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Abstract

Chloride intracellular channel protein 1 (CLIC1) is a highly conserved intracellular anion channel protein, thought to
perform significant roles in maintaining cellular homeostasis. The novelty of its properties by which it can exist in soluble
globular form and as integral membrane protein have earned it much interest. While the absolute functional role of CLIC1
is still debated, it is undoubtedly established that activation of CLIC1 increases membrane chloride ion permeability.
The versatility of its redox regulated structural transitions has led to its addition to the rare category of metamorphic
proteins. Although the exact functions of CLIC1 in maintaining cellular homeostasis still remain to be elucidated, several
studies strongly indicate the possible involvement of CLIC1 up regulation in various disease states including cancer and
neurodegenerative disorders, implying its significance as a potent drug target. The objective of this review is to explore
its structural novelty, regulation and roles in pathologies delineating its significance in neurodegenerative diseases.
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Introduction

Chloride intracellular channel protein 1 (CLIC1) also called nuclear
chloride ion channel 27 (NCC27), is a protein encoded by the CLIC1
gene exhibiting chloride ion channel activity and is included under
a broader class of chloride intracellular channels (CLICs) [1]. Under
normal reducing conditions, CLICI it is found in a soluble, globular
form in cytoplasm whereas under oxidizing conditions it is subjected to
structural reconfiguration undergoing membrane insertion within the
plasma membrane and other internal membranes, including the nuclear
membrane [2]. CLIC1 predominantly localizes in the nucleoplasm,
nuclear membrane, cell membrane and cytoplasm [3]. Nevertheless,
the protein can also be found within small intra-cytoplasmic organelles,
including lysosomes, endosomes and secretory vesicles [1].

Despite little being known about the biology of the CLIC proteins,
its high degree of conservation across a wide range of species is
indicative of its biological significance [4], by which it continues to
perform essential functions in humans and other mammalian species
[5]. These functions include secretion and absorption of salts, regulation
of cell volume [6], regulation of cell cycle [7] and production of reactive
oxygen species (ROS) that act as second messengers [8]. CLIC1 has
also been shown to play a role in maintaining structure of intracellular
organelles by interaction between membrane and cytoskeleton [5].

Being the most intensely studied out of a recently described family
of 7 proteins [9], the therapeutic importance of CLICI is becoming
increasingly known. Recent studies have linked CLIC1 overexpression
to cancerous tumors and its production may correlate with
neurodegenerative disorders, leading to research into the potential use
of CLIC1 as a biomarker or suitable therapeutic target for inflammatory

disease therapy. The following critical review will investigate the
structure of CLIC1, its regulation, and its role in chloride channel
activity in normal cells, as well as explore the possibilities of CLIC1
use as therapeutic markers for cancer and neurodegenerative diseases.

Structure and Metamorphosis of CLIC1

CLIC1 is a 241 amino acid ion channel protein with two discrete N-
and C-domains linked by a proline-rich loop [5]. Structurally, CLICs are
homologous to glutathione S-transferases (GST), a class of metabolic
isozymes that conjugates the reduced form of glutathione (GSH)
to electrophilic xenobiotics prior to detoxification and elimination
[10]. The N-domain of CLIC1 (residues 1-90) has a thioredoxin fold
consisting of a four-stranded mixed B-sheet plus three a-helices while
the C-domain is all helical (Figure 1) and closely resembles the Q
class of the glutathione- s-transferase (GST) with two exceptions: the
position of the carboxyl-terminal helix h9, and the insertion of a highly
negatively charged loop [5]. This loop, extending between helices h5
and h6 (Pro 147 - Gln 164), is a distinctive feature of CLIC1 and may be
important in protein-protein interactions [4] (Figure 1).

CLICI falls into the rare category of ‘metamorphic proteins’ [1], as it
can exist in two forms: as an integral membrane protein in intracellular
compartments e.g., nuclear membrane or endoplasmic reticulum with
ion channel function or as a soluble globular protein in the cytoplasm,
with well-formed GSH binding site that can form a covalent complex
with GSH. Under oxidizing conditions and low pH, the soluble
protein can undergo a reversible structural modification to an integral
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membrane form, resulting in the four-stranded mixed B-sheet being
transformed into helices and loops [4] (Figure 2). When transitioning to
this oxidized state, the crystal structure of CLIC1 is drastically changed
as a large rearrangement of the N-terminal domain occurs [5], allowing
the formation of a non-covalent dimer consisting of only helices [4]. The
oxidized CLIC1 dimer, stabilized by an intramolecular disulfide bond,
maintains the ability to form chloride channels in artificial bilayers and
vesicles, whereas a reducing environment will inhibit the formation of
these ion channels [3,4] (Figure 2).

