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A B S T R A C T

Chloride intracellular ion channels (CLICs) are a family of six human proteins that exist as both soluble and 
integral membrane proteins and are expressed across a range of different tissues throughout the body. CLIC1 and 
CLIC4 act as moonlighting proteins, exhibiting oxidoreductase enzymatic activity in addition to their membrane 
ion channel activity. Transient siRNA knockdown of either CLIC1 or CLIC4 in primary human dermal fibroblast 
(HDF), human epidermal keratinocyte (HKE) cells and in the stable murine fibroblast cell line, NIH/3T3, showed 
significant reduction in cell viability. Conversely, NIH/3T3 cells over-expressing CLIC1 or CLIC4 demonstrated 
that both proteins assist in protecting the cells from hydrogen peroxide (H2O2)-induced oxidative damage, 
resulting in reduced cell death and reduced Reactive Oxygen Species (ROS) generation. While the opposite effect 
was seen in cells where these proteins had been silenced using siRNA. We have also now demonstrated that by 
exogenously adding recombinant CLIC (rCLIC) proteins to either HDF or HKE cells in culture, both rCLIC1 and 
rCLIC4 proteins provided cellular antioxidant protection to the fibroblast and keratinocyte cells against H2O2- 
induced oxidative damage. Our study also demonstrates rCLIC1 and rCLIC4’s ability to act as skin cell protective 
antioxidant agents, arises from their oxidoreductase enzymatic activity. Our findings also showed exogenous 
addition of rCLIC1 or rCLIC4 to skin cells resulted in similar or greater protection against H2O2-induced oxidative 
damage when compared to other well-known endogenous antioxidants like glutaredoxin (Grx), Glutathione S- 
transferase-Omega (GST-Ω) and the antioxidant drug, N-acetylcysteine (NAC).

Introduction

To date, seven members of the human CLIC family have been iden
tified: CLIC1 to CLIC4, CLIC5A and 5B (splice variants) and CLIC6. CLICs 
1-5A are almost identical in size, consisting of a conserved C-terminal 
240 amino acid residue module with one major putative transmembrane 
domain located in their N-terminus. In contrast, CLIC5B and CLIC6 are 
two larger variants and consist of an extended N-terminal domain in 
conjunction with the typical 240 amino acid CLIC module [1–4]. The 
CLIC proteins are highly conserved across species, with CLIC-like pro
teins identified in numerous vertebrates such as amphibians, birds, fish, 
and mammals as well as in invertebrates such as nematodes (EXC-4 and 
EXL-1) and insects (DmCLIC) [5]. Furthermore, four CLIC-like proteins 
(DHARs1-4) have also been identified in plants [6] and one in bacteria 
(SspA) [7]. Based on the primary sequence and 3D crystal structural 

models [8–11], CLIC proteins were shown to adopt the canonical 
thioredoxin-like fold and were classified as the newest members of the 
Glutathione S-transferases (GST) superfamily (Fig. 1) having the topo
logically conserved glutaredoxin-like motif (Cys-X-X-Cys/X) which has 
been shown to exhibit glutathione-dependent thiol transferase activity 
[12–15]. This enzymatic activity catalyses the reduction of intracellular 
disulfides with reactions that couple together Glutathione (GSH), 
Nicotinamide Adenine Dinucleotide Phosphate (NADPH) and Gluta
thione Reductase (GR), a reduction which is considered necessary for the 
maintenance of a healthy redox environment within the cell [12–15].

A 1.4 Å structure of CLIC1 showed a single GSH molecule covalently 
bound to the protein through a disulphide bond between Cys24 (that 
forms part of the thiol site motif) and the GSH thiol group [9]. This 
GSH-binding site domain can either be monothiol containing one highly 
reactive cysteine residue as in the cases of CLICs 1, 4, 5 and 6, or dithiol, 
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having two cysteine residues as seen in CLICs 2 and 3 [16]. Given their 
structural similarity with the GSTs (as seen in Fig. 1), it was speculated 
that the soluble form of CLICs can also act as oxidoreductases. Our group 
has previously demonstrated the oxidoreductase activity of the proteins 
CLIC 1, 2, and 4 via an in vitro HEDS enzyme assay [16], followed by 
contributions to work on CLIC3, whose glutathione-dependent oxido
reductase activity was shown to drive cancer progression via its regu
lation of the protein transglutaminase-2 [17].

Several additional in vitro studies by our group have further char
acterised this enzymatic activity [17–19] and there are now a number of 
other studies implicating CLIC and related CLIC-like proteins in redox 
cellular processes [20–26]. For example, Ponnalagu et al., 2018 and 
2022, have proposed that CLIC4 and CLIC5 are involved in cardio pro
tection from in vivo ischemia-reperfusion and respectively aid in main
taining calcium homeostasis and mitochondrial ROS generation [23,24]. 
A study of CLIC4 in breast cancer cells implicates its involvement in 
maintaining redox-homeostasis [20]. Plant Dehydroascorbate Re
ductases (DHARs) are well known to catalyse the reduction of dehy
droascorbate (DHA) to ascorbate using reduced GSH as an electron 
donor, allowing rapid ascorbate re-cycling which in turn affects cell 
responsiveness and tolerance to environmental ROS [21,26]. Increas
ingly, evidence appears to be highlighting the roles of CLIC-like proteins 
in redox biology as well. This ranges from the invertebrate CLIC-like 
proteins being shown to be associated with maintaining the cellular 
redox homeostasis within invertebrates [22,25]; knockout of inverte
brate Drosophila melanogaster ortholog CLIC-like protein (DmCLIC) re
sults in the upregulation of proteins involved in the oxidation–reduction 
processes. The study demonstrated DmCLIC is involved in the regulation 
of oxidative stress signalling and this function was shown to overlap 
with the molecular mechanisms of acute ethanol sensitivity in the fly 
[25]. Another CLIC homolog, EXL-1 (excretory canal abnormal like-1) 

expressed by Caenorhabditis elegans, responds specifically to heat stress 
and translocates from the cytoplasm to the nucleus, and depletion of 
EXL-1 makes the cells more susceptible to heat-stress [22]. This study 
proposed that C.elegans CLICs evolved to achieve different physiological 
functions through changes in their subcellular localization and they 
undergo spatial separation in response to external or internal signals 
[22]. Hence, it is important to further investigate CLIC protein cellular 
protective ability against external environmental stressors and their 
function as oxidoreductases via different signalling and regulatory 
pathways and also based on their subcellular localisation. Thus, taking 
this experimental evidence, together with their high degree of structural 
homology to well-studied antioxidant enzymes such as the GSTs, 
GST-Ωs, Grxs and the DHARs, we postulate that soluble CLICs would also 
serve as antioxidant proteins in cells. Therefore, we hypothesise that 
members of the CLIC protein family in their soluble form, provide 
antioxidant protective functions within cells in order to assist in their 
defence against exposure to oxidative damage and external environ
mental stressors. Therefore, this study aims to explore the cellular pro
tective ability of CLIC proteins within primary human fibroblasts and 
keratinocytes skin cells and the murine fibroblast cell line, NIH/3T3 in 
culture.

Materials and methods

The following reagents were purchased from ThermoFisher Scientific 
(Sydney, Australia): TrypLE™ Express Enzyme (1X) no phenol red; 
DMEM/F-1; GlutaMAX™ supplement; Opti-MEM™ Reduced Serum 
Medium; DMEM/F-12, HEPES, no phenol red; Human Fibroblast Me
dium; Low Serum Growth Supplement (LSGS); EpiLife Medium and 
Human Keratinocyte Growth Supplement (HKGS). Fetal Bovine Serum 
(FBS) (French Origin) was purchased from Scientifix. NIH/3T3 murine 

Fig. 1. Sequence and Structural Comparison of CLIC1 with GST-Omega 1, Grx1 and DHAR1. A) Crystals structures of CLIC1 (PDB:1K0M), GST-Omega 1 
(PDB:1EEM), Grx1 (PDB:6MWS) and DHAR1 (PDB:5LOL) showing the Cys-X-X-Cys/X motif in green, the thioredoxin-fold in red and the α-helixes in blue. The Images 
were generated using EzMol2.1 online software. B) Sequence alignment using ClustalW shows the glutaredoxin-like motif (Cys-X-X-Cys/X) (with the active cysteine 
residues in red) conserved in all the different proteins. C) Schematic representation of the anti-oxidant defense system of cells showing the possibility of CLICs being 
part of that system.
Created in BioRender. Hossain, K. (2025) https://BioRender.com/v05r913.
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fibroblast cells were available in-house at UTS. Human Dermal Fibro
blasts (HDF) primary cells (C0135C) and Human Epidermal Keratino
cytes (HKE) primary cells (C0055C) were purchased from ThermoFisher 
Scientific (Sydney, Australia). Bacterial streak plates containing CLIC1 
in the pIRES2-EGFP Vector (Clonetech) with an amino FLAG (AF-CLIC1) 
tag and empty construct were generously gifted from the University of 
New South Wales, Australia. The CLIC4 plasmid (AF-CLIC4), in the same 
vector, was prepared by Gene Universal as a lyophilized pellet and was 
transformed into XL1-Blue E.coli (Agilent Technologies). The following 
reagents were all purchased from Sigma Aldrich: glutathione reductase 
(GR) from yeast, reduced glutathione (GSH), nicotinamide adenine 
dinucleotide phosphate (NADPH), 2-hydroxyethyl disulphide (HEDS), 
bovine plasma thrombin, kanamycin, isopropyl ß-D-1-thiogalactopyr
anoside (IPTG), tris(2-carboxyethyl) phosphine (TCEP), indanyloxy
acetic acid (IAA-94). All other reagents used were of analytical grade.

