asthma or COPD or other inflammatory airway
diseases. A full understanding of this pathway will eventually provide multiple targets for
therapeutic intervention, including modifications of hCLCAL expression, processing, and
signaling. A particular challenge for therapeutic strategies will be to block excessive mucus
prduction without compromising host defense and thereby restore proper balance to the
mucociliary system.
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SUMMARY POINTS

Genomic analysis and gene sequencing has defined a family of CLCA proteins
in humans and animals named for the calcium-activated chloride flux associated
with purified and recombinant CLCA proteins.

Bioinformatic analysis and experimental data indicates that CLCA proteins are
not integral membrane channels but are instead be secreted signaling proteins
that are cleaved into polypeptide fragments.

Bioinformatic analysis also indicates that the CLCA proteins exhibit a
stereotyped domain architecture that includes VWA and Fn-I11 domains
equipped for protein-protein interaction and possibly signaling function.

Gene expression analysis indicates that CLCA proteins, especially hCLCAL in
humans, are linked to the development of mucous cells in the airway as well as
other tissues.

Functional studies combined with genetic and genomic screens indicate that
mClca3 (as well as mClca5 and mClca6) are sufficient for the development of
mucous cell metaplasia after allergen challenge and viral infection in mouse
models.

Clinical studies indicate that CLCA levels (particularly hCLCAL) are linked to
the development of inflammatory airway disease, especially mucous cell
metaplasia and possibly airway hyperreactivity.

Inflammatory airway diseases such as asthma, COPD, and cystic fibrosis are
characterized by mucus obstruction, due to mucin overproduction.

CLCA proteins may serve as useful biomarkers as well as therapeutic targets for
the diagnosis and treatment of patients with inflammatory airway disease.
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FUTURE ISSUES

The following questions were raised in this review as areas for future investigation.

1.

What is the basis for redundancy of CLCA/Clca genes? Humans and other
species express several CLCA/Clca genes with significant sequence homology.
The variable number of CLCA/Clca genes among species suggests the
occurrence of gene duplication, but the functional basis for this evolutionary
approach still needs to be defined.

What is the pattern of tissue expression for the various CLCA/Clca genes under
healthy and disease conditions, and how is this pattern determined? Although
we have preliminary analysis of sequence homologies among CLCA family
members, we still need to understand what determines cell and tissue specificity
for expression and how those patterns translate into function.

How is CLCA/Clca gene expression regulated? In addition to tissue-specific
patterns of expression, it appears that CLCA genes are upregulated in disease.
For example, CLCA expression is likely induced by Th2 cytokines that are
produced during inflammatory airway disease. However, the biochemical basis
for how CLCA proteins translate the cytokine signal into mucin gene expression
still needs to be defined.

What is the site, mechanism, and functional role of CLCA protein cleavage?
CLCA family members appear to uniformly undergo cleavage, but the precise
amino acid site for cleavage as well as the protease(s) involved still need to be
determined. This information is critical to next explore the structure and
function of the mature CLCA peptides.

What is the 3-dimensional structure of CLCA proteins? The understanding of
CLCA function as well as the rational design of CLCA inhibitors will be greatly
aided by definition of CLCA structure. At present, we have no information on
crystal structure for any portion of the CLCA proteins and little understanding
of CLCA protein interactions.

Do CLCA proteins function as signaling molecules, and if so, what is the
signaling pathway for CLCA/Clca proteins to regulate mucin gene expression?
These questions are critical to understanding how CLCA proteins regulate cell
function. The development of properly folded recombinant CLCA proteins and
the concomitant assay of their functional effects is still needed.

What is the role of CLCA/Clca proteins in airway smooth muscle function?
Specific CLCA proteins (notably hCLCA1 and mClca3) are under study for
their capacity to regulate mucin gene expression and mucous cell metaplasia.
However, study of other CLCA/Clca family members is needed to address their
role in controlling smooth muscle cell function in airways and other tissues.
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Figureb5.
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Unified nomenclature for CLCA family members. Gene assignments were based on analysis of human,
mouse, cow, rat, and horse coding sequences with respect to the closest mouse homologue.

