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Identification of potential pathological biomarkers has proved to be essential for understanding complex and fatal
diseases, such as cancer and neurodegenerative diseases. lon channels are involved in the maintenance of cellular
homeostasis. Moreover, loss of function and aberrant expression of ion channels and transporters have been linked to
various cancers, and to neurodegeneration. The Chloride Intracellular Channel 1 (CLIC1), CLIC1 is a metamorphic protein
belonging to a partially unexplored protein superfamily, the CLICs. In homeostatic conditions, CLIC1 protein is expressed
in cells as a cytosolic monomer. In pathological states, CLIC1 is specifically expressed as transmembrane chloride
channel. In the following review, we trace the involvement of CLIC1 protein functions in physiological and in pathological
conditions and assess its functionally active isoform as a potential target for future therapeutic strategies.
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| 1. CLIC Proteins, a Focus on CLIC1

Chloride channels exert different functions in every stage. They are involved in ion homeostasis, fluid transportation,
regulation of cell volume, cytoskeletal rearrangement, and cellular motility. An example is the interplay between swelling-
activate K+ and CI- channels during volume regulation due to cellular hypertonicity.

Chloride Intracellular Channel proteins (CLIC) are a class of proteins both soluble and integral membrane forms. Littler et
al. showed CLIC proteins to be highly conserved in chordates with the presence of six vertebrate paralogues . CLIC
proteins diverge from the canonical ion channel structure. Using phylogen and structural techniques they found CLIC
proteins exert enzymatic functions. CLIC proteins show 240 aminoacidic sequence belonging to the glutathione S-
transferase (GST) fold superfamily. This suggests a well-conserved intracellular activity playing a role in redox balance. In
particular, the enzymatic active site was shown to be the Cys24, distinct from canonical GSTs which has been shown to
exhibit a thiol group . As a variety of metamorphic proteins, CLIC proteins undergo important changes in structure
switching from the globular hydrophilic form to the transmembrane hydrophobic structure. It was found that the membrane
insertion is elicited by oxidizing conditions and pH changes [ERI4IE], Oxidation-dependent insertion is likely to be mediated
by the active residue Cys24 as the C24A mutation alters the redox sensitivity of the channel and—for CLIC1—its
electrophysiological characteristics. CLICs channel activity at physiological pH has been shown to be minimal while the
presence of membrane-expressed rises with a change in pH 4!,

CLIC proteins were found to also be involved in endothelium architecture. Tavasoli and colleagues have demonstrated
that both CLIC1 and CLIC5A activate ezrin, radixin, and moesin proteins for the formation of the lumen of vessels. As a
result, the dual CLIC4/CLIC5-deficient mice developed spontaneous proteinuria, glomerular cell proliferation, and matrix
deposition €. Among CLIC proteins, despite CLIC1 is considered a chloride channel, its RNA transcripts lack the specific
sequences for membrane insertion. Thus, it does not follow secretary pathways typical of canonical ion channels through
endoplasmic reticulum and Golgi apparatus 4. For this reason, to demonstrate that CLIC1 protein is a channel, rather
than a modulatory element, recombinant protein inserted in artificial lipid bilayers has been used. These experiments
evidenced a conductance in internal-external 140 mM KCI of 30 pS with a variety of substates suggesting that the integral
membrane form of CLIC1 would comprise four single monomers [ZISIEI7E]

| 2. CLIC1 in Non-Pathological States

More recently, relatively abundant levels of CLIC proteins have been found in human bronchial epithelial cells primary
cultures. In particular, it has been shown CLIC1 to be able to modulate cAMP-induced chloride currents . The authors
show that one of the well-known CFTR antagonists on the market, PPQ-102 abolished the currents elicited by
isoproterenol or forskolin. Despite the fact that this effect is attributed, usually, to the activation of CFTR, RNA Seq
datasets show the absence of this transcript in the analyzed cells. As a matter of fact, knockdown of CLIC1 inhibits
significantly cAMP-induced chloride currents, suggesting a direct contribution of CLIC1 to this chloride conductance. The



