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Abstract

Glioblastoma (GB) is the most lethal, aggressive, and dif-
fuse brain tumor. The main challenge for successful treatment
is targeting the cancer stem cell (CSC) subpopulation respon-
sible for tumor origin, progression, and recurrence. Chloride
Intracellular Channel 1 (CLIC1), highly expressed in CSCs, is
constitutively present in the plasma membrane where it is
associated with chloride ion permeability. In vitro, CLIC1
inhibition leads to a significant arrest of GB CSCs in G1 phase
of the cell cycle. Furthermore, CLIC1 knockdown impairs
tumor growth in vivo. Here, we demonstrate that CLIC1 mem-
brane localization and function is specific for GB CSCs. Mes-
enchymal stem cells (MSC) do not show CLIC1-associated
chloride permeability, and inhibition of CLIC1 protein func-
tion has no influence on MSC cell-cycle progression. Investi-
gation of the basic functions of GB CSCs reveals a constitutive

state of oxidative stress and cytoplasmic alkalinization com-
pared with MSCs. Both intracellular oxidation and cyto-
plasmic pH changes have been reported to affect CLIC1
membrane functional expression. We now report that in CSCs
these three elements are temporally linked during CSC G1–S
transition. Impeding CLIC1-mediated chloride current pre-
vents both intracellular ROS accumulation and pH changes.
CLIC1 membrane functional impairment results in GB CSCs
resetting froman allostatic tumorigenic condition to a homeo-
static steady state. In contrast, inhibiting NADPH oxidase and
NHE1 proton pump results in cell death of both GB CSCs and
MSCs. Our results show that CLIC1 membrane protein is
crucial and specific for GB CSC proliferation, and is a prom-
ising pharmacologic target for successful brain tumor thera-
pies. Mol Cancer Ther; 17(11); 2451–61. �2018 AACR.

Introduction
Gliomas are the major group of primary malignant brain

tumors. Among them, glioblastoma (GB, WHO grade IV) is the
most aggressive and lethal (1, 2). To date, no effective therapies
for GB have been developed. Surgical removal of GB is often
ineffective due to its fast spread and high rate of infiltration in

brain parenchyma. Chemotherapy is also problematic due to the
presence of the blood–brain barrier and the high expression of
antiapoptotic proteins anddrug efflux transporters on cancer cells.
Current pharmacologic treatments for GB target highly prolifer-
ating but nontumorigenic cancer bulk cells but spare the tumor-
igenic cancer stem cells (CSC), which, being refractory to therapy,
determine the poor prognosis of GB patients. Although usually
quiescent, CSCs are the reservoir for a potential tumor recurrence
(3, 4). Isolated CSCs, which contain all the necessary genetic
information to faithfully reproduce the original tumor, can then
be used as a model to look for new diagnostic markers and screen
potential drugs. In addition, therapies directed specifically against
CSCs could offer better clinical outcomes (4). The greatest chal-
lenge of GB treatment is likely connected to the need to prefer-
entially target CSCs.

We have previously demonstrated the pivotal role of CLIC1
protein in the tumorigenic potential ofCSCs isolated fromhuman
GBs, and showed that CLIC1 functional expression in cell mem-
branes is essential for the proliferation and self-renewal of GB
CSCs (5, 6). CLIC1 was cloned from a humanmonocytic cell line
(7). First identified on nuclearmembranes, it was then also found
on plasma membranes (7, 8). This protein is highly conserved
among vertebrates, ubiquitously expressed in different tissues,
and overexpressed in tumors (9, 10). CLIC1 has been character-
ized as a metamorphic protein (11), coexisting as both a soluble
cytoplasmic form and a membrane-associated element. The tran-
sition between its hydrophilic and hydrophobic localizations is
promoted by several factors. In vitro studies on an artificial lipid
bilayer and isolated cells have demonstrated that changes in both
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intracellular pH (pHi) and oxidative state are responsible for
conveying CLIC1 protein to the membrane (9, 12–14). Once in
the membrane, the protein is associated with increased mem-
brane permeability,mainly to chloride ions. It is still controversial
whether CLIC1 is the protein that actually forms the ionic path-
ways or whether it modulates an existing population of ion
channels. Supporting the first hypothesis, previous experiments
on different cell types using ionic channel blockers (15), siRNA
(5, 6), and point mutation (16) have demonstrated a clear
link between CLIC1 presence in the lipid bilayer and an
increased transmembrane chloride current. However, in both
cases, the activated protein functions to increase ionic membrane
flux (17). CLIC1 protein downregulation and direct blockade
of CLIC1-activated membrane current (5, 6) result in CSC accu-
mulation in the G1 phase and an elongation of CSC cell cycling
time (5, 6).

Over the last two decades, researchers have defined an impor-
tant role for ion channels in tumor development and growth, and
they are now novel targets for cancer therapy. Channel dysfunc-
tions may have a strong effect on cell physiology and signaling,
and it has become clear that abnormal triggering of ion channel
activity could support the high proliferation rate, mobility, and
invasiveness of tumor cells. Ion channels expression is often
altered in tumor cells. During the change from a physiological
toward a neoplastic state, like several other proteins, most ionic
permeabilities result overexpressed or altered in their function
(9, 18, 19). The main impediment to using ionic channels as
therapeutic targets is their diffuse presence in the cell mem-
brane, both in physiologic and pathologic conditions. This is
not the case for CLIC1-associated ionic current (10). The
chloride membrane current in GB CSCs, as well as in several
tumor cell lines, can be downregulated by CLIC1 siRNA and
blocked by IAA94, a specific inhibitor of CLIC1-induced chlo-
ride current (5, 6). Conversely, there is no measurable current
in differentiated GB CSCs or umbilical cord mesenchymal stem
cells (MSC), although CLIC1 protein is abundant in MSC
cytoplasm (5). Furthermore, the abundance of CLIC1 protein
and its associated membrane current density is directly pro-
portional to the tumor's aggressiveness (6). CLIC1 protein's
cytoplasmic role, if any, is still unclear and requires more
investigation. As previously reported, CLIC1 translocation from
the cytosolic aqueous phase to the membrane lipid bilayer is
modulated by pH changes and fluctuating oxidative levels
within the internal face compartment (9, 14). In general,
cellular metabolic activity rises as internal pH increases. Oscil-
lations in pHi contribute to the control of cell-cycle progression
and cell division in both prokaryotic and eukaryotic cells. A
rapid alkalinization of pHi may be important for G1–S phase
progression (18). High pHi, associated with a more acidic
extracellular space, is involved in the processes of neoplastic
transformation and tumor development (19, 20). Oxidative-
level oscillations in the intracellular compartment also con-
tribute to the regulation of cell-cycle progression (21, 22).
Menon and colleagues have shown that a transient increase
in pro-oxidant levels early in G1 is required for the cells to
enter S phase (23). This periodicity of intracellular redox state
requires a delicate balance between ROS production and its
subsequent removal by antioxidants (24, 25). Therefore, ROS
overproduction and/or the inhibition of antioxidant efficiency
could perturb the redox cycle, which in turn could lead to
aberrant proliferation.