Cell culture

HDF cells were grown in Human fibroblast media supplemented with 
LSGS and HKE cells in EpiLife media supplemented with HKGS. NIH/ 
3T3 cells were grown in DMEM/F12 media supplemented with 5 %FBS. 
The cells were incubated at 37 ◦C 5 %CO2 and passaged twice a week at a 
1:5 dilution to maintain healthy growth. The cells were counted using a 
T20 cell counter (Bio-Rad) before being seeded in either 96/24/6-well 
cell culture plates and were grown to ~90 % confluency before being 
subjected to different biochemical analysis and/or collected to prepare 
cell lysates for further characterisation. Cells were lysed and stored at 
− 80 ◦C in RIPA lysis buffer (25 mM Tris–HCl, 150 mM NaCl, 0.1 %SDS, 1 
%sodium deoxycholate, 1 %NP-40, pH 7.6) and protein concentration 
was determined using the Pierce ™ BCA Protein Assay Kit (Thermo
Fisher Scientific) according to the manufacturer’s instructions.

siRNA knockdown of CLIC1 or CLIC4 in NIH/3T3, HDF and HKE cells

Knockdown of CLIC1 or CLIC4 or Double knockdown of both CLIC1 
and CLIC4 were induced in HDF, HKE and NIH/3T3 cells using transient 
siRNA-based gene knockdowns using either CLIC1(sc-60400) or CLIC4 
(sc-105213) siRNAs (Santa Cruz) along with a Scramble siRNA-A (sc- 
37007) used as a control. For ease of understanding, CLIC1 or CLIC4 
knockdown cells are annotated as CLIC1-KD and CLIC4-KD respectively, 
CLIC1 and CLIC4 double knockdown cells as Double-KD and the 
scramble siRNA control as Scmb C. Transfection was carried out using 
Lipofectamine siRNAMAX (ThermoFisher Scientific) according to the 
manufacturer’s instructions with the exception that a 20 pmol concen
tration of siRNA was used for HDF and HKE cells as concentration above 
that showed toxicity. For Double-KD cells 10 pmol of each CLIC1 and 
CLIC4 siRNA was added simultaneously to the cells. Successful knock
down was then assessed via western blot analysis of the cell lysates using 
rabbit anti-CLIC1 (mAb-53424, Cell Signaling) and mouse monoclonal 
anti-CLIC4 (sc-135739, Santa Cruz) antibodies with B-Actin (Invitrogen) 
used as the loading control at a 1:2500 dilution. The day prior to 
transfection, cells were seeded at a cell density of 2.5 × 104 cells per well 
in a 6 well plate and incubated over-night at 37 ◦C 5 %CO2 in their 
respective media. siRNA Transfected cells were allowed to grow for a 
period of 3 days, thrice washed with PBS before they were subjected to 
different biochemical analysis and/or collected to prepare cell lysates 
for further characterisation.

Transfection of NIH/3T3 cells for CLIC1 or CLIC4 overexpression

NIH/3T3 cells were harvested and resuspended with 10 %FBS 
growth medium and transferred to Gene Pulser 0.4 cm Cuvette (Bio-Rad) 
to which 5 µg of DNA plasmid (either AF-CLIC1, AF-CLIC4 or vector 
control pIRES2-EGFP) were added to each respective cuvette with the 
addition of 10 µL 1 M HEPES Buffer, pH 7.2 (Gibco). The cells were 
electroporated using the GenePulser MXCell Unit (Bio-Rad) at: 240 V 

and capacitance of 1000µF and then harvested and washed with cold 
PBS by centrifugation. The cells were then resuspended in sorting buffer 
(PBS containing 5 %FBS and 5 mM EDTA, pH 7.2), analysed and sorted 
on the BD Influx (BD Biosciences) into 96 well collection plates con
taining 200 µL full growth media. Stable EGFP+ cells were grown until 
confluent and stocks were prepared with FBS containing 10 %DMSO and 
were stored in liquid nitrogen. For experimental purposes, stable over
expressing NIH/3T3 cells transfected with CLIC1 (AF-CLIC1), CLIC4 
(AF-CLIC4) or empty pIRES2-EGFP vector were grown to ~90 % con
fluency before being subjected to different biochemical analysis and/or 
collected to prepare cell lysates for further characterisation.

CLIC1, CLIC4 or CLIC3 recombinant protein expression and purification

Glycerol stocks of ClearColi BL21 (DE3) cells transformed with the 
His-tagged PET28a (+) expression vector (Novagen) containing the 
coding sequence for either human CLIC1 (NP_001279); CLIC4 
(NP_039234) or CLIC3 (NP_004660.2) were used to express either 
rCLIC1, rCLIC4 or rCLIC3 recombinant proteins for purifications by 
methods as previously described [16]. Briefly, the recombinant CLIC 
proteins (rCLIC) were grown in 2xYT medium containing 30 µg/mL 
kanamycin (Sigma Aldrich) and inducted with 1 mM IPTG (Sigma 
Aldrich) at 20 ◦C with overnight shaking at ~180 rpm. Cells were then 
harvested and the His-tagged rCLIC proteins were purified via affinity 
chromatography using a Ni2+-NTA (Qiagen) column. The His-tag was 
removed by in-column thrombin enzymatic cleavage using an overnight 
incubation of bovine plasma thrombin (Sigma Aldrich) (30 NIH units per 
1 L of bacterial culture) at 4 ◦C. The cleaved rCLIC proteins were then 
collected in PBS buffer (10 mM phosphate buffer, 2.7 mM KCl, 140 mM 
NaCl, pH 7.4, and 0.5 mM TCEP) and further purified through size 
exclusion chromatography (SEC) (AKTA Pure/Amersham Pharmacia 
Biotech) using a HiPrep™ 16/60 Sephacryl® S-100HR column (Sigma 
Aldrich) and equilibrated in column sizing buffer (100 mM KCl, 20 mM 
HEPES, pH 7.2). rCLIC proteins purity was verified via Western blot 
analysis using their respective anti-CLIC antibodies (Santa Cruz) and 
anti-His antibody. Protein concentrations were measured using the 
Pierce ™ BCA Protein Assay Kit (ThermoFisher Scientific) according to 
the manufacturer’s instructions and functional activity was assessed 
using the HEDS assay (details below). The purified samples were then 
aliquoted and stored at − 80 ◦C for future experiments.

Treatment of HDF and HKE cells with purified rCLIC proteins

Cell Viability assay was carried out to determine the effect of 
different concentrations of either rCLIC1, rCLIC4 or rCLIC3 on both HDF 
and HKE cells. Varying concentrations of either rCLIC1 or rCLIC4 
ranging from 0 to 0.75 µM were prepared in either HDF or HKE media 
with no supplement. Cells were seeded in 96 well plates in a concen
tration of 2 × 104 cells per well and cultivated for 24 h in media (no 
supplement). Then 100 µL of different concentrations of either rCLIC1, 
rCLIC4 or rCLIC3 in media (no supplement) were then exogenously 
added to the cells and incubated for a period of 1 hour. After rCLIC in
cubation, the cells were again washed thrice and the effect of different 
concentrations of rCLICs on cell viability was measured using the WST-1 
reagent as mentioned below. To indirectly demonstrate that the changes 
in cellular activity is likely associated with rCLIC protein activity, the 
drug IAA-94 at a concentration of 1 μM was pre-incubated with the re
combinant proteins for an hour on ice before being added to the cells. 
For each experiment, data was collected from 3 different passages with 
each passage ran in triplicate for both HDF and HKE cells.

Immunofluorescent staining to determine Intracellular Uptake 
of recombinant rCLICs by cells in culture: HDF cells were treated with 
0.2 µM recombinant proteins, either non-His-tagged or His-tagged 
rCLIC1 or rCLIC4 and incubated for 1 hour at 37 ◦C, 5 %CO2. After 
which, the cells were washed thrice, fixed with 4 %paraformaldehyde 
for 10 mins and permeabilized with 0.1 %Triton X-100 in PBS for 10 
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mins at room temperature. The cells were rinsed with PBS-T (0.1 % 
Tween 20 in PBS), blocked with 1 % (w/v) Bovine serum albumin (BSA) 
in PBS-T for 1 h and then incubated with either mouse monoclonal anti- 
CLIC1 (sc-374202) or anti-CLIC4 (sc-135739) or anti-His-tag (sc-57598) 
antibodies overnight. After incubation, the cells were washed again with 
PBS-T and incubated with goat anti-mouse IgG FITC (Sigma Aldrich, 
1:200 in 1 %BSA) for 1 h at room temperature. After secondary antibody 
incubation, cells were washed with PBS-T and nuclear staining was 
performed using DAPI (4′,6-diamidino-2-phenylindole) mounting me
dium (Life Technologies), and immunofluorescence images were ob
tained using the Olympus BX51 Upright Fluorescent Microscope with 
the cellSens Standard software.

Effects of rCLICs on the viability of human skin cells challenged with 
hydrogen peroxide

To determine any possible cellular protective and antioxidant roles 
of CLICs, cells were treated with H2O2 to induce oxidative stress. HDF 
and HKE cells were treated with 0.2 mM H2O2 while NIH/3T3 cells were 
treated with 1 mM H2O2 (these H2O2 concentrations had been pre- 
determined empirically to cause a reduction in cell viability by no 
>25 % in control cells in the respective cell types). Cells were first 
treated with rCLICs in varying concentration range or at optimal dosage 
in media without supplement for 1 hour and then washed thrice to 
remove any exogenously added recombinant protein from the well. The 
cells were then treated with hydrogen peroxide (H2O2) for 1 hour to 
induce oxidative damage. Cells not treated with H2O2 is annotated as No 
H2O2 or when treated with H2O2 to induce a 25 % cell damage is an
notated as + H2O2 in Figures later. Cells not treated with rCLICs or 
subjected to oxidative stress, cells not treated with rCLICs but subjected 
to oxidative stress and cells treated with rCLICs but not subjected to 
oxidative stress were used as experimental controls. Following different 
treatments, cell viability was measured using the WST-1 reagent as 
mentioned below. For each experiment, data was collected from 3 
different passages with each passage ran in triplicate for all the cell 
types.

Cell viability assay

Cell viability was measured using a colorimetric assay for 96/6-well 
plates with 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)- 
2H-tetrazoliummonosodium salt (WST-1) reagent according to the 
manufacturer’s instructions. Briefly, all the different cells (including 
siRNA CLIC knockdown cells or stable overexpressing CLIC cells) 
following different treatments, were washed with PBS thrice and incu
bated with 10 %WST-1 reagent in media (without phenol red and no 
supplement) for a period of 4 h. Cell viability was measured using a 
TECAN-Infinite M1000 microplate reader at 440 nm with reference 
wavelength at 600-nm. Data was analysed using GraphPad Prism 10 and 
represented as percentage cell viability in comparison to that of the non- 
treated cells (cells not subjected to any sort of treatment) and as per
centage cell protection where the difference in cell viability is compared 
between the rCLIC treated and non-treated cells in the absence or 
presence of oxidative stress. For each experiment, data was collected 
from 3 different passages with each passage run in triplicate for all the 
cell types.