authors concluded that manipulating CLIC1 properties may enhance Cl- conductance, thus proposing the possibility to
potentiate CLIC1 functional activity as a possible therapeutic strategy in conditions of impaired chloride homeostasis as
cystic fibrosis [,

| 3. Activation of Transitory Allostasis through CLIC1 Function

In tissues, CLIC1 is found mainly as a cytoplasmic protein able to shuttle to plasma membrane following a remodeling
elicited by perturbation of cellular homeostasis. The two major players are oxidative stress and pH alterations.
Overproduction of reactive oxygen species (ROS), modifies the structure of the protein through the formation of a
disulphide bridge between Cys24 and Cys59, considered the essential oxidoreductase residues, which promotes
membrane docking BI2QLL Transient oxidative stress is proper of physiological functions as cell cycle progression 12
and innate immune responses 31,

The transient translocation of CLIC1 in plasma membrane of macrophages promotes phagosome acidification from 4.4 to
3.4. Clic1”~ macrophages display impaired phagosome proteolysis and altered ability to kill microorganisms and to
expose antigens to T cells 4. Moreover, it has been demonstrated that tmCLIC1 activity contributes to the formation of
inflammasome modulating NLRP3 complex L5111 5 multiproteic complex crucial for the immune system, which regulates
the activation of Caspase 1 and release of cytokines as Interleukine 6 (IL-6) and Interleukine 8 (IL-8), promoting
pyroptosis (inflammatory programmed cell death).

| 4. CLIC1 during Chronic Allostasis
4.1. CLIC1 in Solid Tumors

Lu and colleagues have postulated that CLIC1 acts as an oncogene in pancreatic cancer. Here, patients with CLIC1-
positive tumors have demonstrated worse overall survival compared to those with CLIC1-negative tumors 1€, CLIC1
expression is correlated to a poor prognosis not only in pancreatic cancer, but also in tumors as lung cancer L4, ovarian
cancer, where CLIC1 upregulation was correlated to chemotherapy resistance 18!, gallbladder, and gastric cancers 12,
where it was found to promote cells proliferation via MAPK/AKT regulation 2% and facilitates the formation of tumor-
associated fibroblasts 2. In addition, CLIC1 protein upregulation correlates with the level of aggressiveness and
metastatic potential of colorectal cancer cells [22] \where it was demonstrated to regulate cell volume and ROS level. One
of the aspects of cancer is its heterogeneity, it is composed of differentiated cells, representing the major component of
the tumor mass, and cancer stem cells (CSCs) [23]. Despite cancer stem cells constitute a small percentage of tumor cells
(0.05-1%), they are the prime sources of tumor recurrence and metastasis as they confer resistance to chemo and
radiotherapies [24. Cancer stem cells are able to take advantage of the aberrant redox system. In particular, it was
demonstrated that oxidative stress and gene-environment interactions support the development of a huge variety of solid
tumors, as glioblastoma, breast, prostate, pancreatic, and colon cancer 23,

4.2. CLIC1 in Neurodegenerative Processes

The first evidence about tmCLIC1 involvement in neurodegenerative processes dates to 2004 28 |n the paper, the
authors show an increase in protein expression, and enhanced functional activity in response to AR peptide incubation in
microglial cells. In addition, the AB-induced release of Nitric Oxide (NO), as well as TNF-a is prevented by impairing
tmCLIC1 function by its pharmacological inhibition and by RNA interference, supporting an active role of the protein during
the neurodegenerative processes. A possible mechanism by which tmCLIC1 would support the neurodegenerative
process was suggested in a following work 22, In particular, its ion channel activity would sustain the Ap-induced ROS
production by microglial cells, acting as a charge compensator, which balances the electrogenic activity of the NADPH
Oxidase (NOX2). The correlation between tmCLIC1 functional activity and neurodegeneration was further confirmed by
the observation of high protein levels in section from 3xTg-AD mouse brain, characterized by a progressive deposition of
AP during their life. The authors concluded that tmCLIC1 inhibition could represent a promising anti-inflammatory target
for Alzheimer’s Disease therapy. This was further strengthened by the work of Paradisi et al. [28] where the authors have
shown that the inhibition of tmCLIC1 activity by pharmacological blockers and the suppression by RNA interference does
not alter the activation of resident microglia. In particular, they show that affecting tmCLIC1 ion channel produces a
reduction in some toxic aspects of activated microglia (i.e., NO production) while leaving unaltered its phagocytic ability.
Moreover, in a following work it was shown that by co-culturing neurons and microglia in a two-chamber transwell, IAA94
treatment was able to prevent the neurotoxicity induced by the treatment with AB1-42 peptide 22,