Alterations in cells' basal levels of oxidation typically contribute
to many tumorigenic processes (22, 26, 27). Thus, it is not
surprising that CLIC1 channel activity, induced by oxidation, is
higher in hyperproliferating tumor cells. As we previously dem-
onstrated in activatedmicroglia, cancer cells could take advantage
of a feed-forwardmechanismbetweenCLIC1 channel activity and
ROS production by NADPH oxidase (12).

In this study, we highlight the crucial role of CLIC1 membrane
function in GBM CSCs during cell-cycle progression. Our results
demonstrate that CLIC1 protein in the plasma membrane of GB
CSCs is instrumental in stabilizing, in a time-dependent manner,
the hyperactivated metabolic state defined as "allostasis" (28).
Therefore, inhibiting CLIC1 function should help reestablish
the homeostatic condition typical of quiescent cells. The unique-
ness ofCLIC1 functional expression inCSCmembranesmakes it a
promising potential pharmacologic target for GB treatment.

Materials and Methods
Reagents and antibodies

Indanyloxyacetic acid 94 (IAA94), diphenyleneiodonium
chloride (DPI), 3-amino-6-chloro-N-(diaminomethylene)-5-
(ethyl(isopropyl)amino)pyrazine-2-carboxamide (EIPA), and
N-Formyl-L-methionyl-L-leucyl-L-phenylalanine (FMLP) were
purchased from Sigma Aldrich.

Antibodies used were mouse monoclonal anti-human CLIC1
(Santa Cruz Biotechnology, sc 81873), rabbit monoclonal anti-
cyclin D1 (Cell Signaling Technology, 92G2, 1:1,000), rabbit
monoclonal anti-p27 Kip1 (Cell Signaling Technology,
D37H1, 1:1,000), anti-mouse Alexa Fluor 488 (Life Technolo-
gies), and secondary antibody-HRP conjugated (Sigma-Aldrich).
In some experiments, we used a custom-made antibody against
the last 30 amino acids of the amino terminus (AB-NH2) of CLIC1
(6, 8, 15).

Cell cultures
We obtained a CSC culture from a 48-year-old GB patient

(coded as GB3). We also used two other CSC preparations from
different patients (GB23 and GB19) to reproduce key experi-
ments. CSCs, isolated as described in previous work (29, 30),
were grown in stem cell–permissive medium enriched with
10 ng/mL human bFGF and 20 ng/mL human EGF (31, 32). We
validated the CSC properties as described (32), in particular,
tumorigenicity was confirmed by orthotropic xenograft in
NOD-SCID mice after Policlinico San Martino-IST Institutional
Animal Care and Use Committee approval. CSCs, grown as a
monolayer onMatrigel, were synchronized in G1 phase of the cell
cycle through 60 hours of starvation in growth factor–free medi-
um. Cells were released from the G1 blockade by changing to
complete stem cell–permissive medium. Human umbilical cord
MSCs were obtained and characterized following the minimal
criteria proposed by the International Society for Cell Therapy, as
previously described (6). ForCSCandMSC isolation,we collected
samples after the Institutional Ethical Committee approved the
patients' written-informed consent.

Cell count and viability
GBCSCs orMSCs were plated in a 24-well plate (2� 104/well)

and treated for 72 to 96 hours with different inhibitors. At the end
of the incubation time, we collected and counted the cells using
the Trypan Blue Dye exclusion test (Thermo Fisher Scientific)
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and the Countess II FL Automated Cell Counter (Thermo Fisher
Scientific).

Gene silencing
shRNA sequence targeting human CLIC1 (target sequence: 50-

GATGATGAGGAGATCGAGCTC-30) was cloned using EcoRI and
AgeI sites in pLKO.1-TCR cloning vector (Addgene). As control
SCRAMBLE, shRNA cloned in pLKO.1 vectors was used
(Addgene). Lentiviral vectors were produced by cotransfection
of pLKO and packaging plasmids psPAX2 (Addgene) and pMD2.
G (Addgene) into HEK293T. Virus was harvested at 60 hours after
transfection, and infections were carried out to stably express
constructs in GB CSCs.

Electrophysiology
Patch-clamp electrophysiology was performed in a perforated-

patch whole-cell configuration as previously reported (5). The
voltage protocol consisted of 800 ms pulses from �40 mV to
þ60 mV (20 mV voltage steps). The holding potential was set
according to the resting potential of the single cell (between
40 and�80 mV); we applied a 15 ms prepulse of�40 mV before
starting the voltage steps.

CLIC1-mediated chloride currents were isolated from the cells'
other ionic currents by perfusing the specific inhibitor IAA94
(100 mmol/L). Patch-clamp solutions (22) included the follow-
ing: bath (mmol/L): 125 NaCl, 5.5 KCl, 24 HEPES, 1 MgCl2,
0.5 CaCl2, 5D-glucose, 10NaOH, pH7.4; pipette (mmol/L): 135
KCl, 10 HEPES, 10 NaCl, 1 MgCl2, pH 7.2. In the experiments
shown in Fig. 7, the bath solution pH was changed at the value
reported in the figure legend.