HEDS assays using whole cell lysates of HDF, HKE and NIH/3T3 cells

In order to determine changes in the oxidoreductase activity, cell 
lysates collected from the different cells (including siRNA CLIC knock
down cells or stable overexpressing CLIC NIH/3T3 cells) following 
different treatments and their respective controls were subjected to 
HEDS assay. All HEDS enzyme assays were performed in a flat 96-well 
plate containing 10 µg final protein concentration added to a potas
sium phosphate buffer (5mM/pH 7) that contained 1 mM EDTA, 250 µM 

NADPH, 1 mM HEDS, and 0.5µg/mL GR. The mixture was incubated for 
5 min at 37 ◦C, and the enzymatic reaction was initiated by the addition 
of GSH to a final concentration of 1 mM, to a final total volume of 200 μL 
/ well. The consumption of NADPH was measured at A340nm using the 
TECAN-Infinite M1000 microplate reader. Statistical analysis was per
formed using either One-way ANOVA or Two-way Anova with Turkey’s 
comparison and are presented as the Mean ± SD. For each HEDS assay, 
cell lysates were collected from 3 different passages with each passage 
run in triplicate for each of the different types of cells. To indirectly 
demonstrate that the change in oxidoreductase activity is likely associ
ated with CLIC protein activity, 10 μM of IAA-94 was pre-incubated with 
the whole cell lysates for an hour on ice before being added to the HEDS 
assay mix. Buffer with or without 10 μM IAA-94 was used as control to 
ensure that the drug itself does not interfere with the assay.

Measuring reactive oxygen species (ROS) levels in different types of cells in 
culture

To detect the levels of reactive oxygen species (ROS), the cellular 
reactive oxygen species detection assay kit (Red Fluorescence) (Abcam) 
was used according to the manufacturer’s instructions. Cells were 
seeded at a density of 2 × 104 cells per well in 96 flat black well plates 
(Corning) and incubated at 37 ◦C, 5 %CO2 overnight. The following day 
the different types of cells were subjected to different treatments, after 
which the cells were washed thrice and the fluorescent stain applied to 
the cells. The samples were immediately read using the TECAN-Infinite 
M1000 microplate reader at Ex/m=520/605 nm. For NIH/3T3 cells, 
ROS levels were measured in NIH/3T3 cells overexpressing either CLIC1 
or CLIC4 (AF-CLIC1/AF-CLIC4) or in siRNA knockdown (CLIC1-KD/ 
CLIC4-KD) cells and their respective controls: Scmb C, pIRES2-EGFP and 
NIH/3T3 cell control either No H2O2 or treated with 1 mM H2O2. For 
HDF and HKE cells, the cells were treated with either rCLIC1 or rCLIC4 
for 1 hour followed by either No H2O2 or 0.2 mM H2O2 treatment for 1 
hour. HDF and HKE Cells not treated with rCLICs were used as Control. 
For each experiment, data was collected from 3 different passages with 
each passage run in triplicate.

Characterisation of antioxidant activity of exogenously added rCLICs and 
rCLIC1 mutants in comparison to well-known antioxidants

The following annotations will be used to refer to each mutant, with 
each containing a single amino acid substitution to alanine: C24A and 
K37A. The cDNA encoding the wild-type His-CLIC1 fusion protein 
(NP_001279), cloned into the pET-28a vector, was used to generate the 
point mutations using the QuikChange site-directed mutagenesis kit 
(Stratagen, La Jolla, USA) according to the manufacturer’s instruction, 
sequenced at Macrogen Inc. (Seoul, Korea) to confirm the incorporation 
of the correct mutations. Following the conformation of the correct point 
mutation, each plasmid encoding a particular CLIC1 mutant was used to 
transform E.coli BL21 (DE3) pLysS strains for expression of the recom
binant CLIC1 mutant proteins as previously described above. HDF cells 
were plated and treated as described above with the exception that the 
cells were treated with either rCLICs or different rCLIC1 mutants before 
being subjected to oxidative stress. Cells were also treated with equi
molar concentration of enzymatic antioxidants like Glutaredoxin (Grx), 
GST-Omega (GST-Ω) and 4 mM of N-acetylcysteine (NAC) as positive 
controls.

Effect of rCLIC treatment on either CLIC1 or CLIC4 siRNA knockdown 
HDF cells

To better understand the effects of rCLICs treatment, knockdown of 
CLIC1 or CLIC4 were induced in HDF cells using transient siRNA-based 
gene knockdowns as described above. siRNA CLIC1-KD/CLIC4-KD cells 
were incubated with either rCLIC1 or rCLIC4 in HDF media (no sup
plement) for 1 hour followed by either no treatment or treatment with 
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0.2 mM H2O2 for 1 hour. Cell viability was determined using the WST-1 
reagent (Sigma Aldrich) according to the manufacture’s instruction.

Immunofluorescence (IF) imaging of CLIC1, CLIC3, and CLIC4 in human 
skin tissue sections and in varying aged murine skin sections

Commercially prepared Human skin paraffin sections were pur
chased from Banksia Scientific/Zyagen (HP-101) and consisted of 17 
(male), 55 (female), and 96 (female)-year-old donor tissue as a custom 
order. Whole murine skin sections were generously donated by Fiona 
Ryan (Facilities Manager, Technical Services Research at the Ernst Fa
cility, University of Technology Sydney) using previously culled murine. 
Approval from the UTS Animal Care and Ethics Committee (ETH2017- 
1402). The murine consisted of TLR4/Rage strains of varying age groups 
from date of birth: 1.5 (male), 4 (female), and 8 (female) months. IF was 
used to observe the expression patterns of CLIC1, CLIC3, and CLIC4 in 
the Human and Murine Skin Paraffin Sections using mouse monoclonal 
anti-CLIC1 (SAB1403677-100UG, Sigma Aldrich), mouse monoclonal 
anti-CLIC3 (WH009022M2-100UG, Sigma Aldrich) and rabbit anti- 
CLIC4, N-terminal (SAB4501098-100UG, Sigma Aldrich) antibodies. 
Sections were de-paraffinized in absolute Xylene followed by washes in 
decreasing alcohol gradients and then water and PBS-T. Afterwards, the 
samples were blocked for 1 hour with 5 % normal goat serum (NGS) in 
PBS-T. The primary antibodies were added respectively at a 1:100 
dilution on each tissue section in PBG (PBS pH 7.4, 5 % normal serum, 
0.2 %Triton-X, 0.04 %BSA) and incubated overnight with their respec
tive antibodies at 4 ◦C. Primary antibody was omitted from the negative 
controls. The following day, the samples were incubated for 2 h at room 
temperature with the following secondary antibodies: Alexa Fluor® 
(AF)-488 Goat anti Mouse (Life Technologies-A11001) or AF-488 Goat 
anti Rabbit (Invitrogen-A11008) in a 1:200 dilution in PBG and the 
nucleus was stained using a 1:5000 Hoechst solution (Invitrogen- 
33342). Samples were imaged using the Olympus BX51 Upright Fluo
rescent Microscope with the cellSens Standard software. The images 
were further processed in Fiji/ImageJ to isolate the epidermal network 
for area of fluorescence and integrated density (Area times Mean Gray 
Value).

Results and discussion

In vitro cell studies of CLIC1, CLIC4 or double CLIC1&CLIC4 knockdowns

To better understand the role of CLICs in fibroblast and keratinocyte 
cells, transient siRNA-gene knockdown of either CLIC1 (CLIC1-KD), 
CLIC4 (CLIC4-KD) or double knockdown (Double-KD) was induced in 
different cell types using Lipofectamine siRNAMAX (ThermoFisher) 
according to the manufacturer’s instructions. Fig. 2 shows the western 
blot analysis and their corresponding densitometry to confirm knock
down or down-regulation of CLIC protein expression, along with cell 
viability studies, in the different cell types. Loading controls and original 
gels are included in supplementary material see Supplementary 
Figure S1.

As seen in Fig. 2A, the blots clearly show successful knockdown of 
CLIC1 which is evident from the low intensity bands and the corre
sponding CLIC1 densitometry results showing a significant (p value <
0.05) reduction in CLIC1 protein expression by both CLIC1-KD and 
Double-KD cells in comparison to the Control and Scmb C in all the 
different cell types. There was no significant difference in protein 
expression between the non-treated (Control), lipofectamine reagent 
control (LipF) and Scmb C cells for all the different cell types (see Sup
plementary Figure S2). Similar results were also obtained with CLIC4 
siRNA treatment as seen in Fig. 2B, low intensity bands are clearly 
visible in CLIC4-KD and Double-KD cells in all the three blots shown for 
the HDF, HKE and NIH/3T3 cells showing significant reduction in CLIC4 
expression in comparison to the controls and this was further verified 
from the densitometry analysis. HDF and HKE cells showed greater 

down-regulation of CLIC4 expression in comparison to the murine NIH/ 
3T3 cells. Despite not achieving a 100 % knockdown, these results 
clearly indicate down-regulation of either CLIC1 or CLIC4 or both the 
proteins in Double-KD cells in all the three different cell types. 
Furthermore, as seen in Fig. 2A and 2B, immunoblotting for CLIC4 
indicated that CLIC1 siRNA did not target CLIC4 expression in CLIC1-KD 
cells and similarly, CLIC1 expression levels were not affected by CLIC4 
siRNA across all the different cell types. Our results are comparable with 
numerous other studies, which have also shown siRNA treatment leads 
to reduced or down-regulation of CLIC1 or CLIC4 expression, but could 
not achieve complete knockdown of these proteins without inducing 
severe cell death [20,27–32].