As well as sharing a weak sequence homology with the GST
superfamily, particularly the Q class of GST (Figure 3), the soluble
monomeric form of CLICI also has a redox-active site resembling
glutaredoxin on the N-domain [1,5]. Glutaredoxins are a group of
redox enzymes with GSH binding site, that help maintain cellular
redox balance by oxidising GSH to form glutathione disulfide (GSSG),
which in turn is reduced by glutathione reductase (GR) enzyme [11].
The redox-active site in CLIC1, like glutaredoxin, has a redox-reactive

Figure 1: Structure of CLIC1 protein. A, a stereo diagram showing a CLIC1
monomer. The N-domain is on the left, C- domain on the right with the GSH
site at the top of the molecule in the inter-domain cleft. The backbone has been
coloured such that blue denotes low and red denotes high. B, a schematic
showing arrangement of secondary structural elements in CLIC1, with similar
view to A [5].

Figure 2: CLIC1 structural transition. Structural transition in CLIC1. A, a soluble
monomer CLIC1 structure compared to B, the half-dimer structure observed
after oxidation [41].

Figure 3: Structure comparison of CLIC1 and Q GST. A comparison of the structure
of CLIC1 with that of Q GST. The figure shows a stereogram of the superposition of
the CLIC1 structure (green) with that of the Q class GST (red) [5].

Cl efflux post CLIC1 inhibitor treatment
Group

Control Vesicles

CLIC1 Vesicles

CLIC1-IAA Vesicles

Cl Efflux %/s
0.83 £ 0.05 (n = 3)
1.92+0.36 (n = 2)
0.48 £0.05 (n = 2)*

Table 1: Inhibition of CLIC1 activity caused by the presence of IAA. Efflux rates
were determined from vesicles mixed with control buffer (Control), 20 ug of CLIC1
(CLIC), 20 ug of CLIC1 in the presence of 50 uM indanyloxyacetic acid-94 (IAA). *
significantly lower to Cl efflux of CLIC1 vesicles (P < 0.02) [14].

Cl efflux in heat-denatured CLIC1 proteins
Group

Control Vesicles

CLIC1 Vesicles

CLIC1- heat denatured

Cl Efflux %/s
0.40 £ 0.06 (n =2)
1.63+0.07 (n=2)

0.652 + 0.004 (n = 2)*

Table 2: Inhibition of CLIC1 activity through denaturation. Valinomycin-dependent
efflux rates were determined in the absence of added protein (Control), in the
presence of 4 ug of CLIC1 (CLIC), and 4 ug of CLIC1 that has been heated to
95°C for 5 min before the assay (Boiled). * significantly lower to Cl efflux of CLIC1
vesicles (P < 0.001) [14].

cysteine (Cys 24) that is capable of forming a covalent-mixed intra-
molecular disulfide bond (Cys24-Cys59) with GSH [12]. Mutational
studies show that both Cys24 and Cys59 are required for channel
activity [4,13] (Figure 3).

Regulation of CLIC1

Protein concentration

CLIC1 membrane conductance can be regulated by its
concentration. Studies carried out over a range of CLIC1 concentrations
and corresponding rates of valinomycin-dependent chloride efflux
showed that increasing amounts of CLIC1 protein leads to increasing
chloride efflux rate [14]. At low protein concentrations, an essentially
linear relationship between protein concentration and channel activity
exists, whereas at a higher concentration, the rate of chloride efflux
increases and then become saturated, resulting in a decreasing rate of
increase of channel activity. This increase in channel activity can be
partially attributed to the variations in protein-to-lipid ratios, where
a high protein concentration, and consequently high protein-to-lipid
ratio, will increase the possibility of multiple insertion events in a single
vesicle [14]. The resultant increase in vesicles with multiple channels
provides explanation to the increase of chloride channel activity.

Presence of inhibitors

The presence of inhibitors can greatly reduce CLICI function. IAA,
an indanyloxyacetic acid derivative which is an inhibitor of microsomal
chloride channel activity, has been found to significantly inhibit CLIC1
mediated valinomycin-dependent chloride efflux [14]. IAA, particularly
TAA94 is a small and highly hydrophobic molecule that binds to the ion
channel pore of CLIC1 with high affinity [9]. In the presence of IAA, the
chloride efflux rate comparatively decreases, where a clear difference in
chloride efflux rate between CLIC1 with and without the presence of
the inhibitor is identifiable [14] (Tables 1 and 2).