Protein extraction and Western blot
Cells (2 � 105 cells each) were collected by directly scraping

with a lysis buffer (LB; in water: 0.25 mol/L Tris-HCl pH 6.8, 4%
SDS, 20% glycerol). Complete lysis of all cells was obtained by 10
minutes of incubation in LB at 95�C. Concentration of protein
lysates was assessed by BCA assay (Pierce). We added LDS Sample
Buffer 4X (Thermo Fisher Scientific) to samples consisting of
equal amounts of protein and loaded each sample onto a 12%
SDS-PAGE under reducing conditions. Resolved proteins were
electroblotted onto a nitrocellulose membrane (Bio-Rad Labora-
tories) and probed with specific antibodies. Western blot data
were normalized on housekeeping protein (tubulin) and plotted.

Immunofluorescence
CSC monolayers of 5 � 103 cells, seeded on 12-mm diameter

cover glass, were fixed with 2% paraformaldehyde and incubated
with specific antibodies. To visualize the nuclei, we treated the
cells with DAPI and mounted them on microscope slides using a
glycerol-based mounting agent. Samples were observed under a
confocal microscope (Leica TCS SP2) with a Leica HCX PL APO
63X/1.4NA oil immersion objective for Fig. 2. Images were
analyzed using ImageJ software.

pHi measurement
We measured pHi using the probe carboxy SNARF-1 AM

(carboxy SemiNaphthoRhodaFluor acetoxymethyl ester, Life
Technologies), calibrated with high-potassium buffers and niger-
icin as described in Chow and Hedley's protocol (33). Briefly,
CSCs were harvested, centrifuged for 10 minutes at 600 rpm, and
resuspended in 1X PBS (1� 106 cells/mL PBS). Carboxy SNARF-1

AM was added at the final concentration of 5 mmol/L, and cells
were incubated for 30 minutes at 37�C in the dark. Samples were
centrifuged at room temperature, resuspended in 500 mL of the
desired solution, incubated for 20 minutes at room temperature
in the dark, and then analyzed by flow cytometry with a FACS
Aria (BD Biosciences) to determine the 640/580 fluorescence
ratio. The solutions used included: samples (in mmol/L) 125
NaCl, 5.5 KCl, 24 HEPES, 1 MgCl2, 0.5 CaCl2, 5 glucose, 10
NaOH, pH 7.4 � desired treatment; standard high-potassium
buffers (pH 6.8–7.0–7.2–7.4–7.6–7.8)þ nigericin (final concen-
tration 2 mg/mL).

Figure 1.

Modulation of cell-cycle time course in human GB cancer stem cells.
A, Time-lapse analysis of progression toward first cell division after
synchronization release. The first time interval (late S) begins immediately
after cell release from G1 synchronization and runs until the morphologic
change to a round shape (n ¼ 19). The second time interval (G2) ends
with complete cell division (M; n ¼ 20). Average time spent by the cell in
S was 7.03 � 0.51 hours for control cells, 10.42 � 1.09 hours for IAA94-treated
cells, and 9.38 � 1.18 hours for AB-NH2–treated cells. Differences were
significant in both treatments compared with the control (���� , P < 0.0001,
two-sample t test).B,Cell-cycle phase dynamic histograms from0 time (release
from starvation) to 28 hours for GB stem cells in control conditions and
incubated with IAA94. C, The plot on the left shows 96-hour GB stem cells
growth curves in control condition (squares), in the presence of IAA94
(triangles) and incubated with the AB-NH2 (inverted triangles). The plot on
the right depicts growth curves of control CSCs and cells infected with
CLIC1 shRNA (circles).
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ROS measurements
To measure the redox conditions of the cells, we performed

experiments using 20,70- dichlorofluorescin diacetate (DCFH-DA,
Sigma). CSCs were plated as a monolayer and incubated with
DCFHDA, which passively diffuses into cells as a nonfluorescent
probe. DCFH-DA is de-esterified by intracellular esterase and
becomes a highly fluorescent adduct that is trapped inside the
cell upon oxidation, which allows for rapid quantification of
oxygen-reactive species in response to oxidative metabolism.

After 24 hours of treatment, cells were incubated with Hank's
Buffered Salt Solution (HBSS) with added DCFH-DA (final con-
centration 20mmol/L) for 30minutes at 37� in the dark. For short-
term treatments, the compounds were added right before mea-
surements in fresh HBSS (0.137 mol/L NaCl, 5.4 mmol/L KCl,
0.25 mmol/L Na2HPO4, 0.1 g/L glucose, 0.44 mmol/L KH2PO4,
1.3 mmol/L CaCl2, 1.0 mmol/L MgSO4, and 4.2 mmol/L
NaHCO3).

Cells were imaged in vitro using a Nikon Ti-E inverted fluores-
cence microscope (Nikon) with a CFI Plan Apo VC 20X objective.
Excitation light was produced by a Prior Lumen 200 PRO
fluorescent lamp (Prior Scientific) at 470/40 nm. Images were
collected with a Hamamatsu Dual CCD Camera ORCA-D2
(Hamamatsu Photonics), and emissions were gathered with a
505–530 nm bandpass filter. Exposure time was 100 ms with no
binning for the excitation wavelength, and images were acquired
every minute for 31 minutes. Filters and a dichroic mirror were
purchased from Chroma (Chroma Technology). The NISElement
(Nikon) was used as platform to control the microscope, illumi-
nator, camera, and postacquisition analyses.

It is important to note that the data reported in this article are
not an absolute value of the cells cytoplasmic oxidation state.
They are rather a measurement of the ROS production/ROS
elimination slope detected at any given time and consequently
they give an idea of the general oxidative level of the cells.

