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The chloride intracellular channel-4 (CLIC4) is one of the six
highly conserved proteins in the CLIC family that share high
structural homology with GST-omega in the GST superfamily.
While CLIC4 is a multifunctional protein that resides in mul-
tiple cellular compartments, the discovery of its enzymatic
glutaredoxin-like activity in vitro suggested that it could
function as an antioxidant. Here, we found that deleting CLIC4
from murine 6DT1 breast tumor cells using CRISPR enhanced
the accumulation of reactive oxygen species (ROS) and sensi-
tized cells to apoptosis in response to H2O2 as a ROS-inducing
agent. In intact cells, H2O2 increased the expression of both
CLIC4 mRNA and protein. In addition, increased superoxide
production in 6DT1 cells lacking CLIC4 was associated with
mitochondrial hyperactivity including increased mitochondrial
membrane potential and mitochondrial organelle enlargement.
In the absence of CLIC4, however, H2O2-induced apoptosis was
associated with low expression and degradation of the anti-
apoptotic mitochondrial protein Bcl2 and the negative regu-
lator of mitochondrial ROS, UCP2. Furthermore,
transcriptomic profiling of H2O2-treated control and CLIC4-
null cells revealed upregulation of genes associated with
ROS-induced apoptosis and downregulation of genes that
sustain mitochondrial functions. Accordingly, tumors that
formed from transplantation of CLIC4-deficient 6DT1 cells
were highly necrotic. These results highlight a critical role for
CLIC4 in maintaining redox-homeostasis and mitochondrial
functions in 6DT1 cells. Our findings also raise the possibility
of targeting CLIC4 to increase cancer cell sensitivity to
chemotherapeutic drugs that are based on elevating ROS in
cancer cells.

Reactive oxygen species (ROS) can be produced through
enzymatic reactions by NADPH oxidases, lipoxygenase, cyto-
chrome P450, and cyclooxygenase (1). Nonenzymatic reactions
such as those resulting from the mitochondrial respiratory
chain also contribute to the production of ROS in cells (1). In
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cancer cells, elevated ROS may result as a consequence of
oncogene activation during the transformation of cells (2–4),
dysfunctional mitochondria, increased activity of oxidases, and
increased cellular receptor signaling or through crosstalk with
infiltrating immune cells (5). ROS-sensitive signaling pathways
that are involved in cell proliferation and differentiation,
regulating protein synthesis, glucose metabolism and cell
survival and inflammation are persistently elevated in many
cancer types (6–8). Furthermore, low endogenous concentra-
tions of hydrogen peroxide and superoxides stimulate cell
proliferation in a variety of cancer types (5, 9).

In contrast, antioxidants to block oxidative stress are
reported to reverse the cancer phenotype in some cases
(10–12). Increasing the expression of catalase and glutathione
peroxidases reduced cancer cell proliferation and cell doubling
(13, 14). In fact, an early approach to treat cancer used anti-
oxidant agents to target ROS (15, 16). However, obtaining
consistent results was challenging and, in some cases, using
antioxidants promoted cancer initiation and progression
leading to the use of ROS inducers as anticancer agents in
order to overcome the specific threshold of ROS level beyond
which cancer cells undergo ROS-mediated cell death (17, 18).

While much attention has been directed to catalase,
superoxide dismutases (SODs) and GSH as intracellular anti-
oxidants, less attention was focused on the antioxidant prop-
erties of the chloride intracellular channel-4 (CLIC4). CLIC4 is
a member of a highly conserved family of six mammalian
proteins that share high structural homology with glutathione-
S-transferases (GSTs) and in particular the GST-omega class.
CLIC4 is highly abundant in cells and specifically localized to
the nucleus, mitochondria, and the endoplasmic reticulum as
well as a major cytoplasmic component (19, 20). CLIC4 is
highly redox sensitive (21, 22) and metamorphic with the
ability to switch between two different structural conforma-
tions (21) to carry multiple functions. The cytoplasmic soluble
form of CLIC4 exerts a glutaredoxin-like enzymatic function
in vitro (23), and when membrane bound, it was speculated to
function as a poorly selective anion channel (22). CLIC4 is
involved in multiple cellular functions including angiogenesis
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CLIC4 is required to maintain mitochondrial function
(24–26), immune system activity (27–30), epithelial and
myofibroblast differentiation (31–34), tumor necrosis factor-α
mediated apoptosis (35), transforming growth factor beta
signaling (34), and in cancer development and progression
where its expression is particularly high in tumor stroma and is
linked to the formation of cancer associated fibroblasts
(34, 36–41). This multitude of functions and paralogs within
species and the high conservation of CLIC homologs across
species suggested that the CLIC family of proteins perform a
fundamental life purpose.

We postulated that CLIC4 could participate in regulating
the oxidative environment in cancer cells. Further, the soluble
fraction of CLIC4 might serve as a protective mechanism for
cellular and mitochondrial damage generating ROS in
response to exogenous toxins such as oxidants or certain
anticancer drugs (41–43). It is well known that breast cancer
cells have higher ROS than their normal counterparts (44, 45),
and the molecular mechanisms involving ROS in the growth,
invasiveness, and metastatic spread of breast cancer is not
understood. In human breast cancer, the high expression of
CLIC4 was associated with poor outcome and enhanced dis-
ease progression (46). Herein, we used murine breast cancer
cells proficient or deficient in CLIC4 to study the influence of
oxidative stress and breast cancer redox homeostasis to shed
light on the role of CLIC4 that contributes to the growth and
viability of those cancer cells.
Results

CLIC4-null 6DT1 cells have high ROS content

While the oxidoreductase activity of CLIC4 was established
with recombinant protein, similar properties have not been
confirmed in cells. To address this issue, we used murine
breast cancer cell line 6DT1 cells (47) and stable CLIC4-
deficient 6DT1 clones (sg# 1 and sg# 2) that were isolated
using CRISPR. First, we investigated the localization of CLIC4
in WT 6DT1 cells and found that CLIC4 is widely expressed in
cells without treatment and abundant in mitochondria. Adding
500 nM of H2O2 to cells increased the expression of CLIC4 in
6DT1 cells (Fig. 1A).

The intrinsic ROS was measured using CellROX green or
CM-H2DCFDA. Confocal imaging results of whole cell pro-
jection showed that untreated CLIC4 KO 6DT1 cells (CLIC4-
KO) displayed higher fluorescence for CellROX green than
WT cells (Fig. 1B), while fluorescent intensity was similar for
both genotypes 24 h after treatment with 1 μM of H2O2. After
incubation with CM-H2DCFDA, fluorescence-activated cell
sorting (FACS) analysis (Fig. 1C) confirmed that ROS is
elevated in untreated CLIC4-KO cells at baseline level. The
mean fluorescence intensity of three independent repeats also
showed that treating the 6DT1 cells with H2O2 increased the
level of ROS in CLIC4-WT but not the CLIC4-KO 6DT1 cells,
as quantified in Figure 1D. The ROS disparities among the
genotypes disappeared when cells were preincubated with the
general antioxidant N-acetyl cysteine or NAC (Fig. 1, C and D).

These results indicated that CLIC4 participated in an
intrinsic antioxidant environment in untreated cancer cells,
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but compensatory pathways were available for protection from
an extrinsic oxidative insult.

CLIC4-WT 6DT1 cells have higher tolerance to H2O2 than the
CLIC4-KO cells

To determine the functional consequences of ROS alter-
ations, WT, KO, and CLIC4 KO reconstituted with CLIC4
6DT1 breast cancer cells were exposed to different concen-
trations of H2O2 and tested for cell viability (CCK-8) and cell
proliferation responses (CyQuant).

There was no significant baseline difference in cell viability
percentage among cells that do or do not express CLIC4 over
7 days (Fig. 2A). However, 6DT1 cells treated with different
concentrations of H2O2 for 24 h exhibited attenuated cell
viability in a dose-dependent manner, while the loss of viability
in CLIC4-KOwas substantially accelerated as the concentration
of H2O2 increased when compared to WT and KO cells
reconstituted with CLIC4 via lentivirus (KO+CLIC4) (Fig. 2B).
Similar results were observed with a second CLIC4-KO (sg# 2)
clone (Fig. S1). As seen in Figure 1, the sensitivity toH2O2 is ROS
mediated in all genotypes since viability was restored by incu-
bating the cells with catalase or NAC with/without H2O2 (as
shown in Fig. 2, C and D). Loss of CLIC4 also sensitized 6DT1
cells to the antiproliferative effects of increasing the concen-
tration of H2O2 to 1 μM in comparison to the cells that express
CLIC4 (WT and KO+CLIC4) as shown in Figure 2E. Post-
incubating the cells with catalase (Fig. 2F) or NAC (Fig. 2G) in
the presence or absence ofH2O2 restored proliferation of CLIC4
null cells to the same levels as the cells that express the protein.