Hydrogen ion concentration

CLIC1 channel activity is also strongly dependent on pH.
Measurement of the association of CLICI with liposomes at pH 6.5
and pH 7.4 indicates that the interaction of CLICI with lipid bilayers
is favored by lower pH levels [1]. Studies suggests the existence of a
threshold between pH 6 and 6.5, with the time needed to observe a
functional ion channel tripling as the pH increased from range 5-6 to
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Figure 4: Delay in CLIC1 membrane insertion relative to pH. CLIC1 single-channel
activity versus pH. The time of the first functional insertion in the lipid bilayer
significantly increases as the pH is increased from range 5-5.5 to 6.5-7 [1].

range 6.5-7 (Figure 4) [1]. An explanation for these results lies in the
relationship between a decrease in pH and in the increased probability
of CLIC1 protein membrane insertion [14]. As the pH is lowered,
it approaches the pI of the protein (pI 4.5). As a result, electrostatic
repulsion effects between channel subunits are lowered, and the
formation of an active ion channel is favored. Additionally, the decrease
in pH can also decrease the activation barrier that must be overcome
for CLIC1 to transition from the soluble form to the membrane
conformation, allowing CLIC1 to more easily integrate into the lipid
bilayer [1] (Figure 4).

Redox regulation of CLIC1 membrane insertion

Presence of GSH binding site in CLIC1 suggests that chloride ion
channel activity, promoted by the transition from a reduced, monomeric,
cytoplasm-soluble state to an oxidized soluble non-covalent dimeric
state, may be regulated via a GSH-dependent redox mechanism in vivo
[5]. It is possible that CLIC1 uses the GSH site for targeting the chloride
channel to a particular subcellular location. However, in the cytoplasm,
GSH is present and the conditions are strongly reducing [5]. Thus, the
soluble form of CLIC1 is likely to be free of glutathione attachment
and Cys 724 is likely to be in a reduced state, preventing the formation
of ion channels. The presence of oxygen species such as hydrogen
peroxide alters this resting state of soluble CLIC1, possibly enabling
channel activity [5]. Although it has been independently proved that
oxidation promotes dimer formation and membrane insertion, it is still
not clear whether dimerization is significant for membrane insertion.
In fact, both monomer and dimer forms of CLICI has been found
to be able to undergo ion channel formation in artificial membranes
[2]. Albeit the Cys24-Cys59 disulfide bond stabilizing the dimer form,
which is required for ion channel conductance, it has been proved that
the existence of Cys24-Cys59 bond effectively restrains the protein
from membrane integration [15]. Thus the model Littler suggests for
CLIC1 membrane insertions seems plausible whereby in solution,
under oxidizing conditions, CLIC1 monomeric form undergoes
structural transition to form an unstable Cys24-Cys59 disulfide bond,
exposing a hydrophobic domain which in absence of lipid layer, forms
a conformationally stable dimer masking the hydrophobic domain.
However, in presence of the lipid layer, it docks itself to the membrane
using the hydrophobic domain; the actual fate of CLIC1 depending on
the concentration of the lipid layer [2].

CLIC1 insertion into lipid membrane

The traditional route of integral membrane synthesis and processing
involves the protein undergoing integral membrane synthesis by
ribosomes bound to the endoplasmic reticulum (ER) and remaining
lodged in the ER membrane until its eventual delivery by the Golgi

complex to its final membrane destination [1,16]. However, CLIC1
challenges this traditional assumption regarding protein insertion into
membranes, being capable of spontaneous insertion into lipid bilayers
directly from their soluble form [16]. Additionally, isolated CLIC1 can
form functional ion channels in an artificial lipid bilayer with identical
electrophysiological characteristics with that of cell membranes [1].

CLICI1 membrane insertion occurs in a multi-step process. Firstly,
under oxidizing conditions, the globular soluble form of the protein
unfolds, exposing a hydrophobic face. Next, cholesterol will act as a
potential binding site on the membrane, to which CLICI can attach,
and subsequently insert into the membrane [16]. Once associated with
the membrane, it has also been suggested that cholesterol aids with the
higher order quaternary structural arrangement of the protein into its
final conductive state in the ion channel with the amino terminus on
the exterior, and an inward cytoplasmic C-terminus [9].

