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Background: Glioblastoma is the most aggressive primary brain tumour and has a very poor prognosis. Inhibi-
tion of c-Src activity in glioblastoma stem cells (GSCs, responsible for glioblastoma lethality) and primary
glioblastoma cells by the peptide TAT-Cx43,66_253 Ieduces tumorigenicity, and boosts survival in preclinical
models. Because c-Src can modulate cell metabolism and several reports revealed poor clinical efficacy of
various antitumoral drugs due to metabolic rewiring in cancer cells, here we explored the inhibition of
advantageous GSC metabolic plasticity by the c-Src inhibitor TAT-Cx43,66.283-
Methods: Metabolic impairment induced by the c-Src inhibitor TAT-Cx43,66-283 in Vvitro was assessed by fluo-
rometry, western blotting, immunofluorescence, qPCR, enzyme activity assays, electron microscopy, Sea-
horse analysis, time-lapse imaging, siRNA, and MTT assays. Protein expression in tumours from a xenograft
orthotopic glioblastoma mouse model was evaluated by immunofluorescence.
Findings: TAT-Cx43,65_253 decreased glucose uptake in human GSCs and reduced oxidative phosphorylation
without a compensatory increase in glycolysis, with no effect on brain cell metabolism, including rat neurons,
human and rat astrocytes, and human neural stem cells. TAT-Cx43,66.283 impaired metabolic plasticity,
reducing GSC growth and survival under different nutrient environments. Finally, GSCs intracranially
implanted with TAT-Cx43,66_283 Showed decreased levels of important metabolic targets for cancer therapy,
such as hexokinase-2 and GLUT-3.
Interpretation: The reduced ability of TAT-Cx43,66.283—treated GSCs to survive in metabolically challenging
settings, such as those with restricted nutrient availability or the ever-changing in vivo environment, allows
us to conclude that the advantageous metabolic plasticity of GSCs can be therapeutically exploited through
the specific and cell-selective inhibition of c-Src by TAT-Cx43,66.283.
Funding: Spanish Ministerio de Economia y Competitividad (FEDER BFU2015-70040-R and FEDER RTI2018-
099873-B-100), Fundacién Ramon Areces. Fellowships from the Junta de Castilla y Le6n, European Social
Fund, Ministerio de Ciencia and Asociacién Espanola Contra el Cancer (AECC).
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1. Introduction

tumorigenic capacity and resistance to conventional therapies, and is
therefore considered responsible for recurrence [2,3]. The GSC phe-

Glioblastoma (World Health Organization grade IV glioma) is the notype is dynamic and can be acquired by non-GSCs in response to
most common and aggressive primary brain cancer, with a median challenging conditions, suggesting that the inherent cancer cell plas-
survival of 16 months [1]. A subset of cells within these tumours, ticity is a relevant target for treatment [4,5]. These challenging condi-
termed glioma or glioblastoma stem cells (GSCs), displays high tions, which include hypoxia, an acidic environment, and metabolic
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stress, promote the enrichment of the highly tumorigenic GSC popu-
lation [5-7]. In this regard, an important feature of cancer stem cells,
and particularly of GSCs, is their metabolic plasticity, which allows
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Research in context

Evidence before this study

The peptide TAT-Cx43,66.283 inhibits the oncogenic activity of
c-Src specifically in glioblastoma stem cells and decreases their
survival, invasion, and tumorigenicity, boosting the survival of
preclinical models. Notably, c-Src can regulate glucose and
mitochondrial metabolism through several mechanisms. Meta-
bolic plasticity is necessary for glioblastoma establishment and
development, and several proteins involved in this plasticity
have been identified as potential drug targets. However, these
proteins are shared by healthy brain cells, such as neural stem
cells, astrocytes and neurons, and specific inhibition of these
targets in glioblastoma cells while sparing healthy brain cells
remains elusive.

Added value of this study

We found that TAT-Cx43,66.253 inhibits the metabolic plasticity
needed by glioblastoma stem cells, the cells responsible for
glioblastoma recurrence and lethality, to exploit the metabolic
environment in their favour and thrive in challenging settings.
Importantly, glucose metabolism in human and rat healthy
brain cells is unaffected by TAT-Cx43566.283.

Implications of all the available evidence

Our data support the notion that metabolic plasticity, rather
than specific metabolic pathways, constitutes a major target-
able vulnerability and confirm the value of TAT-Cx43,¢6.253 for
glioblastoma therapy alone or in combination with other thera-
pies, including those whose resistance relies on metabolic
adaptation.

them to survive nutrient deprivation by conveniently shifting
between different metabolic pathways used in energy production
and catabolism [8-12]. In particular, glucose metabolism plays a key
role in glioblastoma, with glucose restriction promoting GSC enrich-
ment through a two-fold mechanism: direct selection of GSCs, which
display the metabolic phenotype required to survive in this environ-
ment, and adaptation of some non-GSCs through the acquisition of
GSC metabolic features [5]. One of these GSC features is elevated
expression of the high-affinity glucose transporter GLUT-3, which is
crucial for the tumorigenicity of GSCs and, consequently, for the pro-
gression and malignancy of human glioblastomas [5].