Cell-cycle analysis by flow cytometry
Cells were washed in PBS, fixed with ice-cold 95% ethanol

at 4�C for 1 hour, and resuspended in staining solution (PBS,

20 mg/mL RNAse A, 50 mg/mL propidium iodide, 0.5% Triton
X-100, all from Sigma-Aldrich). DNA content was quantified by
FACScalibur (BD Bioscience) as reported (34). Cell-cycle profile
was determined by analysis of Listmode data using ModFit LT
software (Verity Software House). At least 10,000 events were
collected gating single nuclei and excluding aggregates.

Time-lapse microscopy
For proliferation experiments, we plated CSCs in a 6-well plate

(3 � 105 cells/well) as monolayer. Time lapses were performed
using a ScanR system (Olympus) based on either an IX81 inverted
microscope equipped with a Hamamatsu ORCA-Flash4 camera
and driven by CellSens software (Olympus), or an Eclipse
TE200-E microscope (Nikon) equipped with a Cascade II-512
camera (Photometrics) driven by Metamorph software.

During the entire observation process, cells were kept in a
microscope stage incubator (Okolab) for environmental control.
We analyzed the cells using a 20x LUCPlanFLN (NA0.45) or a 10X
PlanFluor (NA 0.30) objective. Images were acquired every 15
minutes for 36 hours and were analyzed using Fiji software (35).

TIRF measurements
We used TIRF microscopy in different experiments to visualize

the spatial-temporal dynamics of CLIC1 near the cell surface.
Using a Leica AM TIRF microscope and an Andor iXon DU-885
camera, we obtained time-lapse video with images taken every 15
minutes for 3 or 7 hours with a HCX PL APO 63X/1.47NA
objective. CSCs were transfected with a plasmid carrying the
CLIC1-GFP sequence, seeded in adhesion on circular cover glasses
(�¼ 25mm), and then synchronized inG1 phase. After 36 hours,
cells were released in complete medium or in external solution at
pH ¼ 8 (see Bath Solution). Emitted fluorescence was recorded
with a Filtercube GFP-T ET TIRF MC filter for laser line 488
(ex-dic-em: 475/40-500-530/50).

Imaging analysis
In ROS and TIRF experiments, we determined fluorescence

intensities for every image over regions of interest corresponding

Figure 2.

CLIC1 inhibition delays cyclin D1 rising
time. A and B, Representative
Western blot analysis of p27Kip1 and
cyclin D1 proteins in CSCs at different
time points after release from G1

synchronization. B, Time course of
densitometric data (n ¼ 3) showing
p27Kip1 reduction (open symbols) and
cyclin D1 increase (filled symbols)
showing that the inversion occurred
between 6 and 8 hours after the
release. C, Western blot of cyclin D1
between 0 and 12 hours in control
conditions and in the presence of
IAA94 in CSCs after release from
synchronization. D, Time course of
densitometric data (n ¼ 2) showing
cyclin D1 increment in control GB
CSCs (open triangles) and in cancer
stem cells incubated with IAA94
(open squares).
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to the cells analyzed by subtracting the specific background and
normalizing the values to the first one detected for each cell. All
analyses were performed using Fiji software (35).

Statistical analysis
We repeated all experiments at least twice; quantitative data

were collected from experiments performed in triplicate or qua-
druplicate and expressed as mean � SEM, except for time-lapse
experiments (mean � SD). CLIC1-mediated current density/
voltage relationships were analyzed as following: for each con-
dition, we plotted every experiment and extrapolated the linear
regression for the curve (all significant, with R2 � 0.9). For
analyses of two conditions,weused a two-sample t test; otherwise,
we performed one-way ANOVA analysis on the slopes of every
experimental group.

In the box chart plots, the solid lines within the boxes represent
themedian values. The squarewithin the boxes is the average, and
the boxes show the 25th and 75th percentile range of the mea-
sured elements. Themaximum andminimumvalues are depicted
as horizontal bars, and the symbols to the right of the box are the
numbers of trials.

Results
CLIC1 controls G1–S phase transition

After 60 hours of starvation, human GB CSCs were syn-
chronized and accumulated (more than 90%) in G1 phase of
the cell cycle. Synchronized cells released in complete medi-
um progressed to the S phase (5), and the small percentage of
cells (�10%) already in late S and G2 phase underwent their
first division after 8 to 12 hours. CLIC1 contribution to cell-
cycle progression is already visible for these cells. GB CSCs
incubated with IAA94, a CLIC1 ionic conductance inhibitor,
displayed a longer transition time before the G2–M
phase. Figure 1A shows the results of a time-lapse observation
of CSC cell-cycle dynamics confirming the effect of CLIC1-
membrane protein inhibitor. The same results were obtained
by incubating CSCs with a custom-made antibody directed
against the extracellular portion of the protein, which is
known to inhibit CLIC1 function at the membrane level
(6, 8, 15).

According with cell-cycle progression measurements, CLIC1
inhibition has a most pronounced effect on G1–S transition
time. Flow cytometry analysis of DNA content distribution
shows that CLIC1 inhibition by IAA94 treatment delays the
transition of GB CSCs from G1 phase (Fig. 1B). In fact, cells
treated with IAA94 required about 8 hours more to reach
similar percentage of cells in S phase as shown in Fig. 1B and
Supplementary Fig. S1.

Also analysis of GB CSC growth curve reflected the elongation
of the G1–S phase in condition of CLIC1 inhibition. In IAA94 as
well as in CLIC1-silenced cells, CSCs' proliferation is strongly
downregulated (Fig. 1C). In particular, although shRNA transfec-
tion does not completely eliminate the protein (Supplementary
Fig. S2), cell growth is drastically compromised.

Western blot evaluation of cyclin D1 and p27 expression every
2 hours after G1-synchronization release established the starting
time of G1–S transition in control cells (Fig. 2A and B). IAA94
treatment of released cells shifted the time of cyclin D1 increase
between 2 and 4 hours (Fig. 2C and D). The plot in Fig. 2D
supports the results obtained by FACS analysis.

Membrane localization of CLIC1 in S phase
Immunolocalization of CLIC1 with a commercial antibody

confirms its metamorphic nature. At the end of starvation period,
CLIC1 protein appeared diffuse in the cytoplasm. After 8 hours in

Figure 3.

