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Abstract. Calcium-activated chloride channel regulator 1
(CLCAI) belongs to a group of secreted self-cleaving proteins,
which activate calcium-dependent chloride channels. CLCAI
has been shown to participate in the pathogenesis of
inflammatory airway diseases such as asthma. Recently,
additional functions of CLCAI have been unveiled, including
its metalloprotease property and involvement in mucus
homeostasis and immune modulation. Emerging evidence
suggests that CLCAI may also be involved in the
pathophysiology of colorectal, pancreatic and ovarian cancer.
There is growing interest in utilizing CLCAI as a diagnostic,
prognostic and predictive biomarker, as well as a potential
therapeutic target. In this review, the functional role of
CLCAI, with a particular focus on cancer, is described.

Calcium-activated chloride channel regulators (CLCAs), also
called chloride channel accessory proteins, are a family of
secreted self-cleaving proteins, which activate calcium-
dependent chloride channels. CLCAs have been implicated in
the regulation of cell proliferation, cell migration and metastasis
and are believed to be emerging therapeutic targets in cancer
(1-3). The human genome encodes three functional CLCAs,
including CLCAI, CLCA2, and CLCA4. CLCA3 is a truncated
pseudogene and does not encode a protein (4). Among the
CLCAs, CLCA1 possesses unique characteristics, which
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attribute to this protein a role in mucus homeostasis. CLCAL is
well studied due to its link to development of inflammatory
airway disease (5). However, recent data indicate that CLCA1
may also be involved in neoplasia (6, 7). Consequently, CLCA1
has been suggested as a novel biomarker and a potential
therapeutic target for various malignancies. Here, a
comprehensive summary of the molecular structure, function
and regulation of CLCAL in cancer is provided.

Molecular Characterization and Function

The molecular characterization and function of human
CLCA1 was first described by Gruber et al. in 1998 (8). The
31,902-bp gene, CLCAI, is located on chromosome 1p22-31
and is preceded by a canonic promoter region that contains
an L1 transposable element. The encoded protein is
expressed as a 125-kDa precursor protein that is processed
to yield two cell-surface-associated subunits, a 90-kDa
protein and a group of 37- to 41-kDa proteins (8) (Figure 1).
The 90-kDa subunit includes four transmembrane domains.
However, the information regarding the crystal structure of
intact CLCAL1 and its fragments is currently not available.
CLCA1 was initially considered to be a regulator of
calcium-activated chloride channel (CaCC) proteins, which are
involved in intracellular signaling events and activate specific
cellular responses, including cancer-related proliferation,
apoptosis, migration and angiogenesis (9). Secreted CLCA1
has been demonstrated to be a direct modulator of another
calcium-dependent chloride channel, TMEM16A (10, 11).
CLCALl can stabilize TMEM16A on the cell surface and
prevent its internalization, thus activating chloride currents
(10, 11). CaCC currents are modulated by the N-terminal
fragment of CLCA1 (1). Expression of recombinant CLCA1
protein in HEK 293 cells resulted in an increase in whole-cell
calcium-sensitive chloride currents, thereby mediating a Ca®*
activated Cl- conductance in the human intestine (8).
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Moreover, by protein structure prediction and structure
modeling, a zinc metal-dependent hydrolase domain in
CLCA1 was discovered (12). These findings were further
supported by experimental evidence (1, 13). Indeed,
Yurtsever and colleagues unambiguously demonstrated that
CLCA1 is a novel zinc metalloprotease that mediates self-
cleavage (1). This self-cleavage is indispensable for CaCC
activation. This reaction is probably carried out by exposing
the N-terminal fragment of CLCA1, which could activate
CaCCs by direct interaction with the channel (1). Moreover,
structural components of colonic mucus have also been
suggested as substrates for CLCA1 (13), implying that
CLCALI plays a role similar to matrix metalloproteases.

CLCA1 was also connected to CLCA1-MAPK signaling
pathway responsible for IL-13-induced airway mucus
production (14). Human CLCA?2 or mouse CLCA1 has been
shown to facilitate cell adhesion via interaction with P4
integrin on the surface of melanoma cells and also to
promote metastatic growth (15, 16). Human CLCAI,
however, does not present this characteristic as the (-4
integrin binding motif is disrupted (17). Interestingly, recent
studies propose that CLCAI1 also takes part in mucus
homeostasis and immune modulation.