As can be seen from the light microscopy images (Figs. 2C and 2D) 
there are clear observable differences in cell appearance, where 
knockdown or down-regulation of either CLIC1/CLIC4 and both the 
CLICs in Double-KD cells showed greater cell damage whereas there was 
no visible difference between the Control and Scmb C cells. Also, the 
reagent control (without any siRNA) showed no impact on cell viability 
thereby suggesting that the cellular damages seen in the knockdown 
cells is likely induced by changes in CLIC expression. Changes in cell 
viability was determined using WST-1 reagent and results are shown in 
Fig. 2E. CLIC1-KD resulted in a percentage reduction in cell viability of 
approximately 20 ± 7.5 %, 41 ± 10.4 % and 22 ± 14 % in HDF, HKE 
and NIH/3T3 cells respectively. Likewise, CLIC4-KD also caused per
centage reductions in cell viability of approximately 23 ± 6 %, 38 ± 9.4 
% and 28 ± 10.3 % in HDF, HKE and NIH/3T3 cells respectively. Both 
the murine and human fibroblast cells (NIH/3T3 and HDF) showed 
similar results, whereas the human keratinocyte cells were clearly more 
sensitive to CLIC knockdowns. A study by Suh KS et.al. (2007) showed 
that knockdown of CLIC4 protein by antisense or shRNA prevents 
Ca2+-induced keratin 1, keratin 10 and filaggrin expression and causes 
cell cycle arrest in both human and murine keratinocytes undergoing 
differentiation [30]. This might explain the significant reduction in cell 
viability that was observed for the keratinocyte cells as seen in Fig. 2. To 
better understand the possible role of CLICs as antioxidants, like similar 
to that of GST-Omega and Grx, single or double siRNA knockdown cells 
were treated with H2O2 to induce oxidative stress (Fig. 2E). Both 
CLIC1-KD or CLIC4-KD cells showed significant reduction in cell 
viability in comparison to the Control and Scmb C cells in the presence of 
H2O2, thereby suggesting that down-regulating CLIC1 or CLIC4 
expression makes these human skin cells more susceptible to H2O2-in
duced oxidative stress leading to greater damage.

Interestingly, simultaneously down regulating both CLIC1 and CLIC4 
protein expression in Double-KD cells also showed significant reduction 
in cell viability both in the absence and presence of H2O2 in all the three 
different cell types. However, there was no significant difference be
tween the Double-KD and the CLIC1-KD or CLIC4-KD cells indicating 
that there is no apparent additive effect of double knockdown of both 
CLIC1 and CLIC4 on the cell viability of these cells. A study by Uretmen 
Kagiali et.al. (2019) showed knockdown of CLIC1 or CLIC4 caused 
regression of the cleavage furrow at late cytokinesis leading to multi
nucleated HeLa cells, however no difference was observed between the 
single and double knockdown cells which led them to suggest that CLIC1 
and CLIC4 do not act independently from each other and are most likely 
involved in the same pathway during cell division [33]. Also, the same 
study showed that mutating two different glutathione S-transferase 
activity–related residues in CLIC4 diminished its nuclear translocation 
resulting in incomplete completion of cytokinesis in mammalian cells 
[33].

Effects of CLIC1, CLIC4 or double knockdown on total cell 
oxidoreductase activity

Total cell oxidoreductase enzymatic activity in the whole cell lysates 
was measured using the HEDS enzyme assay. This assay has been used 
extensively in the characterisation of the glutaredoxin family 
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Fig. 2. Western Blot and Densitometry Analysis of CLIC1, CLIC4 or Double siRNA knockdown of HDF, HKE and NIH/3T3 whole cell lysates and cell 
viability assay. A) Western blots and the corresponding densitometry analysis of Scramble Control (Scmb C, silver), CLIC1-KD (red), CLIC4-KD (blue) and Double- 
KD (green) whole cell lysates probed for CLIC1, with β-actin used as loading control. B) Western blots and the corresponding densitometry analysis of Scmb C (silver), 
CLIC1-KD (red), CLIC4-KD (blue) and Double-KD (green) whole cell lysates probed for CLIC4, with β-actin used as loading control. Samples were collected from 4 
different passages for each cell type, data shown as mean ± SEM, analysed using multiple unpaired t-test, *P < 0.05. C) Light Microscopy Images of primary HDF cells 
after single or double siRNA knockdown of CLIC1 and/or CLIC4 D) Light Microscopy Images of primary HKE cells after single or double siRNA knockdown of CLIC1 
and/or CLIC4. Images were taken using an Olympus BX51 Upright Fluorescent Microscope with a 20x magnification. E) Percentage Cell Viability of HDF, HKE and 
NIH/3T3 cells following single or double siRNA knockdown of CLIC1 and/or CLIC4 compared to cells not treated (Control, black) as control in the absence or 
presence of 0.2 mM H2O2. Percentage Cell Viability is expressed as Mean ± SEM. One-way ANOVA with Tukey’s multiple comparisons test was done. *P < 0.05, Data 
was collected in triplicate from each of the 3 different passages of each cell type. Full-length blots for 2A and 2B are shown in supplementary figures S1B and S1C 
respectively.

Fig. 3. Comparing Changes in Oxidoreductase Activity of CLIC1-KD, CLIC4-KD or Double-KD HDF, HKE or NIH/3T3 cells in the absence or presence of IAA- 
94 ion channel blocker. A) XY plot showing the oxidoreductase activity of whole cell lysates of Scmb C, CLIC1-KD, CLIC4-KD and Double-KD for HDF (left), HKE 
(middle) and NIH/3T3 (right) cells in the absence (red) or presence of IAA-94 (blue). B) Comparison of the AUC in the absence (red) or presence (blue) of the drug 
IAA-94 in HDF (top), HKE (middle) and NIH/3T3 (bottom) cells. Two-way ANOVA with Tukey’s multiple comparisons test was done. All Data are expressed as Mean 
± SD. *P < 0.05, ns= not significant. Data was collected in triplicate from each of the 3 different passages for each cell type.
Schematic Image was created in BioRender. Hossain, K. (2025) https://BioRender.com/v05r913.
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oxidoreductase activity, thus it measures all Grx-like oxidoreductase 
enzymatic activity in the cells [16,34]. Fig. 3 shows the oxidoreductase 
activity of the whole cell lysates collected from single or double CLIC 
siRNA knockdown cells of HDF, HKE and NIH/3T3 cells and the corre
sponding area under the curve calculations. Lysates were also assayed 
following pre-incubation with the blocker drug IAA-94. As seen in 
Fig. 3A, lysates from CLIC1-KD, CLIC4-KD and Double-KD cells all 
showed significant decrease in their oxidoreductase activity in com
parison to the control, Scmb C, in all the three different cell types in 
culture, strongly suggesting CLIC1 and CLIC4 are contributing to the 
total oxidoreductase activity of the cells. To further show specific ac
tivity related to CLIC proteins, the whole cell lysates were also 
pre-incubated with the inhibitor drug IAA-94, known to block both the 
ion channel [35,36] and enzymatic activity of the CLIC proteins [16,18]. 
A decrease in enzymatic activity was seen for all samples following 

pre-incubation with IAA94 (Fig. 3B), albeit the reduction in the control 
sample did not reach significance. These findings further validate that 
the CLIC proteins contribute significantly to the total oxidoreductase 
activity in cells. This is most clearly demonstrated in the control Scmb C 
cells, which express normal levels of CLIC1 and CLIC4 proteins.

These findings strongly suggest that down-regulation of CLIC1 and 
CLIC4 in fibroblast and keratinocyte cells reduces their oxidoreductase 
activity, and also impacts their cell viability. It can be speculated that in 
the knockdown cells, their reduced oxidoreductase activity, likely con
tributes to their increased susceptibility to oxidative damage, while the 
control Scmb C cells expressing CLICs, were less susceptible to H2O2- 
induced oxidative damage (Fig. 2E). However, whether this decrease in 
activity is directly associated with the reduction seen in cell viability 
warrants further investigation. Also, it is important to note that the cell 
lysates contain a plethora of other oxidoreductase enzymes (most 

Fig. 4. Oxidoreductase activity, Cell Viability and ROS Levels for NIH/3T3 Cells Overexpressing or Knockdown for CLIC1 or CLIC4. A) Comparing changes in 
Oxidoreductase Activity of CLIC1 or CLIC4 Over-expressing or knockdown in NIH/3T3 cells ±IAA-94. XY plot showing the oxidoreductase activity of whole cell 
lysates either overexpressing (top) or knockdown (middle) CLIC1 or CLIC4 in the presence or absence of IAA-94 over a period of 30 min. Comparison of the Area 
under the Curve (bottom) of the over-expressed and knockdown cell lysates along with NIH/3T3 cells, pIRES-EGFP and Scmb C controls in the presence (stripped bar) 
or absence (solid bar) of IAA-94. B) Examining Changes in Cell Viability after Hydrogen Peroxide treatment. C) Examining changes in cellular ROS Levels after 
Hydrogen Peroxide treatment. In each figure, the results are shown for overexpressing cells: AF-CLIC1 (orange) and AF-CLIC4 (olive); siRNA knockdown cells: CLIC1- 
KD (red) and CLIC4-KD (blue) and the three control cell lines: NIH/3T3 (black), empty vector pIRES2-EGFP (purple) and Scmb C (silver). Data expressed as Mean ±
SD. Two-way ANOVA with Tukey’s multiple comparisons test was done. *P < 0.05, Data was collected from three different passages with each passage run 
in triplicate.
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notably Grxs and Trxs) and specifically the Grx enzymes can also be 
detected by the HEDS assay, which likely also contributed to the overall 
oxidoreductase activity measured in the whole cell lysates. Furthermore, 
IAA-94 may also be inhibiting other non-CLIC oxidoreductase proteins, 
therefore these results need to be interpreted accordingly and warrant 
further investigation.

Hence, to better delineate the role of CLIC1 and CLIC4 in these cells, 
we also explored the effects of increased levels of CLIC1 or CLIC4 pro
teins on the various cells. As such, we generated stable CLIC1 or CLIC4 
over-expressing NIH/3T3 cells and subjected these to further analysis. A 
number of attempts to overexpress either protein in the primary human 
skin cells (HDF and HKE) were not successful, therefore only data for 
murine NIH/3T3 cells were obtained and shown below.