CLIC4 expression is upregulated by H2O2 in breast cancer cells

While the loss of CLIC4 leads to a pro-oxidant internal
environment, we asked if CLIC4 was elevated in response to an
external pro-oxidant environment. In Figure 3, A and B,
increasing concentrations of H2O2 induced the expression of
CLIC4 protein and transcripts in WT 6DT1 cells as well as in
4T1 breast cancer cells as in Figure 3C. The induction of
CLIC4 transcripts was in response to a pro-oxidant environ-
ment as it was mitigated by cotreatment with NAC (Fig. 3B).
There was little or no change of catalase, CLIC1, and GST-
omega 1 proteins in WT 6DT1 cells. In contrast, in the
absence of CLIC4, H2O2 elicited an increased induction in
SOD1 and SOD2 proteins. Interestingly, while the DNA
damage marker yH2Ax was elevated in WT cells under
treatment with H2O2, it was initially higher in CLIC4-KO cells
and remained higher regardless of H2O2 treatment. The
compensatory increased expression of SOD1 and SOD2 pro-
teins in CLIC4-KO cells suggests an increase in H2O2 results
from the dismutation of superoxide to H2O2 and water.

These results indicated that the CLIC4 response could be an
essential protection for oxidative stress or H2O2-induced
apoptosis in 6DT1 and 4T1 cells.

Loss of CLIC4 increases mitochondrial superoxide and
peroxidase activity

While the loss of CLIC4 was associated with elevated
intracellular H2O2, the source of this elevation was not yet
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Figure 2. Oxidative stress induced changes in viability and proliferation of 6DT1 cell genotypes. 6DT1 cells were grown in 96-well plates containing
phenol red–free Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum for 24 h at 37 �C and 5% CO2. A, cell viability of CLIC4-WT, KO clone sg#
1, or CLIC4-KO 6DT1 cells transduced with CLIC4 via recombinant lentivirus (KO+CLIC4), was determined over 7 days by measuring the absorbance at
450 nm of cells incubated with CCK-8 for 2 h. The absorbance readings were normalized to the nontreated cells of each condition, and numbers were
converted to percentage. B, viability of CLIC4 WT, CLIC4-KO (clone sg# 1), and KO+CLIC4 6DT1 cells treated with increasing concentrations of H2O2 with and
without Catalase (C) or NAC (D) was measured after 24 h. E, cell proliferation was assayed 24 h after exposure to increasing concentrations of H2O2 or with
further addition of Catalase (F) or NAC (G) by CyQuant fluorescence (480/520 nm). The results were analyzed using prism pad 7 and data were presented as
means ± SD of three independent experimental repeats. *p < 0.05, **p < 0.005. CLIC4, chloride intracellular channel-4; NAC, N-acetyl cysteine.

CLIC4 is required to maintain mitochondrial function
defined. In cells, ROS is generated as a byproduct of oxidative
phosphorylation by the mitochondria or by NADPH oxidases
in cell membranes. Mitochondrial superoxides form from one-
electron reduction of molecular oxygen (O2) in complexes I
and III (48) and their accumulation in cells is highly associated
Figure 1. General ROS content in 6DT1 cells. A, 6DT1 CLIC4-WT cells were ei
0.5 μM Mito-tracker orange for Mito-Tracker Orange CMTMRos (orange) for 30 m
staining with CLIC4-specific antibody and Alexafluor-488 (green) and DAPI (bl
immunofluorescence at 63× magnification. B, CLIC4-WT and CLIC4 KO (CLIC4-KO
with 3 μMCellROX green for 30min and examined by confocal microscopy at 63
is Hoechst nuclear staining. C, stacked histogram plot of a representative FACS an
with 1 μMH2O2 or 50 μMNAC or both for 24 h followed by addition of 5 μMDCFD
treatments represents the increase in DCFDA fluorescence. D, the mean fluoresc
treatments, incubated with DCFDA, and evaluated by FACS. The results were p
independent experimental repeats; *p < 0.05. CLIC4, chloride intracellular chan
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with oxidative stress and redox signaling and may cause
damage to proteins containing iron-sulfur clusters (48).

Previous studies in isolated mitochondria subfractions from
rat cardiomyocytes showed that CLIC4 was enriched in the
outer mitochondrial membrane fraction with a smaller
ther left untreated or treated with 500 nM H2O2 for 24 h and incubated with
in before fixation with 4% paraformaldehyde. Cells were then prepared for

ue) for nuclear staining. Cells were examined with confocal microscopy for
clone sg# 1) 6DT1 cells were incubated with 1 μM H2O2 for 24 h and stained

× optical magnification. Green fluorescence is indicative of ROS levels and blue
alysis of WT or KO clone sg# 1 6DT1 cells at 80% confluence that were treated
A in 1× PBS for 30min. The shift in cell populations to the right under different
ence intensity of three independent experiments of 6DT1 cells with indicated
lotted using prism pad 7 and data were presented as means ± SD of three
nel-4; ROS, reactive oxygen species; NAC, N-acetyl cysteine.



Figure 3. H2O2 induces gene and protein expression of CLIC4. A, 6DT1 CLIC4-WT or KO clone sg# 1 cells were treated with 0, 0.1 μM, 0.5 μM, 1 μM,
10 μM, and 50 μM of H2O2 for 24 h, and lysates were subjected to immunoblotting for expression of intracellular antioxidants and DNA damage (yH2Ax).
B, CLIC4-WT and KO clone sg# 1 6DT1 cells were treated with 10 μM H2O2 and/or 50 μM NAC for 24 h, and the lysates were used for real-time PCR analysis of
Clic4 gene. The results were analyzed using prism pad 7 and data were presented as means ± SD of three independent experimental repeats. *p < 0.05,
****p < 0.0001. C, 4T1 cells were treated with 0, 0.1 μM, 0.5 μM, 1 μM, 10 μM, and 50 μM of H2O2 for 24 h, and lysates were subjected to immunoblotting for
expression of CLIC4 protein. CLIC4, chloride intracellular channel-4; NAC, N-acetyl cysteine.

CLIC4 is required to maintain mitochondrial function
subfraction partitioning with the inner mitochondrial mem-
brane (49). In contrast, in situ immunogold electron micro-
scopy (EM) of human keratinocytes indicated that CLIC4
localized mainly with the inner mitochondrial membrane and
cristae with occasional gold particles in the mitochondrial
matrix (50). Thus, both methods suggest that CLIC4 is asso-
ciated with mitochondrial membranes, but functional studies
are required to determine if the protein could participate in the
regulation of mitochondrial membrane potential. Confocal
microscopy using MitoSOX red (Fig. 4A) detected a substan-
tial increase in superoxide generated in CLIC4-null relative to
WT 6DT1 cells.

FACS histograms of fluorescence intensity (Fig. 4B) and
quantification of mean fluorescent intensity (Fig. 4C)
confirmed the higher level of superoxide in CLIC4-null cells
than WT at baseline, and this difference was mitigated by
treatment with NAC. WT 6DT1 cells displayed increased in-
tensity when treated with H2O2 and the fluorescence intensity
decreased upon treatment with 50 μMNAC in both genotypes.