CLIC1 as an oxidoreductase

A recent study on CLICI suggests it also exhibits oxidoreductase
activity in addition to its role as a chloride ion channel [17]. In this
study, CLIC1 protein expressed in E. coli was extracted and isolated
using chromatography and used in its reduced monomeric and oxidised
dimeric forms to detect CLIC1 activity under various conditions. It
was demonstrated that CLIC1 in its monomeric and dimeric forms,
reduced 2-hydroxyethyl disulphide (HEDS), a glutaredoxin substrate,
in presence of GSH and GR as demonstrated by the oxidation of
NADPH, indicating its oxidoreductase activity. However, it has been
proposed only the monomeric form possess the antioxidant property,
and the dimer is reduced to monomeric form in presence of GSH
[17]. Mutational studies using C24A, C24S and C59A revealed that
the Cys24 moiety was essential for the oxidoreductase activity but not
the Cys59 [17]. Further studies also revealed that the oxidoreductase
activity was inhibited by presence of ion channel blocker IAA but not
cholesterol indicating that although both functions might be distinct
to each other, enzymatic properties of CLIC1 may direct the ion
channel function [17]. Establishment of CLIC1 as an oxidoreductase
exposes it as a moonlighting protein that has multiple functions that
maximise efficiency of the proteome [18]. This also shows that presence
of oxidants is not the only factor that designates the fate of CLICI,
when CLIC1 itself can act as an antioxidant. As described earlier,
multiple other factors such as presence of cholesterol [16], pH [1] and
membrane phospholipid concentration [14] also directs the localisation
and function of CLIC1.

The role of the CLIC1 protein in non-disease states

Under oxidizing conditions and low pH, CLICI, can integrate
into synthetic lipid bilayers and vesicles to function as chloride ion
channels [3,4]. Like other classes of chloride channels such as the
ligand-gated receptor channels and CIC chloride ion channels, this
renders the CLIC1 protein capable of regulating a number of crucial
cellular processes including cell volume, stabilization of cell membrane
potential, trans-epithelial transport, and maintenance of intracellular
pH [3,5].

CLIC1 ion channels were shown to be reversibly inhibited by cytosolic
F-actin in the absence of other proteins [3]. A reversal of this effect can be
achieved using cytochalasin, which disrupts F-actin. This finding presents a
new possibility for CLIC1, being an indication that CLIC1, like other actin-
regulated membrane CLICs, can possess non-channel functions such as
cell cycle regulation, cell differentiation and cell apoptosis [19]. Like actin-
regulated membrane CLICs, CLIC1 can modify solute transport during
various stages in the cell cycle and cell migration [3]. CLIC1 is also involved
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in apical membrane recycling in several columnar epithelia tissue samples
including the small intestine and renal proximal tubes [19]. CLICl is also
detected in the epithelia of airways, the gall bladder, pancreas, stomach,
small intestine and colon [20].

Regulation of the cell cycle is another role that can also be
attributed to CLICI. This is supported by study on Chinese hamster
ovary cells, which showed that the use of CLICI blockers can inhibit
cells in the G2/M stage of the cell cycle [7]. In this stage, the ion channel
is selectively expressed on the plasma membrane, and the absence of
CLIC1 will prevent CLIC1-mediated changes in cell volume and hinder
the completion of mitosis so the division of the cell is prevented [3,7].

CLICI is also found to be highly expressed in macrophages which
are key cells in adaptive immunity [21]. These macrophages have a
crucial role in tissue homeostasis, wound repair and host defense. In
resting macrophages, CLIC1 is widely distributed in the cytoplasm [9].
However, in activated macrophages, CLIC1 moves to the phagosomal
membrane and plays a role in regulating phagosomal acidification,
and consequently, control the regulation of other phagosomal
functions such as proteolysis through its ion channel activity [9]. In
the absence of CLIC1, an elevated phagosomal pH results in a decrease
of phagosomal proteolytic activity and reduced ROS production [9].
When tested in vitro with mice, it was demonstrated that mice with
CLICI-negative macrophages are protected from developing chronic
joint inflammation, which provides evidence for the use of CLICI as
useful target for the development of anti-inflammatory drugs [9,21].