Effect of CLIC1 or CLIC4 overexpression in NIH/3T3 cells

Stable overexpressing CLIC1 (AF-CLIC1) or CLIC4 (AF-CLIC4) mu
rine fibroblast cell lines, along with an empty vector control NIH/3T3 
cell (pIRES2-EGFP) were generated. Western blot analysis of AF-CLIC1, 
AF-CLIC4 and pIRES2-EGFP control and their corresponding densitom
etry and the effect of overexpressing either CLIC1 or CLIC4 on the per
centage cell viability is shown in Supplementary Figure S3. 
Overexpression of CLIC1 and CLIC4 was confirmed from blots probed 
with anti-Flag antibody which showed distinct bands for FLAG-tagged- 
CLIC1/4 and with anti-CLIC1 or anti-CLIC4 antibodies which 
confirmed overexpression. Cell viability analysis showed no significant 
difference between the overexpressing cells and the empty vector con
trol (Supplementary Figure S3B), thereby suggesting that, unlike down- 
regulation, overexpression of either CLIC1 or CLIC4 has no obvious 
deleterious effects on the cells. To explore the role of CLICs in fibroblast 
cells, these stable AF-CLIC1 and AF-CLIC4 overexpressing cell lines, 
along with the knockdown cells (CLIC1-KD and CLIC4-KD) and their 
respective control (pIRES2-EGFP, Scmb C and NIH/3T3 cells), were 
subjected to further analysis to determine their oxidoreductase activity, 
cell viability and ROS levels (Fig. 4).

In Fig. 4A, AF-CLIC1 or AF-CLIC4 overexpressing cells showed sig
nificant increase in their oxidoreductase activity in comparison to the 
controls and when whole cell lysates were pre-incubated with the drug 
IAA-94, there was a significant decrease in this activity. On the other 
hand, CLIC1-KD and CLIC4-KD knockdown cells showed significantly 
reduced activity in comparison to the controls and there was no differ
ence in activity upon treatment with IAA-94 (as previously seen in 
Fig. 3). There was also no significant difference in the oxidoreductase 
activity seen between the controls: NIH/3T3 cells, Scmb C and pIRES2- 
EGFP, with all the controls showing significantly reduced activity when 
pre-incubated with IAA-94. These findings therefore support the idea 
that the increase or decrease in oxidoreductase activity, as seen for AF- 
CLIC1/AF-CLIC4 or CLIC1-KD/CLIC4-KD cells respectively, is attributed 
to the overexpression or down-regulation of either CLIC1 or CLIC4 
proteins by the cells respectively.

In order to corroborate the protective roles of CLIC proteins, cells 
were treated with pre-determined concentration of H2O2 for 1 hour, to 
induce oxidative damage resulting in no greater than a 25 % reduction in 
total cell viability. Changes in cell viability between the overexpressing 
or knockdown cells and the controls were measured and data shown in 
Fig. 4B H2O2 concentration of 1 mM were detrimental to the CLIC1-KD 
and CLIC4-KD cells, resulting in greater than 40 ± 4 % cell damage in 
comparison to only 13 ± 2.8 % and 15 ± 6 % cell damage shown by AF- 
CLIC1 and AF-CLIC4 cells respectively and 30 ± 2.5 % cell damage 
shown by the Control cell lines. This clearly shows that cells over
expressing either CLIC1 or CLIC4 proteins are less susceptible to H2O2 
induced oxidative damage in comparison to their counterpart knock
down and control cell lines. This was also evident from Fig. 4C, which 
clearly shows AF-CLIC1 and AF-CLIC4 cells display significantly lower 
levels of ROS following treatment with H2O2 in comparison to the 
controls. On the other hand, CLIC1-KD and CLIC4-KD cells show a 

significant 2-fold increase in the ROS levels and hence were more sus
ceptible to H2O2-induced oxidative damage. In the absence of hydrogen 
peroxide treatment, the overexpressing cells also had lower native ROS 
levels while the knockdown cells had higher basal ROS levels. These 
results further support CLIC1 and CLIC4 playing a significant role in 
maintaining cellular ROS levels.

A recent study by Al Khamici H et al. (2023) revealed that deletion of 
CLIC4 from murine 6DT1 breast tumor cells enhanced the accumulation 
of ROS, increased superoxide generation, and the cells were more sus
ceptible to oxidative damage [20]. Upon treatment with H2O2, cells 
lacking CLIC4 were sensitised to apoptosis, on the other hand, in control 
6DT1 cells (expressing CLIC4) H2O2 treatment increased the expression 
of both CLIC4 mRNA and protein and showed protection against 
oxidative damage. They concluded that CLIC4 helps maintain the 
redox-homeostasis and mitochondrial functions in 6DT1 cells [20]. 
Similarly, CLIC1 has also been shown to function as a negative regulator 
of ROS in other tumors, with the depletion of CLIC1 by siRNA in human 
esophageal squamous cell carcinoma, induced apoptosis via the JNK 
pathway, strongly associated with excessive ROS production [27,28]. 
Hence, we propose that CLIC1 and CLIC4 regulate cellular ROS levels, 
via their oxidoreductase activity, and form part of the cellular antioxi
dant defence system involved in maintaining redox homeostasis.

Exogenous addition of recombinant CLIC proteins to primary skin cells in 
culture

(A) Intracellular Uptake of Purified rCLIC Proteins and Dosage 
Optimisation

Previous studies have shown exogenous addition of well-known 
enzyme antioxidants, including superoxide dismutase (SOD), catalase, 
glutathione peroxidase (Gpx) and Grx to cells, were able to protect cells 
from oxidative damage [37–43]. In order to determine if addition of 
purified rCLIC proteins could endow similar protective activity to pri
mary skin cells in culture, it was first important to confirm both the 
optimal concentration to avoid toxic cell effects, and to demonstrate 
their uptake by the cells. Cellular uptake and absorption of exogenously 
added recombinant rCLIC proteins were confirmed by fluorescent mi
croscopy as shown in Fig. 5A. HDF cells treated with His-tagged rCLIC1 
or His-tagged rCLIC4 shows fluorescent staining with anti-His antibody 
confirming the intracellular uptake of the His-tag proteins by the cells. 
Since the His-tag proteins are not naturally expressed by the cells, any 
fluorescent staining with anti-His antibody indicates the intracellular 
uptake of the exogenously added proteins by the cells. This is also 
validated from the absence of FITC fluorescence in cells probed with 
anti-His antibody in the absence of His-tag rCLICs. The was approxi
mately a 6-fold increase in the fluorescence staining seen in cells treated 
with rCLIC1 or rCLIC4 protein (non-His-tagged), when probed with 
anti-CLIC1 or anti-CLIC4 antibody, which also confirms the intracellular 
uptake of the exogenously added proteins. Cells not treated with rCLICs 
when stained with primary CLIC1 and CLIC4 antibody fluoresce, as 
expected, given both CLIC proteins are constitutively expressed in these 
cells. Absence of FITC fluorescence intensity in cells stained with sec
ondary antibody only, confirms primary antibody, anti-CLIC specific 
staining.

The primary human skin cells were treated with either rCLIC1 or 
rCLIC4 at varying concentrations ranging from 0 to 0.75 µM for 1 hour, 
after which cell viability was measured using WST-1 reagent. Addition 
of rCLIC1 to HDF cells at concentrations ranging from 0 to 0.2 µM 
showed no significant change in cell viability compared to control cells 
(not treated with rCLIC), while concentrations > 0.3 µM showed sig
nificant changes in cell viability with 0.3 µM rCLIC1 showing 15.8 ± 3.4 
% increase whereas concentrations of 0.4 and 0.75 µM, resulted in a 
decrease in cell viability by approximately 8 ± 2.06 % and a dramatic 90 
± 3.3 % respectively. Similar to rCLIC1, addition of rCLIC4 at higher 
concentrations of 0.4 and 0.75 µM also resulted in a decrease in cell 
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viability by approximately 10 ± 7.1 % and 20 ± 4.5 % respectively, with 
0.75 µM rCLIC1 being more toxic to HDF cells in comparison to that seen 
for rCLIC4. On the other hand, addition of rCLICs to primary human 
keratinocyte cells showed no cellular toxicity and greater tolerance to 

higher concentrations tested, unlike the HDF cells (Fig. 5B). Only 
exogenous addition of rCLIC1 at 0.4 µM concentration showed signifi
cant increase of 19 ± 5.2 % in HKE cell viability. From these results, we 
determined the optimal working concentration of both rCLIC1 and 

Fig. 5. Intracellular Uptake and Dosage optimisation of rCLIC1 and rCLIC4 added to Human Dermal Fibroblast (HDF) and Human Epidermal Keratinocyte 
(HKE) cells. A) Intracellular uptake of exogenously added non-His tagged or His-tagged rCLIC1 and rCLIC4 proteins determined by fluorescence staining in HDF cells 
(n = 3). Images were further processed in Fiji/ImageJ to determine the fluorescence intensity and graphically presented using Prism10. Statistical analysis was done 
using One-way ANOVA with Tukey’s multiple comparisons test. B) Effect of adding 0, 0.04, 0.08, 0.15, 0.2, 0.3, 0.4 and 0.75 µM of: rCLIC1 (yellow, dotted) or rCLIC4 
(purple, stripped) to HDF cells. C) Effect of adding varying concentrations of 0, 0.04, 0.08, 0.15, 0.2, 0.3, 0.4 and 0.75 µM of either rCLIC1 (yellow, dotted) or rCLIC4 
(purple, stripped) to HKE cells. Cell viability was measured using WST-1 reagent and represented as percentage cell viability compared to non-treated cells (no rCLIC 
added). One-way ANOVA with Tukey’s multiple comparisons test was done. *P < 0.05, Data represented as Mean ± SD. For each dosage optimisation experiment, 
data was collected from 3 different passages with each passage run in triplicate for both HDF and HKE cells.
Schematic image was created in BioRender. Hossain, K. (2025) https://BioRender.com/v05r913.

Fig. 6. Exogenous addition of rCLIC1 and rCLIC4 to HDF and HKE cells shows protection against H2O2-induced oxidative damage. A) Light Microscopy 
images of HDF cells treated with/without rCLIC1/rCLIC4 for 1 hour prior to treatment with/without 0.2 mM H2O2. B) The percentage cell viability (top) and the 
percentage cellular protection (bottom two graphs) in comparison to Control shown by the different concentrations of rCLIC1 or rCLIC4 in HDF (left) and HKE (right) 
cells following H2O2 treatment. Cell viability was measured using WST-1 reagent. Data was further analysed to determine the percentage cellular protection shown by 
rCLIC1 (yellow) and rCLIC4 (purple) in comparison to the Control Cells (not treated with rCLICs but H2O2). Schematic representation of the experimental design was 
created in BioRender (https://BioRender.com/v05r913). C) The extent of cellular damage in HDF (left) and HKE (right) cells treatment with rCLICs prior to No H2O2 
treatment (black) or following H2O2 treatment (blue). Two-way ANOVA with Tukey’s multiple comparisons test was done. *P < 0.05, ns= not significant. Data 
represented as Mean ± SD. For each experiment, data was collected from 3 different passages with each passage run in triplicate for both HDF and HKE cells.
Schematic representation of the methodology was created in BioRender. Hossain, K. (2025) https://BioRender.com/v05r913.
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rCLIC4, when added to the cells, that neither impacted negatively on cell 
viability, nor induced cell proliferation. This was determined to be equal 
to, or less than, 0.3 µM for application to HDF cells; while the working 
concentration of the recombinant proteins for use with HKE cells, could 
be as high as 0.75 µM. 