CLIC1 protein localization and function. A, Confocal microscope images of
indirect immunolocalization of CLIC1 in GB CSCs using a whole-protein
antibody at 0 and 8 hours from the release from G1 arrest. After 8 hours,
there was a marked localization of the protein at membrane level. B, FACS
analysis of CSCs after staining cell surfaceswith the primary antibody specific for
CLIC1 NH2 terminus (AB- NH2) at 0 and 8 hours after release from
synchronization. Antibody specificity was confirmed by saturating AB-NH2 with
the same peptide used to immunize the mice. Eight hours after the release
(151.2 � 3.20, n ¼ 5), there was a higher fluorescence signal compared with
0 hours (119.4 � 6.16, n ¼ 6), showing an increase of the protein in the
membrane (one-way ANOVA; �� , P < 0.01, Tukey test). C, IAA94-sensitive
current density/voltage relationships of CSCs at different times from the release
from G1 synchronization (0 h circles, n ¼ 5; 8 h triangles, n ¼ 7; 12 h diamonds,
n ¼ 7) and randomly cycling (squares, n ¼ 8). Statistics analysis: one-way
ANOVA, followed by Tukey test (��� , P < 0.001 vs. randomly cycling cells, 0 and
12 hours). D, CSCs transiently transfected with CLIC1-GFP plasmid were
processed with TIRF time-lapse analysis from 0 to 7 hours (n ¼ 5) and from 7
to 12 hours (n¼ 5) after release in completemedium fromG1 arrest. A significant
increase of the fluorescence occurred between 0 and 4 hours, and was
maintained up to 8 hours. After this time, fluorescence signal declined,
reaching basal level after 12 hours. Examples of fluorescence images at 0,
4, and for a different cell, at 8 and 12 hours from G1 release are shown in
the panels on the top of the plots.
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complete medium, when the cell cycle had progressed to S phase,
the protein localized close to the plasma membrane and concen-
trated around the nucleus in several cells (Fig. 3A). We quantified
CLIC1 presence in the membrane in three ways: (i) cytofluori-
metric analysis, (ii) perforated patch-clamp configuration experi-
ments, and (iii) TIRF measurements. For the first method, we
collected CSCs at 0 and 8 hours after synchronization release and
incubated live cells with a custom-made antibody (AB-NH2)
directed against the external portion of CLIC1 transmembrane
protein (8). The higher fluorescence signal detected at 8 hours was
proportional to the translocation of the protein from the
cytoplasm to the membrane. We confirmed the specificity of the
detected signal by competition with the peptide used for immu-
nization (Fig. 3B). Furthermore, whole-cell electrophysiological
measurement of IAA94-sensitive membrane current not only
supported the idea of a protein-rich membrane, but also
confirmed the increase of CLIC1-associated chloride current dur-
ing G1 phase progression (Fig. 3C). The presence of other IAA94-
sensitive member of the CLIC family (namely CLIC5A, ref. 36) in
GB CSCs was excluded by qRT-PCR and thus confirms the spec-
ificity of above results (Supplementary Fig. S3). The slope of the
current/voltage relationships shown in Fig. 3C represents mem-
brane conductance. At 8 hours after synchronization release
(138 pS, triangles), it is almost 5 times higher compared with
cells measured just after release (32 pS, circles) or 12 hours later
(35.3 pS, diamonds), and to randomly cycling CSCs (23.5 pS,
squares).

Finally, we monitored CLIC1 membrane-localization dynam-
ics using the TIRF procedure. We observed CSCs transiently
transfected with CLIC1-GFP plasmid, looking for surface fluores-
cence in two time windows: 0–7 hours and 7–12 hours after
synchronization release (Fig. 3D). Membrane fluorescence sud-
denly increased and reached themaximumvalue 4 hours after cell
release. The fluorescence level held steady up to 8 hours, when it
began a slow decline, returning to basal signal after 12 hours.

Surface CLIC1 inhibition reduces ROS production and pHi
It has been reported that metabolic conditions are chronically

altered in GB cancer cells compared with normal stem cells. The
cytoplasmic redox ratio and pHi levels are not exceptions. In
particular, because a transient increase in reactive oxygen species
(ROS) is essential for cell-cycle progression from G1 to S phase
(21), we would expect GB CSCs to have a greater ability to
generate ROS. Similar considerations can be applied to pH levels:
previousmeasurements showed higher pHi values in GB cell lines
compared with nontumor cells (20). ROS ratio between produc-
tion and antioxidant action monitored for 30 minutes in ran-
domly cycling CSCs is completely abolished in the presence of
IAA94 (Fig. 4A). Similar results have been obtained with AB-NH2.
Both treatments reduced ROS content in GB CSCs to the level of
MSCs. pHi is also perturbed by CLIC1 inhibition. Randomly
cycling GB CSCs display an average pHi of 7.46. Impairing

Figure 4.

Effect of reciprocal inhibition of ROS production, pH changes, and CLIC1
current. A, ROS dynamic production measurements in GB CSCs and MSCs
over 30 minutes of continuous recording. Chronic treatments with 100 mmol/L
IAA94 (n ¼ 26, circles) and with AB-NH2 (n ¼ 31, diamonds) were
performed and compared with the measurements obtained in randomly
cycling GB CSCs (n ¼ 30, squares) and MSCs (n ¼ 9, triangles). Slope values
between CSCs and each of treated cells and MSCs were analyzed (always
P < 0.0001, t test). B, Box chart plot of pHi measurements of randomly
cycling untreated CSCs, and CSCs treated with 100 mmol/L IAA94, AB-NH2

antibody, and randomly cycling untreated MSCs. The mean of 11 measurements
was 7.46 � 0.02 for CSCs. A 24-hour treatment with IAA94 and AB-NH2

significantly acidified cell cytoplasm to pHi 7.24 � 0.01 (n ¼ 3, t test ��� , P <
0.001) and 7.26 � 0.03 (n ¼ 3, t test ��� , P < 0.001), respectively. Mean pHi

measured in MSCs was 7.25 � 0.07 (n ¼ 5, t test ��� , P < 0.001). C, Box
chart plot of CSC CLIC1 current density at þ60 mV step released from G1 arrest
in the presence of proton-pump and membrane-oxidase inhibitors. We
compared CLIC1-mediated chloride current density between randomly
cycling CSCs (2.35 � 0.51 pA/pF; n ¼ 9), at time 0 after release from
synchronization (3.6� 0.4 pA/pF; n¼ 3) and after 8 hours (14.32� 0.87 pA/pF;
n ¼ 9). (Continued on the following column.)