Connexin43 (Cx43), the main constituent of gap junctions, has
been traditionally considered a tumour suppressor protein because it
is downregulated in glioblastoma cells [13,14], including GSCs [15-
17]; and because the ectopic expression of Cx43 in glioma cells
reduces their rate of proliferation [18] and tumour formation in vivo
[19]. However, Cx43 can also play pro-tumorigenic roles in glioma
[20]. Indeed, expression of Cx43 in glioma cells can favour glioma
invasion [21,22] and drug resistance [23-25], suggesting that very
specific tools should be used to selectively mimic the antitumour
effects of Cx43. The C-terminal domain of Cx43 interacts with a pleth-
ora of molecules and acts as an intracellular signalling hub [26]. This
is the case for the proto-oncoprotein c-Src, which is recruited by
Cx43 together with its inhibitors CSK and PTEN [27]. This interaction
causes the inhibition of c-Src [28] and its downstream oncogenic
pathways (for a review see Tabernero et al. [29]). Based on this inhib-
itory mechanism, we designed a cell-penetrating peptide, TAT-
Cx43,66_233, that recapitulates the inhibition of c-Src by Cx43 [17].
Malignant gliomas have high oncogenic c-Src activity [30]; moreover,
cancer stem cells, including GSCs, rely on the activity of this

oncoprotein for survival, stemness, and invasion [17,31-36]. Impor-
tantly, TAT-Cx43,66_2g3 specifically inhibits c-Src activity and conse-
quently exerts potent antitumour effects in primary human
glioblastoma cells [35] and in the reversion of the GSC phenotype
[17] in vitro and in vivo without affecting healthy brain cells [36].
These studies suggest that the mechanism of the antitumour action
of TAT-Cx43,66_283 involves inhibition of the oncogenic activity of c-
Src and not blockade of endogenous Cx43 function. Indeed, the level
of Cx43 expression is very low and the activity of c-Src is high in TAT-
Cx43,66_283 target cells, such as GSCs, whereas no effect of TAT-
Cx43,66_233 on cell viability is found in cells with high expression of
Cx43 and low activity of c-Src, such as astrocytes [36]. GSCs display a
high invasive capacity, which strongly contributes to glioblastoma
recurrence [35]. Significantly, by inhibiting c-Src, TAT-Cx43266_283
reduces migration, invasion, and survival in human primary GSCs,
including freshly removed surgical specimens studied as undissoci-
ated glioblastoma blocks [35]. Moreover, TAT-Cx43,66_253 inhibits c-
Src, impairs malignant growth, and enhances survival in mouse mod-
els in vivo [36], supporting the translational potential of this peptide
for the treatment of glioblastoma.

The relationship between the oncogenic activity of c-Src and glu-
cose metabolism has been known for more than 30 years[37], and
during this time numerous studies have delved into the underlying
mechanisms. For instance, c-Src can modulate glucose metabolism,
either indirectly through master transcription factors, such as c-myc
[38] or hypoxia inducible factor 1a (HIF-1a) [39,40], or directly
through regulation of the activity of key glucose metabolism proteins,
such as hexokinase-2 (HK-2) [41], which traps glucose intracellularly
for further metabolism, or glucose-6-phosphate-dehydrogenase
(G6PD) [42], the key and rate-limiting enzyme in the pentose phos-
phate pathway. Moreover, c-Src activity can regulate oxidative phos-
phorylation of substrates in the mitochondria via phosphorylation of
respiration or mitochondrial translation proteins, amongst other
mechanisms [43-45].

In addition to a conferred advantage to survive in nutrient-
deprived conditions, metabolic plasticity is responsible for resistance
to certain cancer treatments, one of the most relevant hallmarks of
GSCs [2,3]. For instance, glioblastoma cells adapt to bevacizumab
treatment—a common antiangiogenic therapy—by increasing glycol-
ysis [46,47]. Similarly, tumour cells can rewire their metabolism to
suit their needs under different environmental conditions, which can
negatively affect their response to common antitumoral drugs, such
as mTOR [48] and glutaminase inhibitors [49], 5-fluorouracil and
metformin, and even to immunotherapy [50]. Consequently, inhibi-
tion of this metabolic plasticity is becoming a promising therapeutic
target, and cell selectivity is undoubtedly hugely important in the
context of brain tumours. Therefore, here we investigated the effect
of TAT-Cx43,66_2g3, @ promising therapeutic peptide against glioblas-
toma, on GSC metabolism and metabolic plasticity as a meaningful
predictor of the success of a future clinical application.