Mucus Homeostasis

Of the three CLCA gene products expressed at mucosal
surfaces (CLCA1, CLCA2, and CLCA4), only CLCAl
appears to regulate mucin gene expression and consequent
mucus production (14). The proteolytic and ion current-
related activities of CLCA1 make it an interesting candidate
for regulation of mucus dynamics and homeostasis. In the
trachea, Alevy and colleagues delineated an IL-13-CLCA1-
MAPK13-MUCS5AC signaling pathway for mucus regulation,
in which CLCA1 expression and secretion were activated by
IL-13 in response to allergens or virus, and consequently
activated MAPK13 and mucin production, especially
MUCSAC (14). In the intestine, CLCA1 has been recently
demonstrated to cause increased mucus thickness and
penetrability through its proteolytic activity, independently of
the ion conductance or mucus secretion (13).

Immune Modulation

The role of CLCAI in immune response is well-studied in
asthma. Increased mRNA expression of hCLCA1 was found
in the epithelium of patients with asthma compared with
controls (18). One study revealed that gob-5 (mouse
counterpart CLCAL1) is a key molecule in the induction of
murine asthma, being involved in airway hyperresponsiveness
and mucus overproduction (19). Ching and colleagues have
found that CLCA1 released from epithelial cells can activate
airway macrophages through the induction of cytokine
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Figure 1. Schematic protein structure of human CLCAI. CLCAI
includes CAT, CYS, vWA and Fnlll domains. Self-cleavage capability in
the CAT domain allows CLCAI to be split into two fragments; the
N-terminal fragment and the C-terminal fragment. The N-terminal
fragment is responsible for the activation of the calcium-activated
chloride channel. CAT: Metalloprotease catalytic domain; CYS: Cys-
rich domain; vWA: von Willebrand type A domain; Fnlll: fibronectin
type Il domain.
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expression, such as IL-1 (3, IL-6, TNF-a and IL-8, thereby
inducing a pro-inflammatory response in the airway (20).
However, the finding that hydrolase-inactive mutant CLCA1
retains the capability to activate macrophages suggested that
this function was not mediated by the activation of CaCC (20).
Further studies are, thus, needed to unveil the underlying
mechanism. As an immune modulator, involving macrophage
contribution, is strongly implicated in tumor progression (21,
22). Although these findings shed a strong light on the
participation of CLCAL1 in tumorigenesis, such a role awaits
future investigation.

Expression and Distribution in Humans

It has been found that CLCA1 can be shed from the cell
membrane and be secreted into the circulation (17, 23). This
allows CLCAL to serve as a candidate biomarker in serum
and biofluids, as proposed in the case of colorectal cancer
(CRC) (7) and pancreatic cancer (23). CLCA1 is mainly
expressed in the large and small intestine and appendix,
especially in crypt cells (8). CLCAL1 has also been detected
in diseased lung (24) and healthy mucosal tissues, such as
the uterus, testis and kidneys (25).

Role in Cancer

Ion channels in general, and Ca?*_activated chloride channels
in particular, are known to be involved in the regulation of
cell proliferation, cell migration and metastasis and are
believed to be important emerging drug targets in cancer (2,
3). A calcium-dependent chloride channel, TMEM16A, has
also been proposed to contribute to tumor growth and
invasion in lung cancer, prostate cancer and head and neck
squamous cell carcinomas (26-29). Since CLCA1 has been
demonstrated to be a direct modulator of TMEM16A, its role
in tumorigenesis is increasingly recognized. A growing body
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of evidence suggests that CLCAl may participate in the
tumorigenesis of CRC, pancreatic cancer and ovarian cancer.
CLCALI has been proposed as a potential biomarker for
diagnosis, prognosis and treatment response, as well a
potential therapeutic target in cancer.

Colorectal cancer. CLCA1 is mostly abundant in the intestine.
Bustin et al. have reported that CLCA1l expression is
downregulated in CRC (30). Recent studies further confirmed
the decreased expression of CLCA1 in CRC compared with
adjacent normal tissue by immunohistochemistry at the tissue
level, and by ELISA in serum (7, 31, 32). Furthermore, serum
and tissue CLCAL1 levels have been inversely correlated with
CRC histological grade, metastasis and tumor stage (7, 33).
Moreover, Yang et al. have found that low expression of
CLCAL is associated with a poor prognosis (i.e. more frequent
disease recurrence and decreased survival) in CRC, which
may provide information for selection of patients subjected to
adjuvant chemotherapy (33). These results are in line with the
TCGA database, in which low mRNA expression of CLCA1
was associated with a poor prognosis in 597 patients with
CRC (34) (https://www.proteinatlas.org/). However, Chen et
al. have reported that high CLCA1 expression, rather than low
CLCA1 expression, predicted poor prognosis in patients with
rectal cancer receiving chemoradiotherapy (35). This
discrepancy may originate from administration of treatment
before sampling, sample size, patient characteristics, statistics
and different scoring of immunohistochemical staining. More
studies are needed to clarify the effect of CLCAL levels on the
prognosis of CRC. In conclusion, CLCA1 may serve as a
potential biomarker for diagnosis, prognosis and the treatment
response of CRC patients.