Table 1

CLCA Name | Original Name(s) Reference GenBank Accession (22)
hCLCA1l hCaCC-1 (28, 129) NM_0001285

hCLCA2 hCaCC-3, CaCC (38, 129) NM_006536

hCLCA3 (38) NM_004921

hCLCA4 hCaCC-2 (129) NM_012128

mClcal (34, 130) NM_009899

mClca2 (131) NM_030601

mClca3 gob-5 (132) NM_017474

mClcad (35) NM_139148

mClcas (88) NM_178697

mClca6 (88) NM_207208

mClca7 Al747448 (23) NM_0001033199
mClca8 EG622139, A730041H10Rik | (23) NM_001039222

bClcal LOC507643 (22, 133) XM_865947

bClca2 LOC784768 (20) XM_001252288, U36445
bClca3 CaCC, bClca2 (134) AF001261-AF001264, NM_181018
bClca4 (22, 133) NM_001034300

rClcal Rbclca2 (135) AB256513, XM_001063517
rClca2 Rbclcal (26, 136) NM_001077356

rClca3 rClca3_Pred, rClcat’ (22, 127) NM_001107449

rClca4 rClca6, Prp3 (22,127) NM_201419

rClcas rClca2_Pred, rClca2’ (22, 127) NM_001107450

eClcal (25) NM_001081799

eClca2 (22,137) XM_001496218

eClca3 LOC100052500 (22,118, 119, 137) | XM_001495998

eClcad (22,137) XM_001494684

Page 28

TThe Rat Genome is undergoing reannotation (127), but at present, the RatMap RGST naming resource has proposed different names assigned on

the basis of homology to human sequences (128).
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Table 2

Page 29

Tissue distribution of hCLCA gene expression. Levels of expression were determined by detection of mMRNA
species for the corresponding hCLCA gene.

Gene Tissue Reference
hCLCAL | Intestinal goblet cells and basal crypt epithelial cells (34)
airway mucous cells (58)
Uterus, stomach, testis, kidney, fetal spleen (129)
Brain (138)
hCLCA2 | Trachea, breast 47
Trachea, uterus, prostate, testis, kidney (129)
Conjunctival and corneal epithelium (139)
Nasal epithelium (140)
Cornea, skin, vagina, esophagus, larynx (141, 142)
hCLCAS3 | Lung, trachea, breast, spleen, thymus (38)
hCLCA4 | Brain, colon, bladder, uterus, prostate, stomach, testis, salivary gland, breast, small intestine, appendix, trachea | (129)
Nasal epithelium (140)
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Table 3

Page 30

Tissue distribution of mClca gene expression. Levels of expression were determined by detection of mMRNA
species for the corresponding mClca gene.

Gene Tissue Reference
mClcal | Lung, aorta, spleen, bone marrow, lymph nodes, brain (143)
Kidney, skin, liver, spleen (130)
Intestine, cecum, brain, dorsal root ganglion (23)
Breast (48)
mClca2 | Breast (48, 131)
Thymus, colon, small intestine, bladder, epididymis, vesicular gland, skin, breast (143)
Intestine, cecum, dorsal root ganglion (23)
mClca3 | Stomach, small intestine, colon, uterus, trachea; limited to mucous cells (132)
Lung, stomach, small intestine, colon, uterus, trachea; limited to mucous cells (59)
airway mucous cells (52)
mClcad | Colon, small intestine, bladder, stomach, esophagus, uterus, skeletal muscle, heart, aorta, lung; endothelial, smooth (35)
muscle, and epithelial cells
mClca5 | Eye, spleen, heart, intestine, lung, skeletal muscle, stomach, testis (88)
Dorsal root ganglion (23)
mClca6 | Intestine, stomach, eye, spleen (88)
Small and large intestine; Non-goblet cell enterocytes (33)
mClca7 | Intestine and cecum (23)
mClca8 | No transcripts detected (23)
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