2. Materials and methods
2.1. Animals

Albino Wistar rats and NOD/SCID mice were obtained from the
animal facility of the University of Salamanca. All animal procedures
were approved by the ethics committee of the University of Sala-
manca and the Junta de Castilla y Leon and were carried out in accor-
dance with European Community Council Directives (2010/63/UE)
and Spanish law (R.D. 53/2013 BOE 34/11,370—-420, 2013) for the
care and use of laboratory animals.

Mice were maintained singly from the start of the experiments
under 12-h light/dark cycles, had free access to food and water at all
times, and were monitored for signs of humane endpoints daily,
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including changes in behaviour and weight. A total of nine male and
female adult mice were used for the in vivo experiments.

2.2. Cells

G166 human GSCs (RRID:CVCL_DG66) and G179 human GSCs
(RRID:CVCL_DG69) (both IDH-wt) [51] were obtained from BioRep
[17]. Primary G9 human GSCs were obtained from human surgical
specimens of glioblastoma patients, as previously described [35].
Unless otherwise stated, the GSCs used in the experiments were
G166 GSCs. GSCs were cultured in RHB-A medium (Takara Bio Inc.)
supplemented with 2% B27 (Life Technologies), 1% N2 (Life Technolo-
gies), 20 ng ml~! EGF, and 20 ng ml~! b-FGF (PeproTech) (complete
medium) under adherent conditions, as described by Pollard et al.
[52]. Human neural stem cells (NSCs) were obtained from Takara Bio
Inc. (ref.: Y40050) [53]. NSCs were cultured in RHB-A medium
(Takara Bio Inc.) supplemented with 20 ng ml~! EGF, and 20 ng ml~!
b-FGF (PeproTech) (complete medium) under adherent conditions, as
described by Hook et al. [53] Culture plates were coated with 10 ug
ml~! laminin (Invitrogen, 23,017—015) for 2 h before use. Cells were
grown to confluence, dissociated using Accutase (Thermo Fisher),
and then split to convenience. We routinely used cultures expanded
for no more than 15 passages. For differentiation, G166 GSCs were
cultured in RHB-A medium supplemented with 5% FCS, as indicated
[52]. Human astrocytes were obtained from NSCs cultured in RHB-A
medium supplemented with 1% FCS, as indicated [53].

Primary rat neuron and astrocyte cultures were performed as pre-
viously described [54]. Neurons in primary culture were prepared
from the forebrains of foetuses at 17.5 days of gestation and cultured
in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich,
D5523) supplemented with 10% foetal calf serum (FCS; Gibco). One
day after plating, cytosine arabinoside was added to avoid glial cell
proliferation. Astrocytes in primary culture were prepared from the
forebrains of 1- to 2-day-old Wistar rats and cultured in DMEM sup-
plemented with 10% FCS. The cells were maintained at 37 °C in an
atmosphere of 95% air/5% CO, and with 90—-95% humidity.

2.3. Cell treatments

Synthetic peptides (> 85% pure) were obtained from GenScript
(Piscataway, NJ, USA). YGRKKRRQRRR was used as the TAT sequence,
which enables the cell penetration of peptides [55]. The TAT-
Cx43,66_283 sequence was TAT-AYFNGCSSPTAPLSPMSP (patent ID:
W02014191608A1).

For in vitro and ex vivo studies, the peptides (TAT, as a negative
control, and TAT-Cx43,66_2g83) were used at 50 uM in culture
medium at 37 °C for 24 or 48 h, as indicated. Dasatinib (1 «M) or
0.1% (v/v) DMSO was added to the culture medium at 37 °C for 24 h.
To analyse TAT-Cx43,66_2g3 internalisation, 50 uM TAT-Cx43566_283
fused to biotin at the C terminus (TAT-Cx43,66_233-B) was added to
the culture medium at 37 °C for 30 min and visualised with streptavi-
din, as previously reported [36]. For in vivo studies in NOD/SCID
mice, a single intracranial injection of 1 ul of saline containing
100 uM TAT or 100 M TAT-Cx43,66_283 and 5000 GSCs was per-
formed as previously described [36].

In addition to either 50 uM TAT or TAT-Cx43,66_283 (Where indi-
cated), the cell media (pH 7.3) used in the metabolic plasticity study
had the following compositions; in the 4-day long experiments:
Earl’s Balanced Salt Solution (EBSS) containing 5.6 mM glucose (Video
1); EBSS containing 0.4 mM glycine, 4 mM glutamine, 4 mM serine,
and essential amino acids (MEM Amino Acids Solution; Gibco,
11,130,036; Video 2); for all other experiments: EBSS containing
14 mM glucose (glucose-only medium); EBSS containing 4 mM gluta-
mine, essential amino acids, and non-essential amino acids (MEM
Non-Essential Amino Acids Solution; Gibco, 11,140,050) (amino acid-
only medium); and EBSS containing 14 mM glucose, 4 mM glutamine,

essential amino acids, and non-essential amino acids (glucose and
amino acid medium).