Since the CLIC4-null 6DT1 cells displayed higher super-
oxide content, we measured the H2O2 content in cells. Using
Amplite colorimetric hydrogen peroxide assay kit, the total
content of H2O2 in fresh lysates of CLIC4-KO and WT cells
was determined. As shown in Figure 4D, the baseline level of
H2O2 in CLIC4-KO cells and those reconstituted with an
empty lentiviral vector was significantly higher than the cells
that express CLIC4 (WT) and CLIC4-KO cells reconstituted
with CLIC4. Treatment with NAC lowered H2O2 levels in all
genotypes. Treatment with exogenous H2O2 elevated the
intracellular H2O2 in WT cells to the constitutive levels in
CLIC4-null cells. NAC was sufficient to decrease the H2O2

levels in all genotypes. Surprisingly, no significant differences
J. Biol. Chem. (2022) 298(9) 102275 5



Figure 4. CLIC4-deficient 6DT1 cells have higher mitochondrial superoxides and H2O2 content. A, CLIC4-WT and KO sg# 1 6DT1 cells were grown to
80% confluence in phenol red–free Dulbecco’s modified Eagle’s medium incubated with/without 1 μM H2O2 for 24 h and exposed to 2 μM MitoSOX red in
HBSS for 10 min. Blue is Hoechst dye for nuclear staining. Live cell confocal imaging was performed at 63× magnification. B, CLIC4-WT and KO clone sg# 1
6DT1 cells were untreated (NT) or treated with 1 μM H2O2 or 50 μM NAC or both for 24 h, exposed to 2 μM of MitoSOX red for 10 min, and harvested with
trypsin-EDTA and prepared for FACS analysis. The representative stacked histogram plots of FACS analysis indicate the shift in cell populations toward the
right suggesting higher MitoSOX fluorescence. C, averaged mean fluorescence intensity reading plotted from three independent repeats of FACS analysis
using MitoSOX red on cells treated as in (B) to depict the relative superoxide content by genotype and treatment. D, CLIC4-WT, KO clone sg# 1, and
KO+CLIC4 lentivirus or control vector (Empty) 6DT1 cells were untreated or incubated with 1 μM H2O2 only or 50 μM NAC only or with both (as indicated
with the plus + signs under the plot) for 24 h. Amplite substrate was added to fresh cell lysates for 30 min to quantify H2O2 content measuring fluorescence
at 650 nm. E, peroxidase activity was determined in 6DT1 CLIC4-WT cells, CLIC4-KO clone sg# 1, and KO+CLIC4 untreated or treated with 1 μM H2O2 with or
without 50 μM NAC for 24 h. The red-fluorescent oxidation product, resorufin, indicative of peroxidase activity in 6DT1 cell lysates was measured at 530 to
560/590 nm. *p < 0.05, **p < 0.005 and ***p < 0.0005. CLIC4, chloride intracellular channel-4; NAC, N-acetyl cysteine.

CLIC4 is required to maintain mitochondrial function
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were detected in catalase activity in fresh cell lysates among all
cell types (Fig. S2A).

As shown in Figure 4E, CLIC4-deficient cells had lower
peroxidase activity than the cells that express CLIC4 protein.
After incubating the cells with 1 μM H2O2 or with both 1 μM
H2O2 and 50 μM NAC for 24 h, the peroxidase activity
increased specifically in CLIC4-KO cells compared to baseline.
This elevation in peroxidase activity in response to H2O2 could
explain the unchanged ROS and H2O2 levels in CLIC4-KO
cells post-treatment with exogenous H2O2.

Using ThiolTracker violet and FACS analysis (Fig. S2B),
there were no significant differences detected in GSH level
between CLIC4-deficient and the WT 6DT1 cells. Altogether,
these results support the concept that in the absence of CLIC4,
cells live in a pro-oxidant internal environment.
Absence of CLIC4 impacts mitochondrial morphology and
activity in 6DT1 cells

Specific components of mitochondrial respiration were
further studied using Seahorse technology. At baseline, overall
mitochondrial respiration did not differ among genotypes as
measured by oxygen consumption rate (OCR) (Fig. 5, A and
B). In contrast, oxygen consumption of CLIC4-KO cells was
higher than the WT 24 h after exposure to 1 μM H2O2.
Carbonyl cyanide p-trifluoromethoxy-phenylhydrazone, an
uncoupler of mitochondrial oxidative phosphorylation, maxi-
mally stimulated oxygen consumption in CLIC4-KO cells
treated with H2O2, suggesting these cells maintained higher
spare respiratory capacity. The dependence on CLIC4 was
supported by the return to WT levels of spare capacity when
the CLIC4-deficient cells were reconstituted with CLIC4
lentivirus but not the empty vector. Shutting down mito-
chondrial respiration by inhibiting complex I and III with
rotenone and antimycin A or reconstituting CLIC4 in CLIC4-
KO cells did not reveal any differences in nonmitochondrial
oxygen consumption among the genotypes. This result was
further confirmed by using a second CLIC4-KO clone
(Fig. S3A).

Extracellular acidification rate was also assayed by Seahorse
to investigate the glycolytic capacity of cells to reveal any
differences in other energy-producing pathways. Fig. S3B
shows that there were no significant differences between the
WT and CLIC4-KO cells in terms of glycolysis function.

Interestingly, electron microscopy images indicated that
mitochondria in CLIC4-null cells were larger in diameter and
rounder in shape than WT cells at baseline although this
difference lost significance when WT cells were treated with
H2O2 (as in Figs. 5, C and D and S3C). Treating the cells with
NAC reversed the effect of H2O2 on mitochondrial
morphology in both WT and CLIC4-deficient 6DT1 cells that
are not treated or treated with H2O2.

Since CLIC4-KO cells demonstrated significant changes in
mitochondrial morphologies and an increase in mitochondrial
stress in response to H2O2, we investigated the mitochondrial
activity further by measuring the mitochondrial membrane
potentials.
Using TMRM (tetramethylrhodamine, methyl ester,
perchlorate) on live cells, we found that the TMRM fluores-
cence as an indicator of mitochondrial membrane potential in
6DT1 cells lacking CLIC4 was substantially increased but only
with H2O2 treatment. At baseline, mitochondrial membrane
potential was not increased possibly through the activity of
peroxidases or other antioxidants that mitigated the elevated
ROS environment. Incubation with H2O2 also elevated TMRM
fluorescence in WT cells to a lesser extent. Fluorescence in
both genotypes was suppressed by NAC (Fig. 5E). The fluo-
rescence of TMRM in response to H2O2 in 6DT1 cells was
quantified using TECAN infinite M200 plate reader at an
excitation of 488 nm and emission of 570 nm (Fig. 5F). The
loss of CLIC4 was associated with an increase in several pro-
tein components of complex I, II, III and IV particularly 24 h
post-H2O2 treatment that could be potentially contributing to
the increased oxygen consumption in CLIC4-KO cells
(Fig. S3D).

Altogether, these data suggested that the presence of CLIC4
contributed to regulating mitochondrial membrane potential,
and in its absence, oxygen consumption and ROS production
were increased. The consequences of these functions may also
control mitochondrial morphology.
Apoptotic pathways are associated with H2O2 responses in the
absence of CLIC4

Hydrogen peroxide increases mitochondrial activity in
6DT1 cells lacking CLIC4 and decreases cell viability poten-
tially through an apoptotic pathway. Therefore, we examined
the expression of essential proteins associated with apoptosis
(Fig. 6A). Post-treatment with H2O2, cytochrome C protein
was higher in lysates of CLIC4-KO 6DT1cells than treated WT
cells. While the significance of elevated total cytochrome C is
unclear, support favoring mitochondrial-dependent apoptosis
came from the release of mitochondrial cytochrome C to the
cytoplasm as seen in H2O2-treated CLIC4-KO 6DT1 cells (sg#
1) reconstituted with empty vector but not with CLIC4
(Fig. S4E). Unexpectedly, loss of CLIC4 was associated with
reduced mitochondrial uncoupling protein 2 (UCP2) (Figs. 6,
A–C and S4A) that functions to regulate oxidative stress and
lowers mitochondrial membrane potential (51) in response to
multiple stress signals as seen in WT cells where UCP2
increased after H2O2 treatment (Fig. 6, A and B). The reduc-
tion in UCP2 was also detected in 6DT1 CLIC4-KO clone sg#
2 (Fig. S4A) and was higher after reconstituting with CLIC4
lentivirus but not the empty vector (Fig. S4C). The reduction
in UCP2 could decrease the mitochondrial response to
oxidative stress and increase a cytotoxic outcome. The anti-
apoptotic protein Bcl2 and the proapoptotic protein Bax were
also substantially reduced in 6DT1 cells devoid of CLIC4. It is
not clear why both are reduced similarly since Bcl2 is anti-
apoptotic while Bax is proapoptotic. The consequence for the
apoptotic process is not known but the reduction in both may
indicate a general disruption of the mitochondrial integrity
when CLIC4 is absent. Previously, it was shown that elevating
CLIC4 cooperated with Bax to induce apoptosis, but the two
J. Biol. Chem. (2022) 298(9) 102275 7