The mechanistic role of CLCA1 in CRC has also been
investigated. Knockdown of CLCA1 in Caco-2 cell line has
been shown to inhibit cell differentiation and promote cell
proliferation (22). Further results from in vitro experiments
suggested that CLCA1 may function as a tumor suppressor in
CRC by inhibiting the Wnt/beta-catenin signaling pathway and
the epithelial-mesenchymal transition process, while in vivo
overexpression of CLCA1 led to inhibition of proliferation and
metastasis (14). Furthermore, CLCA1 has been demonstrated
to closely regulate TMEM16A, which has been proposed to
participate in growth, migration and invasion of metastatic
CRC cells (36-38). Transcription of CLCA1 has also been
shown to persistently correlate with transcription of c-myc, a
proto-oncogene whose product is closely involved in the
regulation of cell proliferation and apoptosis (30). However,
the underlying mechanism remains to be understood.

Pancreatic cancer. The expression pattern and underlying
biology of CLCA1 in pancreatic cancer are less known. In
the Human Protein Atlas, a public protein expression
database, the expression of CLCA1 in both normal and

cancerous pancreas tissue was absent (34). In contrast, a
study performed by our group showed that CLCAIl
expression appeared in more than half of pancreatic cancer
specimens (39). By mass spectrometry-based proteomics,
low levels of CLCA1 were significantly associated with a
poor outcome and CLCA1 was thus suggested as a potential
prognostic biomarker for pancreatic cancer (6). A further
validation study by immunohistochemistry, which involved
140 patients with pancreatic cancer, revealed that low
expression of CLCA1l was independently correlated with
shorter disease-free survival (39). The expression of CLCA1
was not associated with any clinical parameters of pancreatic
cancer, including histological grade, tumor size and staging,
indicating that CLCA1 may serve as independent prognostic
biomarker for this malignancy. CLCA1l has also been
proposed as a supportive marker to distinguish between
cystic precursor lesions and pancreatic cancer using cyst
fluid samples (23). The role of CLCAl in mucus
homeostasis leads us to suspect that CLCA1 may also be
involved in the progression from mucinous cystic neoplasms
and intraductal papillary mucinous neoplasms, two precursor
forms of pancreatic cancer, to pancreatic cancer.

Pancreatic cancer is characterized by a dense and
heterogeneous tumor microenvironment, which drives tumor
progression and resistance to therapy (40, 41). Several matrix
metalloproteases have been closely implicated in pancreatic
cancer and have been proposed as therapeutic targets (42-
45). The metalloprotease property of CLCA1 might share a
similar role in pancreatic cancer. While the role of CLCA1
in pancreatic cancer remains unclear, its target modulator,
TMEMI16A, was found to be overexpressed in pancreatic
cancer cells and to promote cell migration (46).

Ovarian cancer. Ion channels are closely involved in ovarian
cancer development and progression and may also be
responsible for multidrug resistance (47). In particular,
voltage-gated, volume-regulated and intracellular chloride
channels have been detected both in vitro and in vivo in
ovarian cancer and shown to be involved in proliferation,
adhesion and invasion (47). By mass spectrometry-based
proteomics, Musrap et al. compared the proteome profiles of
aggregate-forming ovarian cancer cells with those of cells
grown as monolayers and identified CLCA1 as the most
upregulated protein among the thirteen candidates in cells
with aggregate formation (48). Furthermore, treatment with
a chloride channel blocker or knockdown of CLCAL by
siRNAs resulted in a reduced ability of cancer cells to form
aggregates, which is considered crucial for the development
of metastasis. These findings highlight the importance of
CLCAL in ovarian cancer progression and its resistance to
chemotherapy and may be a novel therapeutic target for this
type of malignancy. Further investigation is warranted to
delineate the role of CLCA1 in ovarian cancer biology.
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Conclusion

Ton channels in general, and Ca?*_activated chloride channels
in particular, represent emerging cancer biomarkers and
potential drug targets. The role of CLCA1 has expanded from
inflammatory airway disease to other conditions, including
cancer. Moreover, the latest understanding of the molecular
structure and function of CLCA1, especially its secreted form
which has metalloprotease activity, and its involvement in
mucus homeostasis and immune modulation, has drawn
attention to the utilization of CLCA1 as a potential biomarker
and even as a therapeutic target in cancer. However, additional
knowledge concerning the underlying mechanisms and
function of CLCAL1 as a signaling molecule is necessary. Thus,
clinical and pre-clinical studies concerning its function as a
biomarker and therapeutic target are warranted.
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