The role of CLIC1 protein in diseased state

CLICI appears to have a role in pathologies characterized by
oxidative stress. Recent studies suggest that redox sensitive CLIC1
also extend its effector mechanisms using ROS as second messengers.
Silencing of CLIC1 mRNA was found to decrease phosphorylation
of extracellular signal related kinase 1/2 (p-ERK1/2) and matrix
metalloproteinase 2, 9 (MMP 2, 9) [22], which are both downstream
effectors of oxidative stress pathways, a key feature of cancer pathology
[23,24]. Furthermore, studies show localization of CLIC1 on plasma
membrane during G2/ M phase of cell cycle, during which the current
density is twice that of the resting phase (G1/ S) of the cell cycle [7],
suggesting its possible role in tumor pathology. CLIC1 overexpression
has also been found to be required for amyloid-beta induction of ROS
by activated microglia, which is a precursor of neurodegenerative
disorders such as Alzheimer disease [25].

Expression of CLIC1 in cancerous tumors

CLICI is overexpressed in many cancerous tumors, including
lymph node metastasis and lymphatic invasion [26]. This is because
neoplastic transformation, particularly active migration and high rates
of proliferation into non-neoplastic tissues, requires partial or total
participation of the chloride channel [27]. Thus, during tumorigenesis,
the increased permeability of chloride and potassium selective pores
allows CLICI1 to become the most active channel, accounting for
its overexpression in cancerous tumors. This is confirmed in human
primary hepatic tumors where studies showed a higher presence
of CLIC1 protein in cancerous tissues compared to corresponding
noncancerous tissue [28]. As CLIC1 is overexpressed in cancerous
tissues, staining cells with anti-CLIC1 antibody can offer detection
of tumorous cells, suggesting that CLIC1 can potentially become an
effective prognostic marker for these cancers, and also a means for drug
targeting [29].

Furthermore, overexpression of CLICI can also enhance migration

and invasion of carcinogenic cells. In gall bladder carcinoma cells,
CLIC1 promotes cell motility and invasion of the carcinogenic cells,
whereas interference of CLIC1 RNA can significantly decrease cell
motility and the invasive potency of the cells in vitro [30]. The same
explanation could be used to interpret the role of CLICI in gastric
cancer cells, where the 5-year survival rate of the low CLIC1 expression
group to be 1.72 times higher than that of the high expression group
[29]. Additionally, it was also noted that by simply reducing CLIC1
expression through the use of a specific CLIC1 blocker, its function
can be suppressed, resulting in a reduction of the migration ability of
endothelial cells [3,31-35].

CLIC1 and neurodegeneration

CLIC1 is overexpressed in Alzheimers disease, a currently
untreatable neurodegenerative disease characterized by the presence of
amyloid plaques formed by abundant extracellular deposits of Ap [36].
At a cellular level, the deposits of amyloid-p activate microglia, which
secretes potentially neurotoxic molecules as well as tumor necrosis
factor-a. (TNF-a), a pro-inflammatory cytokine that also contributes
to microglial neurotoxicity [37], leading to accelerated neuronal death
(Figure 5). Microglial activation has been identified as a characteristic
of a number of neurodegenerative diseases including multiple sclerosis,
Parkinson disease, dementia, stroke, amyotrophic lateral sclerosis (ALS)
and Creutzfeldt-Jacob disease [38]. ROS are thought to comprise a vast
majority of neurotoxic molecules generated by activated microglia.
Activation of nicotinamide adenine dinucleotide phosphate oxidase
(NADPH oxidase) constitutes a major source of ROS, which has been
identified to play a crucial role in pathogenesis of ALS [39] Figure 5.

The activation of microglia also increases CLICI protein expression
within 24 hours of incubation with AP [21]. The overall increase in
CLICI protein expression consequently directs the protein to the
plasma membrane to perform its role as a chloride ion channel [31].
This accounts for substantial increase in plasma membrane CLIC1-
related ion channel activity accompanying cell activation, which is
confirmed to be specific to the A peptide [21].

In light of the relationship between AP microglial activation and
CLIC1 expression, studies show that CLIC1 could be of ‘therapeutic
efficacy’ in Alzheimer’s disease [31]. A blockade of CLIC1 by the

e

/ Microglia \

Increased CLIC1
expression &
CLIC1 directed to
J, plasma membrane
|, Beta amy loid l -
1 Increase in
chloride ion
channel
aclivily

Reactive microglia
and astrocyte
degenerate
the neurons

Neuronal
degeneration

Synaptic neurotoxicity

Cognitive decline and AD pathology

Figure 5: Microglial pathway leading to neuronal degeneration. Flow diagram
outlining the process of neurodegeneration in Alzheimer’s disease and its effect
on CLIC1 expression [40].
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