Figure 5. CLIC4 deficiency alters mitochondrial morphology and function in 6DT1 cells. A and B, CLIC4-WT, KO clone sg# 1, and KO+CLIC4 or control
vector (Empty), untreated or treated with 1 μM H2O2 for 24 h, were incubated with prewarmed assay medium in a non-CO2 incubator and 37 �C for 1 h and
assayed for oxygen consumption rate (OCR) using the Agilent Seahorse XF kits. The black downward arrow indicates when Oligomycin was injected, the
purple arrow is for FCCP, and the pink arrow is for Antimycin-A& Rotenone. The results were analyzed using prism pad 7 and data were presented as
means ± SD of three independent experimental repeats. C, electron microscopy (EM) mitochondrial images at direct magnification of 5000× of CLIC4-WT,
CLIC4-KO (clone sg# 1) untreated (NT) or are postincubated with 1 μM H2O2 with/without 50 μM NAC for 24 h. D, imageJ quantification of the mitochondrial
diameters obtained by electron microscopy. E, 6DT1 CLIC4-WT, KO clone sg# 1, posttreated with 1 μM H2O2 with/without 50 μM NAC for 24 h, were
incubated with 50 nM of TMRM for 30 min or with Hoechst (nuclear dye) for 5 min before processing for immunofluorescence confocal microscopy. F, 6DT1
CLIC4-WT and KO clone sg# 1 cells, postincubated with increasing concentrations of H2O2 for 24 h, were then incubated with 50 nM TMRM for 30 min to
detect the mitochondrial membrane potential. *p < 0.05, **p < 0.005, ***p < 0.0005, and ****p < 0.0001. CLIC4, chloride intracellular channel-4; FCCP,
carbonyl cyanide p-trifluoromethoxy-phenylhydrazone; NAC, N-acetyl cysteine; TMRM, tetramethylrhodamine, methyl ester.
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Figure 6. Mitochondrial apoptotic pathways are associated with H2O2 responses in the absence of CLIC4. A, CLIC4-WT or KO clone sg# 1 6DT1 cells
were treated with varying concentrations of H2O2 (0, 0.1 μM, 0.5 μM, 1 μM, 10 μM, and 50 μM) for 24 h, and lysates were subjected to immunoblotting for
expression of mitochondrial apoptotic BH3 proteins and UCP2. B, 4T1 cells transduced with scramble (negative control) or two CLIC4 siRNA (2 and 5
according to manufacturer’s sequences) were then incubated with varying concentrations of H2O2 (0, 0.1 μM, 0.5 μM, 1 μM, 10 μM, and 50 μM of H2O2) for
24 h, and lysates were subjected to immunoblotting for expression of mitochondrial apoptotic BH3 protein, cytochrome C, and UCP2. C, CLIC4-WT or KO

CLIC4 is required to maintain mitochondrial function
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proteins did not associate to accomplish this endpoint (50). As
shown in Figure 3A, yH2AX is constitutively increased when
CLIC4 is absent but in KO cells reconstituted with CLIC4,
H2O2 treatment is required to elevate this DNA damage
marker (Fig. S4, A and C). As an independent confirmation of
these finding in 6DT1 breast cancer cells, we knocked down
CLIC4 in the highly metastatic 4T1 breast cancer cell line with
siRNA (Figs. 6B and S5). As shown in Figure 6B, reduction in
CLIC4 protein was associated with loss of UCP2 and Bcl2
proteins and an elevation of total cytochrome C in response to
H2O2.

Accumulation of high levels of ROS affects protein folding
and increases the degradation of oxidized proteins (52, 53).
Since the gene transcript levels for Bcl2 were not significantly
changed (data not shown) after H2O2 treatment, we tested the
idea that the loss may be posttranscriptional. Both Bcl2 and
UCP2 levels were restored when CLIC4 KO cells were treated
with both H2O2 in the presence of the proteasome inhibitor
MG132 (Fig. 6C). CLIC4 has not been implicated in proteo-
some activation in response to a prooxidant environment and
adds another dimension to the consequences of altered CLIC4
homeostasis.

The cleavage of caspases 3 and 7 are markers of
mitochondrial-mediated cell death through an apoptotic
pathway. Unlike WT 6DT1 cells, caspase 3 was cleaved in the
two independent CLIC4 KO clones (Figs. 6D, and S4B) and the
CLIC4 knockdown 4T1 cells treated with H2O2 (Fig. 6F).
Reconstitution of clone sg# 1 with CLIC4 lentivirus but not the
empty vector mitigated the cleavage of caspase 3 by H2O2.
(Fig. S4D). Cleaved caspase 7 was also elevated in CLIC4-
deficient 6DT1 cells treated with H2O2 (as shown in Fig. 6E).

The absence of CLIC4 in 6DT1 cells is associated with major
transcriptional rewiring in response to oxidative stress

We isolated RNA and used RNAseq to investigate the
transcriptional consequences of CLIC4 deficiency in 6DT1
cells (Fig. 7). Principle component analysis (PCA, Fig. 7A)
showed the separation of the two groups [WT and CLIC4-KO
6DT1 cells] in the PC1. Among the KO cells, the untreated
(NT) and the one treated with H2O2 also separated in the PC2
more effectively than the WT. Interestingly, gene expression
differences based on genotype were far greater than the H2O2

treatment differences within each genotype. The Venn dia-
gram (Fig. 7B) confirmed that nearly 8500 differentially
expressed genes with significant p values of <0.05 distin-
guished the WT and CLIC4-KO cells without treatment,
whereas treating the cells with 1 μM H2O2 resulted in 150 and
166 genes differentially expressed in the CLIC4-null cells and
the WT 6DT1 cells, respectively.

A circle scatter plot (Fig. 7C) was used to sort out specific
gene ontology (GO) pathways and the underlying genes that
supported the plot (Fig. S6A) were documented. Consistent
clones sg# 1 and sg# 2 6DT1 cells were treated with 0, 0.1 μM, 0.5 μM, 1 μM, 10
H2O2 and 15 μM MG132 for 24 h before being lysed and immunoblotted f
mitochondrial ROS moderator UCP2. D and E, CLIC4-WT or KO clone sg# 1 6DT1
(F) 4T1 cells transduced with scramble (negative control) or Clic4 siRNA (2 + 5) t
to immunoblotting for expression of total and cleaved caspases 7 and caspas
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with the genotypic biological findings at baseline, predominant
upregulation of pathways involved in response to oxidative
stress, among which were endoplasmic reticulum stress and
response to hydrogen peroxide characterized CLIC4-KO 6DT1
cells. Conversely, glutathione transferase activity– and oxido-
reductase activity–related genes were relatively downregulated
in the absence of CLIC4. Thus, this approach to transcriptional
profiling was consistent with the experimentally defined bio-
logical consequences of deletion of CLIC4 from 6DT1 cells.
From RNAseq data, five genes (p < 0.05, >1.5 fold), involved
in regulating mitochondrial respiration, were expressed at
substantially lower levels in CLIC4-KO relative to the WT
6DT1 cells without treatment. Post-treatment with H2O2 for
24 h, nine of those genes were lower in CLIC4-KO cells than
WT (Fig. 7D). This response suggests a transcriptional pro-
gramming is being invoked to both minimize the damage to
the host while preserving the ability to generate energy and to
survive. These differences are consistent with the vulnerability
of CLIC4-deleted cells to mitochondrial toxicity after H2O2

treatment more broadly displayed by the cleavage of caspases,
release of mitochondrial cytochrome C, and reduction in
UCP2 and Bcl2 and Bax proteins.

Using the RNAseq data to generate gene set enrichment
data, we investigated most relevant upregulated and down-
regulated pathways in Hallmark categories in gene set
enrichment analysis (GSEA) pathway analysis. Some of the
most constitutive differences were found in proapoptotic, in-
flammatory responses and the downregulation of protein
secretion pathways (Fig. 7, E–G) in CLIC4-KO 6DT1 cells that
could be reflecting the higher internal ROS levels and stress.
The upregulation or downregulation of the Hallmark pathways
of CLIC4-KO versus WT 6DT1 cells without treatment and
some of the genes involved in oxidative phosphorylation were
further validated with real-time PCR of three or four of the
leading-edge genes of each pathway as in Fig. S6, B–E.

To confirm that the transcriptional differences detected
between WT and KO cell types were CLIC4 rather than clonal
based, the RNAseq was repeated comparing KO clone sg# 1 to
a CLIC4 reconstituted twin using CLIC4 or empty vector
lentiviruses. PCA (Fig. S7A) showed remarkable separation
based on CLIC4 genotype whether treated or untreated with
H2O2. As seen above for the H2O2-treated KO sg# 1 clone
versus WT cells (Fig. 7), H2O2 treatment reiterated the GSEA
leading edge inflammatory responses and apoptosis pathways
favoring the KO empty vector clone over the reconstituted
CLIC4 clone (Fig. S7, B and C), suggesting the presence or
absence of CLIC4 determines these responses.