(B) Exogenous addition of either rCLIC1 or rCLIC4 to HDF and 
HKE cells shows protection against Hydrogen Peroxide induced 
oxidative damage:

In order to assess the rCLIC proteins’ effectiveness as cellular anti
oxidant and protective agents when added exogenously, varying con
centrations of rCLIC1 or rCLIC4 were added to HDF (0 - 0.3 µM) and HKE 
(0 - 0.75 µM) cells one hour prior to the cells being subjected to oxidative 
stress via treatment with 0.2 mM H2O2. As can be seen from the light 
microscopy images of HDF cells (Figs. 6A) there are clear observable 
differences in cell appearance, with the cells pre-treated with either 
rCLIC1 or rCLIC4 showing fewer damaged cells following H2O2 exposure 
for 1 hour, compared to equivalently exposed cells that had not received 
the rCLIC1 or rCLIC4 pre-treatment. This difference was quantified via 
use of WST-1 reagent and graphically displayed in Figs. 6B as the per
centage cell viability and percentage cellular protection against H2O2- 
induced oxidative damage afforded by the different concentrations of 
rCLIC1 or rCLIC4 on HDF and HKE cells.

In Fig. 6B, HDF cells pre-treated with rCLIC1 at varying concentra
tions all demonstrate significantly higher tolerance to hydrogen 
peroxide exposure in comparison to control cells that had not been pre- 
treated with rCLIC proteins. There was a steady increase in cellular 
protection with increase in rCLIC1 concentration followed by gradual 
decrease in protection, with 0.15 µM rCLIC1 showing the greatest level 
of cell protection at approximately 12.5 %. Similarly, rCLIC4 also 
showed a gradual increase in protection followed by a decrease, with 0.2 
µM rCLIC4 showing the greatest amount of protection of approximately 
11 % in HDF cells. Interestingly, in HKE cells, rCLIC1 showed an initial 
steep increase in protection of approximately 15 % at lower concen
trations of 0.1 µM followed by a stable cell protection of around 10 ± 2 
% at concentrations ranging from 0.2 to 0.75 µM. On the other hand, 
rCLIC4 showed a similar pattern to that observed for rCLIC1 in HDF 
cells, where an increase in cellular protection was observed with in
crease in concentration from 0.02 to 0.2 µM then followed by a slight 
decrease at protein concentrations above 0.2 µM; with the greatest 
protection seen at 0.2 µM rCLIC4 which was similar to that observed for 
HDF cells. We also looked into the role of CLIC3 exogenously added to 
the skin cells, however, exogenous addition of CLIC3 at varying con
centrations had no significant effect on the cell viability of skin cells both 
in the absence or presence of H2O2 (see Supplementary Figure S4).

Furthermore, to determine the extent of cellular damage in HDF and 
HKE cells following treatment with hydrogen peroxide in the absence 
and presence of rCLIC proteins, the CyQUANT™ LDH Cytotoxicity Assay 
Kit (ThermoFisher Scientific) was used in accordance with the manu
facturer’s instructions, with the results shown in Fig. 6C. Lactate dehy
drogenase (LDH) is a stable enzyme whose release is often indicative of 
cellular cytotoxicity within cells that are undergoing different forms of 
cellular damage. The amount of formazan produced has been shown to 
correspond to the number of dead or damaged cells [44]. As seen in 
Fig. 6C, in the absence of oxidative stress (No H2O2), both HDF and HKE 
cells treated with rCLIC1 or rCLIC4 show no significant difference in cell 
cytotoxicity when compared to the Control cells (not pre-treated with 
rCLICs), thus further validating that exogenously added rCLIC1 or 
rCLIC4, do not induce cellular damage and are non-toxic at the optimal 
dosage concentrations used. Upon treatment with H2O2, both HDF and 
HKE control cells showed significant increase in their cytotoxicity levels 
as expected but when pre-treated with rCLICs showed significantly 
reduced cellular damage in comparison to the Control cells; with the 
exception that HKE cells pre-treated with rCLIC1, although reduced 
cellular damage was seen, this did not reach significance. This further 

corroborates the ability of CLIC1 and CLIC4 to protect the cells from 
H2O2 induced oxidative damage thereby resulting in reduced cellular 
damages. 

(C) Measuring Oxidoreductase Activity, Reactive Oxygen Spe
cies (ROS) Levels and Cell Viability following rCLIC treatments 
in HDF and HKE cells:

Whole cell lysates were collected from HDF or HKE cells that had 
been pre-treated with rCLIC1 or rCLIC4 for 1 hour. The cell lysates were 
measured for Grx-like oxidoreductase activity via the HEDS assay, 
including lysates pre-treated with the blocker drug IAA94 for 1 hour 
prior to being assayed. Fig. 7A shows the oxidoreductase activity of the 
whole cell lysates of HDF and HKE cells and the corresponding area 
under the curve calculation in the absence or presence of IAA-94. In the 
absence of IAA-94, HDF cells pre-treated with either rCLIC1 or rCLIC4 
showed significant increase in their oxidoreductase activity in compar
ison to the Control cells (no rCLICs). This increase in oxidoreductase 
activity can be attributed to the exogenously added rCLIC proteins 
following their intracellular uptake by the cells. This was further 
confirmed when the whole cell lysates were pre-incubated with the drug 
IAA-94, which showed significant decrease in their activity in compar
ison to that seen in the absence of IAA-94. Interestingly, in the presence 
of IAA-94, there were no significant differences in the oxidoreductase 
activity seen between the Control, rCLIC1 and rCLIC4 cells. Corre
spondingly, whole cell lysates collected from HKE cells also showed an 
increase in their activity, with the exception that only rCLIC1 treated 
HKE cells showed significant increase but not rCLIC4 treated cells. When 
pre-incubated with IAA-94, all the different treatments showed a sig
nificant decrease in their activity, again with no significant difference 
seen between the Control, rCLIC1 and rCLIC4 HKE cells. Previously (as 
seen in Fig. 4), changes in the oxidoreductase activity seen for CLIC 
overexpressing AF-CLIC1/AF-CLIC4 or knockdown CLIC1-KD/CLIC4-KD 
NIH/3T3 cells was clearly attributed to the overexpression or down- 
regulation of either CLIC1 or CLIC4 proteins by the cells respectively. 
These findings also thereby strongly suggest that the increase in oxido
reductase activity is most likely attributed to the uptake of the exoge
nously added rCLICs by the cells, which in turn, is inhibited when pre- 
incubated with the blocker drug IAA-94.

It is evident from earlier results that exogenous addition of rCLIC1 or 
rCLIC4 to both HDF and HKE cells imparts cellular protection against 
H2O2-induced oxidative damage. Whether this protection is associated 
with changes in the cellular ROS levels was also determined and results 
shown in Fig. 7B HDF and HKE cells, not subjected to any oxidative 
assault (No H2O2) but treated with either rCLIC1 or rCLIC4, all showed a 
combined significant decrease of approximately 15–20 % in the basal 
ROS levels in comparison to the Control cells (not pre-treated with 
rCLICs). Pre-treating the skin cells with rCLICs prior to exposure to H2O2, 
all showed significant reduction in their cellular ROS levels whereas the 
Control cells (both HDF and HKE cells) showed significant increase in 
their ROS levels when exposed to H2O2 treatment as expected. These 
results complement our earlier findings (Fig. 4) which showed that NIH/ 
3T3 cells overexpressing either CLIC1 or CLIC4 have significantly 
reduced basal ROS production, whereas there was a 2-fold increase in 
the ROS levels in CLIC1 or CLIC4 NIH/3T3 knockdown cells. This study 
demonstrates for the first time that recombinant CLIC1 and CLIC4 pro
teins exogenously added to primary human fibroblast and keratinocyte 
cells, can act as antioxidants, protecting cells against H2O2 induced 
oxidative damage and likely help regulate the redox environment of skin 
cells.

To further confirm the cellular protective roles of CLIC1 and CLIC4, 
purified rCLIC proteins at optimal dosage concentration of 0.2 µM were 
pre-incubated with 1 μM IAA-94 for 1 hour before being exogenously 
added to HDF or HKE cells and then exposed to H2O2 treatment 
(Fig. 7C). HDF/HKE cells treated with/without equimolar IAA-94 but 
not treated with rCLICs and not exposed to H2O2 treatment; and cells 
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treated with/without equimolar IAA-94 and exposed to H2O2 but not 
treated with rCLICs (Control) were used as controls to determine any 
effect the 1 μM IAA-94 may have on cell viability. As seen in Fig. 7C, in 
the absence of pre-incubation with IAA-94, rCLIC1 or rCLIC4 

exogenously added to HDF/HKE cells, prior to treatment with H2O2, 
showed a significant increase in cell viability in comparison to the 
respective Control cells thereby showing protection against H2O2- 
induced oxidative damage as expected. Whereas, rCLICs pre-incubated 

Fig. 7. Oxidoreductase Activity, Reactive Oxygen Species (ROS) Levels and Cell Viability following rCLIC treatments in HDF and HKE cells. A) Oxidore
ductase activity and the corresponding Area under the Curve (AUC) of whole cell lysates collected from HDF (left) or HKE (right) cells pre-treated with rCLICs for 1 
hour and then the cell lysates were either not pre-incubated or pre-incubated with the drug IAA-94 for 1 hour before being subjected to HEDS assay. B) Cellular ROS 
Level detection in HDF (left) and HKE (right) cells pre-treated with rCLICs prior to exposure to No H2O2 (black) or H2O2 (blue) treatment. C) Percentage Cell Viability 
of HDF (left) and HKE (right) cells pre-treated with rCLICs with/without IAA-94 for 1 hour prior to exposure to No H2O2 or H2O2 treatment. Control cells not treated 
with rCLICs are shown in silver and cells treated with rCLIC1 or CLIC4 are shown in yellow or purple respectively in all the graphs. Cells without or with IAA-94 are 
represented as solid or stripped bars respectively. HDF/HKE cells control shows the effect of IAA-94 only on cell viability in the absence of any treatment. Two-way 
ANOVA with Tukey’s multiple comparisons test was done. *P < 0.05, ns= not significant. Data represented as Mean ± SD. For each experiment, data was collected 
from 3 different passages with each passage run in triplicate for both HDF and HKE cells.
Schematic representation of the methodology was created in BioRender. Hossain, K. (2025) https://BioRender.com/v05r913.
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with IAA-94 and then added to either HDF or HKE cells prior to treat
ment with H2O2, showed no difference in cell viability compared to the 
Control, thus showing no protection. Addition of 1 μM IAA-94 only to 
HDF or HKE cells also had little to no effect on the cell viability of these 
cells in the presence or absence of H2O2. These findings strongly suggest 
that IAA-94 had no obvious effect on the skin cells, and pre-incubation of 
the rCLIC proteins with the drug IAA-94, failed to provide cellular 
protection against H2O2 treatment, likely due to inhibition of their 
enzymatic activity by IAA-94. This further corroborates the ability of 
CLIC1 or CLIC4 proteins to protect skin cells against H2O2-induced 
oxidative damage, contributing to the cell’s overall health and viability. 
It can therefore be postulated that CLIC1 and CLIC4 proteins act as 
enzymatic antioxidants and help in regulating cellular ROS levels and 
thus cellular redox homeostasis within skin cells. 