(Continued.) The presence of EIPA 25 mmol/L (2.53� 0.25 pA/pF; n¼ 5) or DPI
10 mmol/L (3.99 � 0.57 pA/pF; n ¼ 5) drastically reduced the membrane ionic
flow. The same effect was observed in the presence of AB-NH2 antibody
in the external solution (2.35 � 0.33 pA/pF; n ¼ 7). The average current of
randomly cycling MSCs was 0.95� 0.15 pA/pF (n ¼ 5; one-way ANOVA,
���� , P < 0.0001, Dunnett multiple comparison test). Current/voltage
relationships at 4 and 8 hours after synchronization release in the presence
of either DPI or EIPA are shown in Supplementary Figs. S4 and S5, respectively.
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CLIC1-associated membrane current by treatment with IAA94
or AB-NH2 for 24 hours caused pronounced cytoplasmic acidi-
fication, reaching values proximal to MSC pHi (Fig. 4B). The link
between CLIC1-associated membrane current and NADPH
oxidase (12) appears to be shared also by the NHE1 proton
pump, one of the membrane transporters responsible for the
control of pHi (20). Both elements are upregulated in GB cell
membranes (20, 37, 38) and are specifically inhibited byDPI (38)
or EIPA (39), respectively. CSC membrane current recording
shows that CLIC1 current density is inhibited at 8 hours after
synchronization release by AB-NH2, DPI, and EIPA (Fig. 4C),
confirming the functional link between the three membrane
proteins (Supplementary Figs. S4 and S5).

CLIC1 membrane protein is specific for GB CSCs
The results showing a tight interconnection between NADPH

oxidase, NHE1 proton pump, and CLIC1-associated transmem-
brane chloride current suggest that CSC proliferation could be
reduced by downregulating one of these three membrane pro-
teins. Incubating CSCs for 72 hours with IAA94, AB-NH2, DPI, or
EIPA resulted in a drastic reduction of proliferation (Fig. 5A).
However, inMSCs the reduction of cell viability induced by IAA94
and AB-NH2 was negligible compared with the marked effect of
DPI and EIPA (Fig. 5B). The inserts in Fig. 5A and B depict single
examples of complete time course evaluating cell growth in GB
CSCs andMSCs evidencing that only in CSCs AB-NH2was able to
affect proliferation. The reduction in the number of both CSCs

and MSCs treated with membrane oxidase (DPI) and proton
pump (EIPA) inhibitors was mainly due to cell death, whereas
IAA andAB-NH2 reduce cell number by reducing the proliferation
rate of GB CSC (Fig. 5C and D).

Cross-modulation of pHi and ROS by NADPH oxidase and
NHE1 inhibitors

As we previously demonstrated, modifying CLIC1 membrane
function affects ROS and pHi dynamics. NADPH oxidase and
NHE1 are also mutually dependent. Figure 6 depicts the changes
that occur in ROS ratio (i) and pH modification (ii) when one of
the two events is compromised. As a comparison, the plots also
show the effects of acute and prolonged CLIC1 current inhibition
on ROS content and pH. All the average data reported were
expected, except for the early effect on pH caused by IAA94.
Short-term CLIC1 inhibition not only reduces ROS unbalance
but also exacerbates cytoplasmic alkalinization. This result sug-
gests that the link between CLIC1 and NHE1 is not direct but is
likely mediated by NADPH oxidase function. Timing disjunction
is evident in a parallel study of the kinetic parameters after CSC
release from starvation. Figure 7 shows the ROS dynamics (i),
CLIC1 current density (ii), and cytoplasmic pH evaluation (iii)
from cell release through the G1–S transition (see Fig. 1). ROS
accumulation and membrane ionic mechanism were previously
characterized in microglia cells (12). However, although NADPH
oxidase activity shows a peak around 3 to 4 hours, CLIC1 current
reaches a maximum after 8 hours, synchronous with the

Figure 5.

CLIC1 membrane protein function is
specific for CSC proliferation. A and
B, GB CSCs or MSCs were treated for
72 hours with IAA94 (100 mmol/L),
AB-NH2 antibody (2.5 mg/mL), DPI
(10 mmol/L), and EIPA (25 mmol/L).
CLIC1 inhibitors reduced cell numbers
in CSCs but not in MSCs. NADPH
oxidase and NHE1 blockers drastically
decreased the number of both GB and
mesenchymal cells. The insets show
single examples of complete GB CSC
and MSC growth curves from 0 to
96 hours in the control condition
(squares) and in the presence of
AB-NH2 antibody (triangles). C and
D, Dead/live cell ratio calculated from
the data depicted in A. After 72 hours,
the majority of the cells treated with
CLIC1 inhibitors were alive. On the
contrary, ROS production or proton
pump impairment resulted in more
than 80% trypan blue positive in
both cell types.
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maximum level of cytoplasmic alkalinization. As previously
reported (21), a temporary oxidation increase can be interpreted
as a permissive signal to cell-cycle progression. Instead, the
transient alkalinization of the cytoplasm occurs toward the end
of theG1–S transition, which suggests several potential functional
interpretations. One hypothesis is that pH change works as an off
signal, downregulating the G1–S transition machinery. CLIC1-
associated current drops synchronously with the maximum cyto-
plasmic pH value. The ability to mediate the interaction between

CLIC1 and the biological membrane by pH change is well-
documented in previous publications (14, 37, 40, 41). In perfo-
rated whole-cell experiments, external pH was systematically
dropped in the external solution from 7.4 to 7.0 and to 6.5 in
randomly cycling CSCs. Electrophysiologic experiments measur-
ing CLIC1 current demonstrated that sudden acidification of
extracellular pH inhibits CLIC1 current (Fig. 8A). Figure 8B shows
the average current inhibition relative to IAA94 action for external
pH 7 and 6.5. Delivering the specific inorganic blocker before pH
acidification prevents any further decrease in membrane current,
which confirms that pH changes and IAA94 act on the same

Figure 6.