CLIC4-null mammary tumors are smaller and more necrotic

Many chemotherapeutic drugs generate ROS in cancer cells
or contribute to the accumulation of ROS by inhibiting the
cellular detoxification systems (54).
μM, and 50 μM of H2O2 for 24 h or with 0, 0.5 μM, 1 μM, 10 μM, and 50 μM of
or investigating the expression of the antiapoptotic protein Bcl2 and the
cells were treated with 0, 0.1 μM, 0.5 μM, 1 μM, 10 μM, and 50 μM of H2O2 or
reated with 0, 1 μM, and 10 μM of H2O2 for 24 h, and lysates were subjected
e 3. CLIC4, chloride intracellular channel-4; ROS, reactive oxygen species.



Figure 7. Loss of CLIC4 in 6DT1 cells is associated with major transcriptional rewiring associated with response to oxidative stress. A, principal
component analysis (PCA) using global expression profiles (�13K genes selected as described in the Experimental procedures) of CLIC4-WT and KO clone
sg# 1 untreated (NT) cells or treated with 1 μM H2O2 for 24 h separated by genotype and treatment. B, Venn diagram showing the numbers of overlapping
and distinct sets of differentially expressed genes (DEGs) in CLIC4-WT or KO clone sg# 1 6DT1 cells with or without H2O2 treatment. C, gene ontology (GO)
circle plot for DEGs between CLIC4-WT and CLIC4-KO 6DT1 cells without treatment and the over-represented GO terms. The outer ring shows a scatter plot
of the log2 fold change for each gene under the GO term; red dots indicate the upregulated and blue the downregulated genes. The inner ring is a bar plot,
where the height of the bar indicates the significance of the GO term enrichment (−log10 p-value), and the color corresponds to the z-score: blue,
decreased; red, increased; and white, unchanged. D, Differentially Expressed Mitochondrial Genes (DEMGs, p < 0.05, >1.5 fold) in CLIC4-KO compared to
CLIC4-WT 6DT1 cells without treatment (NT) or treated with 1 μM H2O2 for 24 h. E–G, GSEA leading edge enrichment plot of three significantly regulated
hallmark pathways in untreated CLIC4-KO clone sg# 1 compared to CLIC4-WT 6DT1 cells untreated. p value of 0.0 indicates an actual p value of less than
0.01. CLIC4, chloride intracellular channel-4; GSEA, gene set enrichment analysis.

CLIC4 is required to maintain mitochondrial function

J. Biol. Chem. (2022) 298(9) 102275 11



CLIC4 is required to maintain mitochondrial function
Incubating 6DT1 cells with increasing concentration of
epirubicin or oxaliplatin was cytotoxic in a dose range of 0.1 to
10 μM, but cells lacking CLIC4 were significantly more sen-
sitive (Fig. S8, A and B). Epirubicin which is an anthracycline
that induces mitochondrial ROS generation (54) and to lesser
extent oxaliplatin that is an alkylating drug that induces ROS
production via NOX1 activation (55) increased the expression
of CLIC4 (Fig. S8, C and D). Other chemotherapeutic drugs
such as paclitaxel that generates ROS through enhancing the
activity of NADPH oxidases (56) and tipifarnib that decreases
the intracellular ROS (57) did not differentially affect the cell
viability or CLIC4 protein expression in any of the genotypes
(Fig. S8, E–H). Our data suggested that the viability of CLIC4-
KO 6DT1 breast cancer cells was sensitive to multiple stimuli
Figure 8. Growth and viability are impaired for 6DT1 tumors lacking CL
mammary fat pad of Clic4-WT FVB female mice. The primary tumors were extr
WT, n = 13 and KO, n = 11. A, mean weight of CLIC4-WT and CLIC4-KO tumors.
apoptotic tissues in CLIC4-WT and KO clone sg# 1 tumors that are H&E stained
converted to percentages. Each square is an individual tumor. **p < 0.005 an
notype. Poorly stained anuclear areas were considered necrotic/apoptotic foc
caspase 3 confirms necrotic/apoptotic regions. CLIC4, chloride intracellular ch
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that elevate ROS, and the induction of CLIC4 was highly
responsive to the elevation of mitochondrial ROS.

Growth and viability are impaired for 6DT1 tumors lacking
CLIC4

Injecting CLIC4-deficient 6DT1 cancer cells into FVB mice
resulted in the formation of tumors with significantly lower
masses than the WT tumors that formed (Fig. 8A). It is well
known that cell death, and in particular necrosis, is commonly
observed in regions of solid tumors as a result of inadequate
vascularization and subsequent metabolic stress and hypoxia
(58). Herein, we observed a significant increase in necrotic/
apoptotic tumor foci in CLIC4-KO tumors as shown in
Figure 8B and the H&E staining in Figure 8C that was further
IC4. 1 × 105 6DT1 cells either WT or KO for CLIC4 were injected into the
acted after 3 weeks, weighed, fixed in formalin, and sectioned for histology.
Each dot is an individual tumor. B, mean and individual variation of necrotic/
. The area of necrosis was subtracted from the total area of each tumor and
d ***p < 0.0005. C, representative H&E staining of a tumor from each ge-
i. D, immunohistochemistry using staining of the necrosis marker–cleaved
annel-4.
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confirmed with cleaved caspase 3 staining as an apoptosis/
necrosis marker as in Figure 8D.

All together, these results suggested that CLIC4 protects
cancer cells against oxidative damage generated in the in vivo
environment.
Discussion

In this breast cancer model system, our data show that
CLIC4 is an important regulator of internal ROS generation
and serves to protect cell viability against external prooxidant
exposures, including chemotherapeutic agents. This is
consistent with the discovery of enzymatic oxidoreductase
activity for recombinant CLIC4 protein in vitro (23) and with
its membership in the GST superfamily of antioxidants. Since
CLIC1 and CLIC2 share oxidoreductase activity with CLIC4
(23), this activity may represent important fundamental
cellular functions of the CLIC family and is consistent with the
extensive conservation of CLIC homologs, orthologs, and
paralogs through the vertebrate and invertebrate phyla (21).

Results with multiple CLIC4-KO clones and CLIC4 recon-
stitution experiments firmly support our conclusions that
CLIC4 is an integral part of the cellular antioxidant repertoire.
Without CLIC4, these breast cancer cells compensate by using
other antioxidants to overcome a prooxidant environment.
Our in vivo data indicate that tumors lacking CLIC4 do not
achieve maximal weight and have extensive necrosis. Thus, a
drug targeting CLIC4 could enhance prooxidant therapy in
diseases such as cancer (59). In fact, high expression of CLIC4
has been associated with poor outcome in multiple human
cancers as shown by the Kaplan–Meier plots presented on
public databases (46) perhaps suggesting that CLIC4 is pro-
tective against oxidative processes that might otherwise
restrict tumor growth. Beyond the 6DT1 and 4T1 breast
cancer models, CLIC4 expression is associated with trans-
forming growth factor-beta signaling and could mediate tumor
growth through modulation of ROS as previously suggested
(33). CLIC4 downregulation enhanced apoptosis in head and
neck cancer cells (60), C6 glioma cells (59), and U251 glioma
cells (61). In all cases, a mitochondrial apoptotic pathway was
implicated. Paradoxically, CLIC4 elevation has also been
associated with mitochondrial-mediated apoptosis in non-
cancer cells in LPS/c-myc–induced neuronal cell death (62),
endothelial cell apoptosis induced by LDL lipids (63), and
pancreatic β-cell apoptosis induced by cytokines (64), sug-
gesting that the level of CLIC4 and the physiological state of
the cell type involved were important to determine the bio-
logical outcome.

More than 2 decades ago, CLIC4 was recognized as a resi-
dent mitochondria protein and localized to the mitochondrial
inner membrane and the matrix of keratinocytes using EM
immunogold (50). While this localization has not been
confirmed by other methods, our functional studies indicate
that it is possible that inner membrane is the site of action for
CLIC4. CLIC4 played a critical function in maintaining
mitochondrial membrane potential in L929 cells depleted of
mitochondrial DNA (65). More recently, mitochondrial CLIC4
has been implicated in two human diseases, ethylmalonic en-
cephalopathy (66) and Parkinson’s disease (67). We showed
that in the absence of CLIC4, intracellular superoxide and
H2O2 levels were elevated, there was a high ROS environment,
and cells were vulnerable to additional prooxidant exposures.
Through Seahorse, we found that H2O2 treatment of CLIC4-
deleted cells produced excess mitochondrial OCR, and
selected dyes revealed elevated mitochondrial superoxide
production and high mitochondrial membrane potential.
Together, these findings suggested that mitochondria were
functionally overactive in the absence of CLIC4. Thus, specific
levels of CLIC4 were necessary to maintain normal mito-
chondrial homeostasis. Exposure to H2O2 in the absence of
CLIC4 decreased cell viability in a process that modeled
mitochondrial-mediated apoptosis characterized by the release
of mitochondrial cytochrome C and cleavage of the proapo-
ptotic caspases 3 and 7. Furthermore, Bcl2, Bax, and UCP2
levels decreased due to enhanced degradation, suggesting that
a cascade of mitochondrial events followed a prooxidant stress
with the loss of CLIC4.