| 5. Conclusions

CLIC1 protein has been described in several papers associated to different pathological states, from neurodegenerative
processes to solid tumors. However, CLIC1 is better described as a determinant of adaptation in different biological
contexts, rather than being able to induce disease development. CLIC1 is one of the several proteins that react to stress
conditions promoting cell survival. CLIC1 protein is conserved from yeast to humans and expressed in the cytoplasm of
every cell types. A peculiar feature of CLIC1 is to be present on the cell membrane only in hyperactivated systems. This is
particularly important for cells targeting in diagnosis of a pathological state or as a possible pharmacological target in
therapeutic protocols. In all the living organisms, cells usually maintain a dynamic state of equilibrium defined as
homeostatic state. In case of profound and endless changes in the surrounding environment, there are two main possible
cell reactions. Cells involved in defense mechanisms, as cells of the immune system, become persistently activated. On
the contrary, most somatic cells are not able to cope with the new conditions and are negatively selected. However, a
small percentage of somatic cells are able to activate stable allostatic mechanisms and survive. It is important to underline
that allostatic cells are not similar to the original ones, but they form a new population with completely different
physiological characteristics. The majority of these new cell populations represent an adaptation (Figure 1).
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Figure 1. Graphic representation of the dual behavior of cells under chronic stress. All cells constantly rely in a dynamic
state of equilibrium defined as homeostasis, in which cells respond to stress stimuli with a transient activation of allostatic
mechanisms. When the stimuli became persistent, the hyperactivation is irreversible. In a major part of the cases, this is
not compatible with cell life, leading to cell death. In rare cases, the hyperactivation has, as a consequence, the
establishment of a new steady state far different from the initial cell.

From a physiological point of view, tumorigenesis can be defined as an adaptation. Uncontrolled proliferation can be seen
as an extreme survival mechanism in response to a chronic stress state generated by a hostile environment. In this
scenario, among other proteins, CLIC1 is instrumental for this transformation. In particular, as a metamorphic protein, its
translocation to the plasma membrane could be a first line response to diverse stimuli. Transmembrane insertion and the
consequent increased ionic permeability can represent a fast reaction to counteract cytoplasmic unbalance conditions. As
mentioned before, cytoplasmic CLIC1 protein binds GSH. In adverse conditions, the rearrangement of the protein
structure releases GSH, contributing to buffer cytoplasmic oxidation. At the same time, CLIC1 association with an ionic
channel guarantees the possibility to disperse any excess of charges that could accumulate during a persistent condition
of oxidative stress. In the central nervous system, the presence of high concentration of B-amyloid generates a state of
oxidative stress that triggers microglia activation with the intent of phagocyte oligomers and fibrils. The release of a huge
amount of amyloid causes microglia hyperactivation that becomes harmful for neurons and glial cells, generating the
process of neurodegeneration. In solid tumors, the process may be different. Chronic conditions of oxidative stress due to
environmental causes like pollution, smoke, wrong or excessive alimentation, or hormonal dysregulation could induce cell
“adaptation” giving rise to a neoplastic process. Both these conditions show a direct correlation between the presence of
membrane CLIC1 and the state of microglia activation or tumors aggressiveness. The initial mechanism of
neurodegeneration and tumorigenesis in sporadic cases is still obscure. However, CLIC1 protein functional expression as
a membrane protein could be symptomatic of hyperactivated states as that of neurodegeneration or the neoplastic
transformation. In this perspective, tmCLIC1 could represent a promising element as a diagnostic tool, as well as a
therapeutic target.
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