Mutual modulation of ROS, pH, and CLIC1 ionic current. A, Box chart plot of
ROS production comparing CSCs treated with CLIC1-associated current blocker
and proton pump inhibitor with randomly cycling CSCs and MSC (dotted lines).
The data reported are linear fittings of slope curves obtained by time course
experiments as shown in Fig. 3A. Short (15 minutes) and long (24 hours)
treatments were performed with both compounds. Acute stimulation with
EIPA 10 mmol/L (n ¼ 19, down triangles, not significant) had no effect on
ROS production. Conversely, 15 minutes of incubation with IAA94 100 mmol/L
(n¼ 24, circles, ���� ,P<0.0001)was sufficient todownregulateROSproduction.
Chronic exposure to EIPA 10 mmol/L (n¼ 33, circles, ���� , P < 0.0001) or IAA94
100 mmol/L (n¼ 25, up triangles, ���� , P < 0.0001) decreased ROS production to
MSC level. All statistical analysis was done with one-way ANOVA, Dunnett
multiple comparison test. B, Box chart of pHi measurement in CSCs treated with
NADPH oxidase and CLIC1 current inhibitors compared with randomly cycling
CSCs and MSCs (dotted lines, values from Fig. 3B). DPI (10 mmol/L) led to
significant acidification both in acute (15minutes; n¼ 4, 7.28�0.04, �� , P <0.01)
and chronic (24 hours; n ¼ 4, 7.33 � 0.06, �, P < 0.05) treatments. IAA94
(100 mmol/L) had divergent effects: short exposure caused a strong
alkalinization (n ¼ 3, 7.69 � 0.01, ��� , P < 0.001), whereas chronic treatment
resulted in decreased pHi (n ¼ 3, 7.24 � 0.01, ��� , P < 0.001) similar to that
recorded in MSCs. All statistical analysis was done with t test vs. CSC
control conditions.

Figure 7.

Time course of ROS production, CLIC1 ionic current, and pHi during G1–S
transition.A, The top traces of the graph showROSproductionmeasurements in
GB CSCs during cell-cycle progression. After synchronization, the cells were
released in complete medium with (circles) or without IAA94 100 mmol/L
(squares). Three hours after release, controls show a peak (n ¼ 32) not
detectable in treated cells (n ¼ 10, t test � , P < 0.05). Each value represents
the average slope of the fitted curves (for each time point) obtained by
time-course experiments as shown in Fig. 3A. Thus, the peak signifies that the
rate of ROS production at 3 hours after release in the control condition is
significantly higher than in treated cells, and corresponds to the increase in
CLIC1-mediated current density from 4 to 8 hours after release from G1
synchronization (B). The peak observed in CLIC1-mediated current starts to
decrease simultaneously with the peak of alkalinization measured between
8 and 10 hours after release (C). As in ROS production, cells were synchronized
and released, and measurements were performed for each time point.
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membrane target. Measurements of current inhibition lag time
after perfusing the test solution (Fig. 8C) suggest that acidification
does not work as an ion channel blocker. Removing CLIC1
protein from themembrane could be an alternative way to reduce
membrane current. As already shown in Fig. 3 and confirmed
in Fig. 8D (empty circles), TIRF experiments demonstrate that due
to the presence of CLIC1-GFP at the membrane level of GB CSCs,
the fluorescent signal progressively fades 8 hours after release
from G1 accumulation. This occurs synchronously with the intra-
cellular alkalinization peak (Fig. 7C) and with CLIC1-associated
current decrease (Fig. 7B). TIRF measurements obtained while
maintaining the external solution at pH 8 (open square) show no
fluorescent signal dimming (Fig. 8D).

Discussion
Human GB CSC-enriched cultures show a steady-state condi-

tion in which both ROS balance and pHi are chronically altered.
Randomly cycling GB CSCs have a 5-fold increase in their ability
to produce ROS and a pHi almost 0.3 units more alkaline than
human MSCs (Fig. 4A and B). Many different solid tumors
demonstrate similar, consistent overexpression and upregulation
of several metabolic cell components (42–45). Physiologically,

this cellular hyperactivation is a transient condition. The process
of achieving a new state of stability throughphysiologic changes is
known as "allostasis" (28). This phenomenon is essential to
maintain cell viability during fluctuating basal conditions. How-
ever, when stress is persistent and cells are unable to restore a basal
homeostatic state, allostasis can become chronic. Most of the cells
are not able to cope with these new conditions prolonged in time
and they die.Maintaining allostasis is energetically very costly and
requires cells with altered basal metabolism. As an example, a
chronic condition of oxidative stress results in an overproduction
of antioxidant component to balance the system. This is the case
for GB CSCs, in which the most evident allostatic outcome is a
high rate of cell division (5, 6). Several proteins present in the
allostatic GB cell plasma membrane are deregulated in either
expression or function (20, 46–48). Altering any of these proteins
can disrupt the allostatic equilibrium, causing drastic functional
changes and, in some cases, even cell death. Theoretically,manyof
these proteins can be considered as valuable pharmacologic
targets. However, most of them also play important roles in
physiologic homeostatic conditions. Consequently, modifying
their functions would affect not only cancer cells but also healthy
cell populations. On the contrary, CLIC1 protein only becomes
continuously active as a membrane charge carrier during periods
of chronic stress, whereas during homeostatic conditions, it is
essentially irrelevant. This is the most important result of our
investigation. Figure 5 shows that the inhibition of NADPH
oxidase or the NHE1 proton pump, both overexpressed in CSCs,
causes cell death in CSCs and healthy MSCs. On the contrary,
impairing CLIC1 membrane protein, using either the chloride
channel blocker IAA94 or the specific antibody against the exter-
nal portion of the protein, prolongs CSC cell-cycle duration and
leaves MSC functions unaltered. Confirming this result, GB CSC
growth curves in the presence of IAA94 show that the early
apoptosis rate is less than 10% (Supplementary Fig. S6) even
though the proliferation rate drops drastically (Fig. 4A). The
present work suggests that CLIC1 protein and its associated
chloride permeability are principal elements involved in the
stabilization of GB CSC allostasis. Consistent with previous
results, CLIC1 membrane current and NADPH oxidase are part
of a feed-forward mechanism that sustains ROS production, even
in GB CSCs (12). This result suggests that GB CSCs are in a
constant state of oxidative stress. ROS accumulation is considered
to be a signal to promote cell-cycle progression fromG1 to S phase
(23). Our working hypothesis is that CLIC1 acts as cell-cycle
accelerator in GB CSCs.