Strikingly, the loss of CLIC4 was associated with abundant
transcriptional changes, some of which were likely associated
with the high ROS related to the mitochondrial impact, but
others may also be a consequence of CLIC4-mediated cellular
functions in other pathways (68, 69). Our transcriptional
analysis focused on proapoptotic and mitochondrial pathways,
disclosing multiple expression changes that reflect the biology
we are reporting. RNAseq of CLIC4-KO cells detected re-
ductions in the expression of selected mitochondrial genes that
was accentuated with H2O2 treatment that could be a
protective response to high ROS, upregulated endoplasmic
reticulum stress, or downregulation of protein secretions
pathway (70, 71). Nevertheless, some key proteins in the
electron transport complexes remained elevated presumably
supporting the OCR of the CLIC4-KO cells. CLIC4, either
directly or indirectly, also contributes to the structural integ-
rity of the mitochondria as those lacking CLIC4 are enlarged in
diameter. Additional work will be required to understand the
structural basis and functional consequences of these
morphological changes that can also be a sign of oxidative
stress.

The wider conclusion from this study is that CLIC4
contributes important homeostatic properties to mitochon-
drial functions and should be considered as a candidate
molecule for focus in human diseases of mitochondrial origin
including cancer.

These data confirm that CLIC4 protects host cells from a
prooxidant environment, regulates mitochondrial function,
and reduces the apoptotic response that follows exposure to
oxidative stress. However, at this time, we cannot distinguish
the intrinsic CLIC4 biological function or functions that
accomplish these tasks. CLIC4 has innate oxidoreductase ac-
tivity and putative ion transport functions, both or either of
which could be important in its antioxidant and mitochondrial
activity. As far as we know, changes in the distribution of the
mitochondrial ionic milieu attributable to CLIC4 have not
been reported. As an oxidoreductase, we show that CLIC4
J. Biol. Chem. (2022) 298(9) 102275 13
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contributes to a complex antioxidant defense system that
could also function inside mitochondria along with, for
example, SOD2 and the glutaredoxins in the inner mito-
chondrial space or/and matrix (72). CLIC4 may also have an
oxidoreductase function in the cytosol as shown for secreted
paralog CLIC3 that reduces transglutaminase 2 in the micro-
environment of medulloblastoma cells altering the stiffness of
the extracellular matrix (73). By a mechanism, yet to be
elucidated, the presence of CLIC4 also retards the proteolysis
of mitochondrial proteins such as UCP2 and Bcl2 raising yet
another potential function that contributes to the cellular
response to stress. This multitude of possibilities could underly
the observation that CLIC4 can maintain mitochondrial
integrity in cells completely lacking mitochondrial DNA (65).
Future studies will likely require detailed analysis of isolated
mitochondria coupled with mutagenesis and biophysical
measurements to unravel the specific CLIC4 function neces-
sary for its vital role in mitochondrial maintenance and pro-
tection from oxidative stress.

Experimental procedures

Cell cultures and CRISPR/Cas9

The murine breast cancer cell line 6DT1 from FVB mice has
been previously described (74). Cells were cultured in 150 ×
25 mm polystyrene tissue culture plates (Cat# 353025, Falcon)
in phenol-red Dulbecco’s modified Eagle’s medium (DMEM,
Cat# 11995065, ThermoFisher scientific) containing 10% fetal
calf serum (Cat# 100-106, GeminiBio or Cat# A4766801,
Gibco), Hepes (Cat# 15630080, ThermoFisher), and penicillin-
streptomycin (Cat# 15140163, Gibco). They were grown at 5%
CO2, 37 �C until they reached at least 80% confluency before
being used. The CLIC4-KO clones were generated by CRISPR
Cas9. Briefly, parental 6DT1 cells were infected with lentiviral
particles containing CRISPR/Cas9 and sgRNA targeting mu-
rine Clic4 (caccgCTTCAACAGCGAAGTCAAGA and
caccgTTGACGAAGAGCTCGATGAG). Single cell clones
were selected with puromycin and CLIC4 deletion was
confirmed by immunoblot.

Animals

Mouse studies were performed under protocol LCBG-038
and LCBG-035 approved by the National Cancer Institute
Animal Care and Use Committee.

1 × 105 6DT1 WT (n = 13) and KO (clone sg# 1) (n = 11)
cells were injected subcutaneously into the mammary fat pad
of syngeneic FVB/N female mice. After 3 weeks, tumors were
excised and weighed and fixed in 10% neutral buffered
formalin (Cat# 5735, ThermoFisher) for sectioning.

Cell viability and proliferation assay

6DT1 cells were harvested using Trypsin-EDTA (Cat#
25200056, Gibco), and 5000 cells were replated in 96-well
plates (Cat# 353072, Life Sciences) for 24 h. Growth medium
was switched to phenol red–free DMEM (Cat# 21041025,
Gibco) containing 10% fetal bovine serum and penicillin-
streptomycin at a final volume of 100 μl per well. After 2 h
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of equilibration, the cells were treated with different concen-
trations of H2O2 (Cat# H1009, Sigma Aldrich), catalase (Cat#
C1345, Sigma Aldrich), or NAC (Cat# A9165, Sigma Aldrich)
for 24 h Ten microliters of CCK-8 (Cat# CK-04-13 Dojindo
Molecular Technologies) was added to control and treated
wells for 1 to 2 h, and absorbance was measured using the
Tecan 200 plate reader at 450 nm. This procedure was also
performed on the preincubated 6DT1 cells with different
concentrations of epirubicin (Cat# E-8000, LC Laboratories) or
oxaliplatin (Cat# O-7111, LC Laboratories) or paclitaxel (Cat#
P-9600, LC Laboratories) or tipifarnib (Cat# T-9104, LC
Laboratories) chemotherapeutic drugs for 24 h.

In some experiments, cells were treated with different
concentrations of H2O2, catalase, or NAC for 24 h and assayed
for DNA content with the CyQuant cell proliferation assay
(Cat# C35006, ThermoFisher Scientific) following manufac-
turer’s instructions. Fluorescence intensity was measured us-
ing the Tecan 200 plate reader at an excitation of 485 nm and
emission of 530 nm. All experiments were performed in trip-
licate wells for each treatment condition and repeated three
times.
Confocal microscopy and superoxides/ROS detection

6DT1 cells were seeded in plastic chamber slides (Cat#
80446, Ibidi) at a density of 50,000 cells. After 24 h, the cells
were switched to phenol red–free complete DMEM media and
treated with H2O2 and catalase or NAC for 24 h.