(D) Characterisation of antioxidant activity of exogenously 
added rCLIC proteins:

To further characterise the role of CLICs as antioxidants, their ac
tivity was compared to that of known endogenous protein antioxidants 
including Grx and GST-Omega 1 and with the small molecule antioxi
dant drug, N-acetyl cysteine (NAC), a precursor of L-cysteine known to 
act as a direct ROS scavenger due to its sulfhydryl group [45–47]. HDF 
cells were treated with equimolar amounts of rCLIC1, rCLIC4, rGrx 
(abcam, ab86987) or rGST-Ω (Merck, GS75) proteins or 4 mM NAC 
(optimal antioxidant concentration previously published by others 
[45–47]) for 1 hour and then cells were challenged with H2O2. The 
difference in cell viability between the Control cells (not treated with 
any antioxidants) and the treated cells after being exposed to H2O2 were 
calculated to determine the percentage cellular protection imparted by 
the different treatments, with data shown in Fig. 8A.

As seen in Fig. 8A, treatment with rCLIC1 or rCLIC4 protected HDF 

cells against H2O2-induced oxidative damage resulting in cellular pro
tection of approximately 6.7 ± 0.6 % and 9 ± 0.6 % respectively. These 
results were comparable to that seen by the other well-known antioxi
dants like the Grx and GST-Ω proteins showing 10.6 ± 0.5 % and 8.6 ±
0.7 % cellular protection respectively, while NAC showed the greatest 
amount of protection of around 18.2 ± 1.5 %. Comparison between the 
different endogenous protein antioxidants showed that cells treated with 
rCLIC1 or rGST-Ω showed similar percentage cellular protection which 
was relatively less than that shown by equivalent amounts of rCLIC4 and 
rGrx, with no significant difference seen between rCLIC4 and rGrx. This 
strongly suggests that equimolar amounts of rCLIC1 showed antioxidant 
activity similar to that of rGST-Ω protein while rCLIC4 antioxidant ac
tivity was similar to that of rGrx. This further validates an antioxidant 
role for CLIC1 and CLIC4 proteins, regulating the redox environment of 
skin cells; likely via similar mechanism to the Grx and GST-Ω proteins.

Furthermore, cells were also treated with two CLIC1 mutants, C24A 
and K37A, added exogenously, and the percentage cell viability and the 
percentage cellular protection against H2O2 challenge determined. As 
seen in Fig. 8B, there was no significant difference between the Control 
cells and those treated with either of the rCLIC1 mutants: C24A or K37A, 
whereas, HDF cells treated with either rCLIC1 or rCLIC4 showed sig
nificant protection against H2O2-induced damage. These results indicate 
a crucial role for the two residues; cysteine24 and lysine37 in CLIC1, and 
their impact on the protein’s cellular protective ability and/or the 
antioxidant activity. In CLIC proteins, glutathione was shown covalently 
bound to the glutathione-binding site via a conserved CLIC cysteine 
residue, which in CLIC1 is Cys-24 [9]. Mutation of this cysteine residue 
to alanine (C24A) has shown diminished oxidoreductase activity in the 
HEDS assay [18,48] whereas other studies have shown this Cys24 res
idue is not essential for CLIC1’s ion channel function [35,48]. However, 
Cys24 does appear important for optimal ion channel activity [35,48]. 
On the other hand, lysine 37 (K37) is one of the two charged residues 

Fig. 8. Comparison of the percentage cellular protection shown by different rCLIC treatments in HDF cells against the following known antioxidants: Grx, 
GST-O, and NAC. A) Comparison of the percentage cellular protection shown by the different antioxidant treatments against H2O2-induced oxidative damage in HDF 
cells. B) Comparison of the percentage cellular protection against H2O2-induced damage shown by rCLICs and rCLIC1-mutants: C24A and K37A. Cell viability was 
measured using WST-1 reagent and the percentage cell viability in the absence (black) or presence (blue) of oxidative stress is shown at the top right. Data was further 
analysed to determine the percentage cellular protection. Cells not treated with any antioxidant agents but H2O2 was used as the Control. One-Way ANOVA with 
Tukey’s multiple comparisons test was done. Data represented as Mean ± SD. Data was collected from 3 different passages with each passage run in triplicate. *p <
0.05, ns= non-significant.
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along with arginine 29 found in the putative transmembrane region of 
CLIC1 [9]. As charged residues are likely to have a key role in ion 
channel function, a study using the CLIC1-K37A mutant showed that 
K37A mutation in CLIC1 increased the single channel conductance of the 
protein [49]. Whereas, the same mutant, K37A, significantly reduced 
the oxidoreductase activity of CLIC1 as determined via the HEDS assay 
[18]. These results indicate that the antioxidant and cellular protective 
ability of CLIC1 is attributed entirely to its oxidoreductase activity and 
likely does not involve its ion channel activity, given that both C24A and 
K37A mutants provided no protection to the cells from oxidative damage 
by H2O2. 

(E) Exogenously added rCLIC protein protects siRNA knock
down HDF cells from Cellular Damage:

Earlier we have shown that down-regulation of either or both CLIC1 
or CLIC4 protein expression had detrimental effects on the cell viability 
of both human and murine fibroblast cells and human keratinocyte cells 
in comparison to the control cells. We have also showed that both CLIC1 
or CLIC4 knockdown increases cell susceptibility to oxidative damage, 
whereas cells overexpressing CLIC1 or CLIC4, showed enhanced pro
tection. To this end, we next investigated the effect of exogenously 
adding rCLICs to CLIC1-KD and CLIC4-KD HDF cells prior to H2O2 
treatment. Cells treated with scrambled siRNA (Scmb C), CLIC1-KD and 
CLIC4-KD cells, were used as the controls. Fig. 9 shows the percentage 
cell viability of the siRNA knockdown cells treated with/without rCLIC 
proteins in the absence or presence of oxidative stress.

Fig. 9 shows significant reduction in cell viability in CLIC1-KD and 
CLIC4-KD cells in the absence or presence of H2O2 in comparison to 
Scmb C, as previously seen in Fig. 2E, that down-regulation of CLIC1 or 
CLIC4 expression in skin cells increases their susceptibility to oxidative 
damage. Interestingly, CLIC1-KD cells treated with exogenous rCLIC1 
(C1-KD + rCLIC1) or rCLIC4 (C1-KD + rCLIC4), showed greater per
centage cell viability in comparison to the non-treated CLIC1-KD cells, 
both in the absence and presence of oxidative damage. Treatment of 
CLIC1-KD cells treated with exogenously added rCLICs, showed restored 
cell viability, with no significant difference seen when compared to the 
Control cells lines expressing endogenous levels of CLIC proteins. These 
findings provide further evidence that addition of exogenous rCLIC1 or 
rCLIC4, protect cells resulting in increased cell viability. On the other 

hand, CLIC4-KD cells in the absence or presence of oxidative damage, 
showed significant increase in cell viability only when treated with 
rCLIC1 (C4-KD + rCLIC1), restoring them to that of the Control cells; 
while treatment with rCLIC4, although a slight increase in cell viability 
was seen, did not reach level of significance (p < 0.05). This result points 
to a potential difference in the intracellular actions of the two proteins 
CLIC1 and CLIC4, including their specific roles in the antioxidant pro
cesses, interactions in signalling cascades and intracellular localisation.

Imaging of CLIC1, CLIC3, and CLIC4 in human skin tissue sections and in 
varying aged murine skin sections

Recent studies have shown that CLIC4 plays a key role in skin 
fibroblast and keratinocyte differentiation [30,50–52]. In vivo experi
ments have localised CLIC4 to the epidermis of both human and mouse 
skin and is primarily nuclear in dormant cells, suggesting that CLIC4 
participates in epidermal homeostasis through fluctuations in both 
expression level and subcellular localisation [30]. Suh et al. (2007) 
proposed that CLIC4 contributes to both cell cycle arrest and specific 
gene expression that is associated with the terminal differentiation of 
keratinocytes through altering of Cl- ion concentration and pH of the 
nucleus [30]. CLIC4 has also been seen to act on the transforming 
growth factor beta (TGF-β) pathway, resulting in nuclear translocation 
and conversion of fibroblasts to myofibroblasts along with the expres
sion of matrix proteins [50]. In a publication by Joost et al. (2016), the 
CLIC1 gene was found to cluster with a group of pseudotime-dependent 
genes that were differentially expressed in the hair follicle and inter
follicular epidermis and were found to be involved in cornified envelope 
formation, ceramide synthesis, and proteolysis [53]. Although, there is 
some evidence regarding the role of CLIC4 in skin, little is known about 
the role of CLIC1 in skin cells. To shed some light, immunofluorescence 
staining was used to determine the expression pattern of CLIC1, CLIC3, 
and CLIC4 within human and murine paraffin skin sections.