As a metamorphic protein, CLIC1 membrane localization is
stimulated by increased ROS generation. Simultaneously, by
promoting transmembrane chloride flux, CLIC1 compensates for
negative charges released by NADPH oxidase, creating a self-
sustainingmetabolic pathway (12). Our experiments suggest that
to trigger G1–S transition, ROS levels must reach a defined
threshold. We can hypothesize that this increased ROS level can
be due either to an increase in the production or a decrease in the
scavenging or even both the phenomena at the same time. The
feed-forward mechanism generated by the cooperative activity of
the membrane oxidase and CLIC1 sets the limiting rate of cell-
cycle progression kinetics based on the active number of the two
elements: the more proteins involved, the faster the transition.
Cytoplasm alkalinization is another characteristic of GB CSCs.
Our experimental setting highlights themutualmodulation of the
three elements: ROS, pHi and chloride flux. In randomly cycling

Figure 8.

pH regulation of CLIC1 membrane activity. A, Membrane current time course
in CSCs at different external pH. Every 15 seconds, 100 mV voltage steps
(from �40 to þ60 mV) for 800 ms were delivered to a whole-cell membrane.
Whole-cell perforated-patch current was continuously recorded in the
control condition (pH 7.4) after cells were perfused in bath solution with pH 7.0
and 6.5 for 5minutes each. Then, total CLIC1-associated current was inhibited by
perfusing IAA94 100 mmol/L. B, Box chart plot of the current amplitude
distribution at external pH 7.0 and 6.5 as a rate of IAA94-sensitive current.
C, Comparison of current inhibition lag time measured from solution flow start
and the beginning of current decrease for external pH 7.0 and IAA94 100mmol/L
perfusion. D, TIRF time-lapse analysis of the presence of CLIC1 on the cell
adhesion surface between 6 and 9 hours after release from G1 arrest. In the
control condition (external pH 7.4), F/F0 values were 0.70 � 0.15 and
0.49� 0.08 (n¼ 5) at 8 and 9 hours, respectively. At external pH¼ 8, the F/F0
values were 1.197 � 0.07 and 1.31 � 0.13 (n ¼ 4) at 8 and 9 hours,
respectively (t test � , P < 0.05 at 8 hours and �� , P < 0.01 at 9 hours after
synchronization release).
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CSCs, pHi is chronically elevated by almost 0.3 units and is
functionally linked with both NADPH oxidase and CLIC1 activ-
ities (Fig. 5). Blocking NADPH oxidase or inhibiting CLIC1
membrane function for prolonged periods results in cytoplasmic
acidification (Fig. 5B). However, within minutes of suppressing
CLIC1 current, we observed an unexpected transient intracellular
alkalinization (Fig. 5B). This suggests the proton pump still runs
after chloride inflow stops, lowering internal [Hþ]. Thus, no direct
link appears to exist between internal pH and CLIC1-associated
chloride current. However, after 24 hours of CLIC1 inhibition,
pHi acidifies to MSC levels. The link is represented by NADPH
oxidase: CLIC1 inhibition impairs ROS production, causing
downregulation of NHE1 function.

The role of the oxidative stress peak is well-established (21).
Our results support ROS accumulation as a trigger for G1–S
progression. However, it is not clear whether cytoplasmic pH
modulation has a role during the cell cycle. Time-lapse experi-
ments on synchronized cells show ROS production growing early
after G1 release in parallel with increasing membrane current
(Fig. 6A and B). pHi depicts a cytosolic alkalinization peak
delayed in the G1–S time progression (Fig. 6C). All our experi-
ments, from immunolocalization, FACS analysis, and electro-
physiology (Fig. 2) to TIRF (Figs. 2 and 7), show a gradual
reduction of both CLIC1 membrane localization and its associ-
ated current synchronous with transient intracellular alkaliniza-
tion (Fig. 6B andC).Wehavepreviously demonstrated thatCLIC1
chloride current sustains ROS production by a feed-forward
mechanism (12). Based on our electrophysiology and dynamic
localization data in the presence of pH changes (Fig. 7), we
propose that transient alkalinization can reduce CLIC1 activity
and, as a consequence, ROS production, by determining de facto
the beginning of a new cell-cycle phase.

In conclusion, GB CSCs survive and proliferate in a "stable"
condition in which all cell systems governing cell-cycle progres-
sion (including NADPH oxidase, NHE1 proton pump, CLIC1,
and others; refs. 20, 46, 48, 49) are upregulated. CLIC1 ability to
balance CSC allostatic state means that CLIC1 membrane per-
meability can be considered an allostatic state stabilizer. Its
function is negligible in homeostasis but fundamental during
chronic stress. Among the three elements we considered in these

experiments, CLIC1 is the only target that can be proposed for
potential pharmacologic therapy with minimal side effects. Inhi-
biting CLIC1-associated membrane current would not only com-
promise proliferation, but would also return CSCs from chronic
allostasis to steady homeostasis. Furthermore, in light of drug
repositioning approaches for cancer research (50), CLIC1 direct
inhibition is one of the proposedmechanisms for the antitumoral
effects of the antidiabetic drug metformin (5), which paves the
way for the development of a novel class of inhibitors.
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