Postincubation, the cells were incubated with 0.5 μM Mito-
Tracker Orange CMTMRos (Cat# M7510, Molecular Probes)
for 30 min at 37 �C and 5% CO2. Stained cells then were
washed with ice cold 1× PBS (Cat# RGE-3210, KD Medical)
and fixed with ice cold 4% paraformaldehyde (Cat# 15710,
Electron Microscopy Science) for 15 min at room temperature
with gentle agitation. Fixed cells were permeabilized for
10 min at room temperature with 5% bovine serum albumin
(Cat# A3311, Sigma Aldrich) and 0.1% Triton X-100 (Cat#
1610407, Bio-Rad). After washing and blocking with 5% bovine
serum albumin made in 1× PBS for 1 h, CLIC4 antibody (Cat#
12644, Cell Signaling Technologies) was applied at 1:200
dilution. Slides were stored at 4� for 24 h and then overlaid
with Alexa-fluor 488–labeled secondary antibody (Cat# A-
11034, ThermoFisher Scientific) for 1 h. Coverslips were
applied with antifade mounting media along with DAPI (Cat#
H-1200-10, Vector laboratories) or Hoechst (Cat# H3570, IFE
Technologies) at 1:5000 dilution for 5 min at room tempera-
ture with gentle agitation. Slides were viewed using a Zeiss
confocal microscope and a 63× oil-immersion objective. Im-
ages of cells treated only with primary or secondary antibodies
were viewed for nonspecific fluorescence. 1 × 106 6DT1 cells in
each well of the 6-wells plate (Cat# 353046, Falcon) were left
untreated or treated with 1 μM H2O2 and/or 50 μM NAC in
complete phenol-free DMEM medium for 24 h at 37 �C and
5% CO2. After a PBS wash, plates were incubated with a final
concentration of 3 μM of CellROX green (Cat# C10444,
ThermoFisher Scientific) or 5 μM CM-H2DCFDA (Cat#
C6827, ThermoFisher Scientific) for 30 min and examined by
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confocal microscopy in situ or isolated cells evaluated by FACS
on a BD LSR Fortessa SORPII at 10,000 cells per minute.
MitoSOX Red (Cat# M36008, ThermoFisher Scientific) dis-
solved in dimethyl sulfoxide at a final concentration of 2 μM
per 1 × 106 cells in 2 ml of HBSS buffer (Cat# 21-022-CV,
Corning Cellgo) was assayed similarly.
Cell preparation for TEM imaging and mitochondrial
measurements

The cultured 6DT1 cells untreated or treated with 1 μM
H2O2 or 50 μM NAC or with both for 24 h in 6-wells plate
were then fixed for at least 2 h in glutaraldehyde (2% v/v)
cacodylate buffer (0.1 M, pH 7.4) in preparation for thin-
sectioned EM analysis as described in (43). Following fixa-
tion, the cells were washed with ddH2O before being incubated
with osmium tetroxide (1% v/v) for 1 h. The cells were then
washed two times with ddH2O and one time with acetate
buffer (0.1 M, pH 4.5) before en block stained in 0.5% w/v
uranyl acetate (0.5% v/v) in acetate buffer (0.1 M, pH 4.5) for
1 h. The cells were dehydrated with multiple washes of
EM-graded ethanol at 35%, 50%, 75%, 95%, and 100%
consecutively. The cells were then washed with pure epoxy
resin 3 times over 12 h, embedded, and warmed in a 55 �C
oven to cure for 48 h. Once cured, the resin blocks were
separated from the plate and examined under an inverted
microscope to select an area with a considerable number of
cells. The preferred area was removed from the block, trim-
med, and thin sectioned using an ultramicrotome equipped
with a diamond knife. The thin sections were mounted onto
copper mesh grids for counter staining with uranyl acetate and
lead citrate. The grids were then carbon coated in a vacuum
evaporator. Once carbon coated, the grids were prepared to be
scanned and imaged. The Hitachi Electron microscope
(H7650) operated at 80 kv with a CCD camera captured the
digital images.

Mitochondrial diameters of ten randomly selected images of
each genotype and condition were obtained as follows: using
ImageJ, the area of the mitochondrion was obtained and
converted to diameter (μM). Then, the total measurements
were averaged, and one final diameter was obtained for each
genotype and condition.
Mitochondrial isolation

Mitochondrial and cytosolic fractions from 6DT1 cells
(reconstituted with CLIC4 or empty vector) were performed
by using the Mitochondria Isolation Kit for Cultured Cells
(Cat# 89874, ThermoFisher). Following manufacturer’s in-
structions, 2 × 10

ˇ

7 cells were lysed in a hypotonic buffer and
isolated mitochondria were released using Dounce homoge-
nizer (40 strokes) in mitochondrial buffer on ice. The isolated
mitochondrial pellet was washed with mitochondrial buffer
and lysed using 2% CHAPS in 1× PBS. The total mitochondrial
and cytosolic proteins were quantified using BCA protein
quantification kit (Cat# 23225, Pierce).
Immunoblotting

Cultured cells were treated with whole cell lysis buffer (Cat#
9803, Cell Signaling Technologies) containing 1× protease and
phosphatase inhibitors (Cat# 78441, ThermoFisher Scientific)
and collected after scraping on ice. Total protein concentra-
tion of the lysates was quantified using the BCA protein
quantification kit (Cat# 23225, Pierce), and 20 μg of the total
protein was loaded onto precast 4 to 20% tris–glycine protein
gels (Cat: 5671094, Bio-Rad Laboratories). Following electro-
phoresis, protein bands were transferred to a nitrocellulose
membrane (Cat# 1620168, Bio-Rad) and incubated with pri-
mary antibodies for 24 h at 4 �C with rocking and further
incubated with the appropriate secondary horseradish
peroxidase–conjugated antibodies for 1 h at room temperature
with agitation. Then, blots were developed with chem-
iluminescence substrates (Cat# 3407 and 34076, ThermoFisher
Scientific) using the ChemiDoc imaging system (Cat#
12003153, Bio-Rad).

Immunoblots were performed with antibodies from Cell
Signaling Technologies against CLIC4 (Cat# 12644S), CLIC1
(Cat# 53424S), SOD1 (Cat# 37385S), SOD2 (Cat# 13141S),
catalase (Cat# 12980S), histone H2A.X (yH2Ax) (Cat# 7631S),
HSP90 (Cat# 4877S), beta-actin (Cat# 4970S), lamin A/C (Cat#
4777S), Bcl-xL (Cat# 2764S), Bak (Cat# 12105S), Bcl2 (Cat#
3498S), Bax (Cat# 5023S), cytochrome C (Cat# 11940S), UCP2
(Cat# 89326S), caspase 3 (Cat# 14220S), caspase 7 (Cat#
12827S), and vinculin (Cat# 13901S). Anti–GST-Omega 1 was
from Invitrogen (Cat# PA5-83383). OxPhos Rodent WB
Antibody Cocktail (Cat# 45-8099, ThermoFisher).

Immunoblots were quantified using ImageJ and normalized
to the loading controls (HSP90, vinculin).

RNA isolation and sequencing

Tetraplicates of H2O2 treated or control 6DT1 cells of
different genotypes were lysed after 24 h with RLT lysis buffer
containing 1% beta-mercaptoethanol. RNA was extracted us-
ing the QIAcube as per instructions (RNeasy kit from Qiagen).
mRNA sequencing was performed using Illumina Sequencing
Technology by the Sequencing Facility at the Frederick Na-
tional Laboratory for Cancer Research and analyzed by the
CCR Collaborative Bioinformatics Resource group. Poly-A–
selected mRNA libraries were generated using the Illumina
TruSeq v4 stranded library protocol. Samples were pooled and
paired end sequenced on the Illumina HiSeq 4000 in a single
lane.

RNAseq data analysis

Sixteen mRNA-Seq samples were pooled and sequenced on
NextSeq using Illumina TruSeq Stranded mRNA Library Prep
and paired-end sequencing. The samples have 25 to 38 million
pass filter reads with more than 94% of bases above the quality
score of Q30. The RNA sequences were aligned to the mouse
reference genome mm10 using STAR (75) and RSEM (76) to
obtain RNA expression, and the differentially expressed genes
were found by using DESeq2 (77, 78) to compare RNA
expression between two conditions. Comparisons were
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CLIC4-KO versus CLIC4-WT (WT), meaning CLIC4-KO
compared to CLIC4-WT 6DT1 cells or CLIC4+Empty (KO
6DT1 cells transduced with lentivirus with empty vector)
versus KO+CLIC4 (cells reconstituted with lentiviral particles
to express CLIC4) that are untreated (NT) or treated with
1 μM H2O2 for 24 h.

Based on the statistics from the DESeq2 analysis, GSEA (79)
was developed, and pathway interpretation through the
Hallmarks collection was performed. Results were filtered
based on adjusted p-value then sorted on normalized enrich-
ment score.

PCA of samples was done using a singular value decom-
position of normalized and scaled RNAseq counts (R prin-
comp function). Prior to the PCA analysis, low expression
genes were removed (counts-per-million less than one in all
samples) and the raw counts were normalized with a variance-
stabilizing transformation using the DESeq2 method (77). A
Venn diagram was generated with the R Venn Diagram library
(80), selecting genes with a nominal p-value less than 0.05. The
top significant genes (up to 1000 genes) were used for the GO
enrichment analysis in DAVID (81). Directionality of gene
expression change in a gene set was represented with a z-score
(82) defined based on the number of upregulated and down-
regulated genes as the ratio of (Nup − Ndown)/sqrt(Ntotal).
Selected over-represented pathways were visualized with a
circle plot using the R GOplot library (82). The analyses were
performed using the R programming language [https://cran.r-
project.org/], where the Venn diagram and PCA plot were
generated using R version 3.5.1 and the NIDAP environment
(the NIH Integrative Analysis Platform) [https://nidap.nih.
gov], and the GO circle plots were generated using R 3.6.3
and RStudio [https://www.rstudio.com/].