As seen in Fig. 10, immunofluorescence (IF) staining of CLIC 1, 3 and 
4 within commercially purchased human skin sections showed staining 
of CLIC1 and CLIC4 throughout the skin tissue sections, with the 
strongest expression seen within the upper most layers of the skin; 
mainly the epidermal skin layer (see Supplementary Figure S5 for 
Haematoxylin and Eosin staining of the skin sections). A similar trend 
was also observed in the murine skin sections (data not shown). Human 

Fig. 9. Percentage Cellular Viability of siRNA knockdown HDF cells treated with different rCLICs prior to them being subjected to oxidative damage. 
Percentage Cell Viability of either CLIC1 knockdown (CLIC1-KD, Left) or CLIC4 knockdown (CLIC4-KD, Right) treated with rCLIC1 (yellow, dotted), or rCLIC4 
(purple, stripped) following no treatment (No H2O2) or treated with 0.2 mM H2O2 for 1 hour. Cells not treated with siRNA and rCLIC proteins were used as Control 
(black) while cells treated with siRNA but not exogenous proteins, CLIC1-KD and CLIC4-KD shown in red and blue respectively. Two-way ANOVA with Tukey’s 
multiple comparisons test was done. Data represented as Mean ± SD. Data was collected from 3 different passages with each passage run in triplicate. *p < 0.05, ns=
non-significant.
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Fig. 10. Imaging of CLIC1, CLIC3, and CLIC4 in Human Skin Tissue Sections and in Varying Aged Murine Skin Sections. A) Visualisation of CLIC1, CLIC3, 
CLIC4 and Dual labelling of CLIC1 and CLIC4 in Human Skin Paraffin Sections with Control. B) Spatiotemporal Imaging of CLIC1 and CLIC4 Expression in Varying 
aged Murine Skin Tissue Sections. The Olympus BX51 Upright Fluorescent Microscope was used with a 20x magnification. Primary antibodies were omitted from the 
negative controls. Scale bars indicate 20 μm and apply to each row of panels. C) FIJI/ImageJ Analysis of Varying Murine Skin Sections. CLIC1 and CLIC4 stained 
murine skin samples were analysed for integrated density of fluorescent particles and are expressed as mean ± SEM. One-way ANOVA with Tukey’s multiple 
comparisons test was done. *P < 0.05, **P < 0.01, n = 3 for Murine Samples with data collected from multiple different regions of interest within each sample.
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skin sections probed for CLIC1 (green fluorescent staining) and CLIC4 
(red fluorescent staining) simultaneously, as shown in Fig. 10A, showed 
a strong co-localisation signal for CLIC1 and CLIC4 within the upper 
layers of the skin. CLIC4 had stronger epidermal layer staining than 
CLIC1, clearly indicated by the red outline along the upper most layers 
of the skin sections. However, due to the lack of specific differential 
staining of the epidermis and the dermis layers, it was not possible to 
fully distinguish between these layers. On the other hand, CLIC3 was not 
visible and did not show any describable expression pattern unlike 
CLIC1 or CLIC4. Hence it was concluded that there was no CLIC3 
expression or is expressed at below detection threshold within the skin 
sections. This was a very interesting observation and might account for 
the lack of protection that we saw earlier when fibroblast or keratinocyte 
cells were treated with recombinant rCLIC3 proteins. Whereas, both 
CLIC1 and CLIC4 proteins showed clear and visible expression 
throughout the skin sections and were able to protect cells from oxida
tive damage. This strongly suggests crucial roles of CLIC proteins, 
particularly CLIC1 and CLIC4, in maintaining skin redox homeostasis 
that is most likely dependent on the expression and localisation of these 
proteins within the fibroblast and keratinocyte cells.

The skin acts as the body’s barrier to the external environment and is 
constantly being bombarded by pollutants and exposed to oxidative 
damage [54–57]. It is estimated that approximately 90 % of skin damage 
occurs from oxidative stress resulting in a plethora of negative effects 
from apoptosis, cell ageing and even malignant cancer transformation 
[54–57]. In order to combat oxidative damage, the human skin system 
employs gradients of antioxidants which with excessive and chronic 
exposure to oxidising agents and with aging becomes redundant [58]. To 
see if there are any changes in expression pattern of CLIC1 or CLIC4 
within the skin system with aging, whole murine skin sections consisted 
of TLR4/Rage strains were probed for CLIC1 or CLIC4 across the 
following age groups: 1.5 months (male), 4 months (female), and 8 
months (female) (multiple skin sections from three different mice were 
analysed per age group). The IF images and corresponding densitometry 
analysis of the CLIC1/CLIC4 fluorescent detected in the aging skin sec
tions are shown in Fig. 10B CLIC1 and CLIC4 staining is clearly visible 
throughout the murine skin sections. As the age of the skin donors 
increased from 1 to 8 months, noticeable changes were seen in the 
staining pattern of these proteins, which likely also reflects known 
changes in the skin architecture with age (See Supporting Materials, 
Supplementary Figure S5). As seen in Fig. 10B, the distribution of CLIC4 
is mostly diffuse throughout the skin tissue section in the 1-month 
sample, whereas in the older aged samples, CLIC4 localisation is seen 
to be concentrated towards the outer edge of the skin. Visible changes 
were also observed for the distribution and localisation of CLIC1 across 
the different age groups. Densitometry analysis of these sections 
(Fig. 10C) shows a 1.5-fold decrease in the expression level of CLIC4 
while there is a significant increase in CLIC1 expression in mouse skin 
sections at 8 months in comparison to their respective younger skin 
section counterparts. These results therefore show that with aging there 
are changes in distribution and localisation of both CLIC1 and CLIC4 in 
murine skin.

Immunofluorescent staining of varying aged Human Skin Paraffin 
sections, commercially purchased from donor tissues collected from the 
abdominal region and covering ages 17 years (male), 55 years (female), 
and 96 years (female), also show similar patterns in CLIC1 and CLIC4 
expression with age, to those seen in the murine skin sections (data 
shown in Supplementary Figure S6). These results however must be 
considered preliminary, given that each age group is represented by 
tissue from only one individual. Furthermore, possible variations in the 
human skin sections based on precise biopsy location may also arise. 
Therefore, more detailed investigations are required to further elucidate 
CLIC protein spatio-temporal tissue distribution and expression.

Upon consideration of the widespread cellular expression and sub
cellular localisation of the CLIC proteins, together with their high degree 
of evolutionary conservation [5–7], along with the co-expression of 

multiple CLICs, it seems clear that CLIC proteins play critical cellular 
roles that are vital for cell survival. A study by Padmakumar, V. et al. 
(2012) showed CLIC1 to modestly increase in spleen, lungs, and skin in a 
CLIC4(NULL) mouse model and was speculated as a compensatory 
mechanism for the loss of CLIC4 as CLIC1 is the closest homologue to 
CLIC4 in sequence compared to the four other CLIC family members 
[59]. Our current preliminary tissue study, also suggests a link between 
CLIC members, with IF data demonstrating that as CLIC4 expression 
decreased in the aging skin tissues, CLIC1 displayed a modest increase in 
expression with considerable changes in its distribution pattern, going 
from a broad epithelial distribution in the younger skin samples 
compared to a more restricted distribution within the upper skin layers 
in the older skin samples. Also, both CLIC1 and CLIC4 showed cellular 
protective antioxidant capabilities against H2O2-induced oxidative 
damage in primary human skin cells but at varying degrees. One pos
sibility might be that there is a difference in cellular localisation of 
CLIC1 and CLIC4 and this may result in CLIC1 and CLIC4 being involved 
in different cellular processes to combat oxidative damage, although this 
was beyond the scope of this study, it warrants further investigation. In 
addition, further investigation is also required to deduce their mecha
nism of action in order to better understand their role as antioxidants 
and cellular protective agents. A study by Choi et al. (2006) showed that 
the ribosomal protein S3 (rpS3) is a key protein by which cells coun
teract deleterious effects of oxidative stress, thus playing a crucial role in 
DNA damage repair [60]. Hence, they set out to fuse the rpS3 with PEP-1 
peptide and transduced it into human skin fibroblast cells. It was shown 
that the fusion protein increased cell viability and significantly reduced 
DNA lesion in the UV exposed cells. Further, IHC showed that the fusion 
protein was able to efficiently penetrate both the epidermis and dermis, 
suggesting that the PEP-1-rpS3 fusion protein could be used in protein 
therapy for UV related disorders [60]. Given that the CLICs, in particular 
CLIC1 and CLIC4, also impart increased cell viability and protection 
against oxidative damage in both human and murine fibroblast and 
keratinocyte cells, it would be interesting to further investigate the po
tential roles and/or the therapeutic benefits of this class of proteins as 
the next generation of natural antioxidants.

Conclusion

In this investigation, our results clearly indicate that the oxidore
ductase activity of CLIC1 and CLIC4 proteins play a crucial role in 
protecting skin derived cells against H2O2-induced oxidative damage, 
thereby highlighting the cellular antioxidant capabilities of the CLIC 
proteins. Overexpression of CLIC1 or CLIC4 in murine fibroblast cells 
demonstrated their ability to protect the cells from oxidative damage 
resulting in reduced ROS generation, thereby indicating their involve
ment in regulation of skin cells’ redox environment. While knockdown 
of these proteins in both human and murine skin cells resulted in 
decreased cell viability, increased ROS levels, reduced oxidoreductase 
activity and down-regulation of CLIC1 and CLIC4 expression made the 
cells more susceptible to oxidative damage. This study also highlighted 
for the first time the role of CLIC proteins as protective antioxidants 
when added exogenously at optimal dosage concentrations to fibroblast 
and keratinocyte cells in culture. We have demonstrated that exogenous 
addition of CLIC1 or CLIC4 provide similar protection against H2O2- 
induced oxidative damage to that of Grx and GST-Ω proteins, while 
exogenous addition of CLIC3 at varying concentrations was found to 
have no significant effect on the cell viability of skin cells both in the 
absence or presence of H2O2. Furthermore, we confirmed that the pro
tective activity is dependent on the oxidoreductase activity, since mu
tation of either one of two different glutathione S-transferase 
activity–related residues in CLIC1 (C24A and K37A) diminished the 
protein’s ability to protect cells from H2O2-induced oxidative damage. 
Our findings strongly support a role for CLIC1 and CLIC4 as important 
contributors to regulation of the cellular ROS levels in skin cells, and 
thus recognition of their inclusion as members of the cellular antioxidant 
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defence armoury, ensuring the cell’s overall health and viability.
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