Reverse transcription PCR analysis

Total RNA was isolated from cultured 6DT1 cells using RLT
RNeasy QIAcube platform (Qiagen) and on-column DNA
digest (Qiagen, 79254) according to manufacturer’s protocol
(Invitrogen, 15596018). Complementary DNA synthesis and
real-time PCR analysis were conducted as described previously
(83). Primers for CLIC4 were as follows: forward:
CTCTTCGTCAAGGCCGGAAG and reverse: CGGTTGT
GACACTGAACACG, purchased from Integrated DNA
Technologies, and primers for Gapdh were as follows: forward:
50-CATGGCCTTCCGTGTTCCTA-30 and the reverse: 50-
GCGGCACGTCAGATCCA-30, purchased from Qiagen. All
the other primers used for this study are commercially avail-
able QuantiTect Primers purchased from Qiagen,
Cat# 249900.

siRNA transfection of 4T1 cells

4T1 cells were cultured in 6-wells plate and transfected with
a total concentration of 30 nM of specific Clic4 siRNA (Cat#
1027416, Qiagen) or with a mix of two siRNAs (15 nM each)
or with 20 nM of scramble as a negative control (Cat# 1022076
or 1027310, Qiagen) using HiPreFect transfection reagent
(Cat# 301705, Qiagen) in serum-free DMEM medium
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according to manufacturer’s instructions. After 24 h, the
transfection medium was replaced with fresh complete DMEM
media, and the cells were left in culture for 3 days. The
expression level of CLIC4 protein in 4T1 cells treated with
scramble or Clic4-mouse siRNA was then assessed with
immunoblotting.
ROS detection and measurements

1 × 106 6DT1 cells in each well of the 6-well plates (Cat#
353046, Falcon) were left untreated or treated with 1 μMH2O2

and/or 50 μM NAC in complete phenol red–free DMEM
medium for 24 h at 37 �C and 5% CO2. After a 1× PBS wash,
plates were incubated with a final concentration of 3 μM of
CellROX green (Cat# C10444, ThermoFisher Scientific) or
5 μM CM-H2DCFDA (Cat# C6827, ThermoFisher Scientific)
for 30 min and examined by confocal microscopy in situ, or
isolated cells were evaluated by FACS on a BD LSR Fortessa
SORPII at 10,000 cells per minute.

MitoSOX Red (Cat# M36008, ThermoFisher Scientific)
dissolved in dimethyl sulfoxide at a final concentration of 2 μM
per 1 × 106 cells in 2 ml of HBSS buffer (Cat# 21-022-CV,
Corning Cellgro) was assayed similarly.

Hydrogen peroxide quantification was determined using
Amplite colorimetric hydrogen peroxide assay kit (Cat# 11500,
AAT Bioquest) following the manufacturer’s protocol.

Briefly, cells were harvested and placed into phosphate
buffer (pH 7.4). After spin-down of cell debris, 50 μl of su-
pernatant was loaded with 50 μl of working solution. Following
a 30 min incubation, the absorbance at 650 nm was then
measured in clear bottom 96-well plates (Cat# 137101, Ther-
moFisher Scientific) using the TECAN infinite M200 micro-
plate reader.

Assessment of peroxidase activity with Amplex Red perox-
idase assay kit (Cat# 22188, ThermoFisher Scientific) was
performed according to manufacturer’s instructions, using the
fluorescence of resorufin at an excitation of 570 nm and
emission of 585 nm.

Thiol-tracker Violet was used to quantify the GSH content
in WT (CLIC4-WT) or CLIC4-KO 6DT1 cells. The cells were
plated on plastic chamber slides (Cat# 80446, Ibidi) at a density
of 50,000 cells per well and incubated overnight at 37 �C in
phenol red–free complete medium. Cells were then treated
with 1 μM H2O2 or 50 μM NAC or both and reincubated for
another 24 h and stained with 20 μM ThiolTracker Violet dye
for 20 min in the dark at 37 �C. Cells then were washed with
DPBS and harvested with trypsin-EDTA and processed for
FACS analysis.
Catalase activity measurement

Catalase activity in 6DT1 cells was determined using a
colorimetric Catalase Activity Assay Kit (Cat# ab83464,
Abcam) according to the manufacturer’s instructions. The
absorbance of the samples was assessed using TECAN infinite
M200 at 570 nm.
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Seahorse analysis

A Cell Mito-stress Test (Cat# 103708-100, Agilent) was per-
formed based on manufacturer’s instruction on the Agilent
seahorse XFe96 analyzer. 6DT1 cells were plated on sterile
XFp24 and 96-well plates in duplicate at 4 × 104 total cells per
well and serially stimulated with 1 μM oligomycin, 0.5 mM
carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone, and
2 μM rotenone. Respiratory parameters calculated included
basal OCR, OCR for ATP production, total respiratory capacity,
spare respiratory capacity, and nonmitochondrial respiration. In
addition, a glycolysis-stress test (Cat# 103710-100, Agilent) was
performed following manufacturer’s protocol. Briefly, after 24 h
incubation, the mediumwas changed to assay medium (XF base
medium DMEM supplemented with 2 mM glutamine), and
6DT1 cells were incubated in a non-CO2 incubator at 37 �C for
1 h before the assay. Injections of glucose (10 mM final), oligo-
mycin (0.5 μM final), and 2-DG (100 mM final) were diluted in
the assaymediumand loaded into portsA, B, andC, respectively.
The extracellular acidification rate was measured under basal
conditions followed by the sequential addition of 10 mM
glucose, 0.5 μM oligomycin, and 50 mM 2-DG (Glu > Oli > 2-
DG). Assaymediumwas injected instead of glucose, oligomycin,
and 2-DG serving as the control.

The mito-stress test report and the glycolysis-stress test
report generators automatically calculated the XF cell mito-
stress and XF glycolysis stress test parameters from Wave
data that have been exported to Excel, and all data were
normalized to the total cell count per well using Celigo S
image cytometry (Nexcelom Biosciences). Respiration and
acidification rates are presented as the mean ± SD of three
independent experiments in all experiments performed with 3
to 6 replicate wells in the Seahorse XFe96 analyzers.

Mitochondrial membrane potential measurement

After 24 h, 6DT1 cells treated with H2O2 were gently
washed three times with 1× PBS buffer and then incubated in
phenolred–free growth medium containing 50 nM of TMRM
(Cat# 134361, Invitrogen) for 30 min in dark at 37 �C with 5%
CO2. After staining with the dye, stained cells were washed
with 1× PBS and then incubated for 5 min at room tempera-
ture with 1:5000 DAPI to stain the nucleus. Then, the cells
were prepared for imaging using Zeiss confocal microscopy at
100× oil-immersion objective.

Also, 6DT1 cells were grown in 24-well clear bottom plates
(Cat# 353047, Falcon) and exposed to 1 μM H2O2 or 50 μM
NAC or with both for 24 h. Then, media was gently removed
from cells and replaced by 500 μl of 50 nM TMRM in phenol
red–free DMEM complete growth medium and incubated at
37 �C for 20 min in dark. Cells were then washed three times
with warmed 1× PBS, and fluorescence was measured using
the TECAN infinite M200 plate reader with an excitation of
549 nm and emission of 575 nm.

Immunohistochemistry

Slides with formalin-fixed and paraffin-embedded sections
of WT or CLIC4-KO 6DT1 murine mammary tumors excised
from mammary fat pad of FVB mice after 28 days in vivo were
subjected to immunohistochemistry using Leica Biosystems’
BondRX auto-stainer with the following conditions: Epitope
Retrieval 1 (Citrate), Caspase 3 antibody (Cat# 9661, Cell
Signaling Technologies) at a dilution of 1:100, and the Bond
Polymer Refine Detection Kit (Cat# DS9800, Leica Biosystems)
with omission of the post-primary reagent. Isotype control
antibody reagent was used in place of the Caspase3 antibody
for the negative control.
Statistics

Graphs and statistical analyses were performed using Prism
software (GraphPad Software Inc), and analysis of differences
between two normally distributed test groups was performed
using the student’s t test. p values were considered statistically
significant if p < 0.05.
Data availability

RNA-seq data is available in NCBI GEO database with the
accession number GSE173997 and GSE188780.
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