2.4. Exvivo 2-NBDG uptake assay

GSC—organotypic brain slice co-cultures were incubated over-
night to ensure GSC engraftment into the brain slices. The co-culture
brain slices were then incubated with 50 uM TAT or TAT-
CX43,66_283 for 48 h. On the day of the assay, the brain slices were
incubated for 30 min in glucose-free medium (RPMI; Sigma-Aldrich)
and subsequently for 1 h in glucose-free medium supplemented with
146 uM 2-NBDG (2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]—
2-deoxy-p-glucose). The brain slices were then washed with ice-cold
phosphate-buffered saline (PBS) and mounted for confocal micros-
copy with SlowFade Gold Antifade reagent (Life Technologies).
Images were taken on a Leica DM-IRE2 confocal microscope. For 2-
NBDG uptake analysis, regions of interest (ROIs) were generated with
the ‘Wand’ tool (Image]) in the GSC images and the mean grey values
of the ROIs were measured in the corresponding 2-NBDG images.

2.5. Extracellular lactate

Extracellular lactate was determined using a commercial Kit
(Sigma-Aldrich, mak064) and the cell medium was filtered through
10,000 Nominal Molecular Weight Limit (NMWL) filters to eliminate
possible extracellular lactate dehydrogenase that would degrade lac-
tate, following the manufacturer’s instructions. Results were normal-
ised to the protein content of the samples.

2.6. GSC—organotypic brain slice co-cultures

Organotypic brain slice cultures were prepared as previously
described [56]. Briefly, 350-pum-thick brain slices were obtained
from neonatal Wistar rats and cultured onto cell culture inserts in
DMEM supplemented with 10% horse serum and glucose (final con-
centration: 33 mM). The medium was replaced three times a week
and slices were maintained in culture for 19-20 DIV. Then, 2500
G166 GSCs fluorescently labelled with CellTracker Red CMPTX (Life
Technologies) were placed onto each brain slice and maintained in
culture for the indicated time.

2.7. Hexokinase activity assay

The hexokinase (HK) activity of cells was determined using a com-
mercial kit (Abcam, ab136957) following the manufacturer’s instruc-
tions. Cells were incubated for 30 min in glucose-free medium (RPMI,
Sigma-Aldrich) prior to the assay. The absorbence of the cell lysates
was measured in a microplate fluorometer at two time points within
the linear range of the reaction and normalised to the protein con-
tent of the samples.

2.8. Invitro 2-NBDG and 6-NBDG uptake assay

The cells were incubated with the peptides when confluence was
reached for the indicated time. Then, they were incubated for 30 min
in glucose-free medium (RPMI, Sigma-Aldrich) and subsequently for
1 h in glucose-free medium supplemented with 146 M of the fluo-
rescent glucose analogue 2-NBDG (2-[N-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl) amino]—2-deoxy-p-glucose), which comprises a glucose
moiety with an N-nitrobenzoxadiazole (NBD)-amino group (fluoro-
phore) at carbon 2 replacing the hydroxyl group, or 6-NBDG (6-[N-(7-
nitrobenz-2-oxa-1,3-diazol-4-yl) amino]—6-deoxy-p-glucose), whose
NBD-amino group is placed at carbon 6 and can therefore not be phos-
phorylated by HKs [57] (Thermo Fisher). The cells were then washed
with ice-cold PBS and lysed, scraped, and homogenised by 10 pas-
sages through a 25-gauge needle. Homogenates were centrifuged and
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the fluorescence of supernatants was measured in a microplate reader
(Appliskan; Thermo Electron Corporation, Thermo Scientific). For 2-
NBDG uptake, a standard curve was generated by measuring the fluo-
rescence of a range of 2-NBDG concentrations in lysis buffer (1% Noni-
det P-40, 1% sodium deoxycholate, 40 mM KCl, and 20 mM Trizma
Base [Sigma-Aldrich], pH 7.4). 2-NBDG and 6-NBDG uptake was nor-
malised to protein content of the samples.

2.9. Image analysis

Images were analysed using Fiji Software [58], available at http://
rsbweb.nih.gov/ij/. For in vitro and ex vivo experiments, details of the
image analysis are specified in the corresponding figure legend.
In the in vivo study, maximum z projections were obtained from
confocal stack images. Projections were subjected to background
subtraction and the mean grey value of the image was obtained.
Non-specific staining was measured in three identically sized regions
from each image and subtracted from the corresponding mean grey
value.

2.10. Immunofluorescence

For in vitro studies, immunofluorescence was performed as previ-
ously described [17]. Briefly, cells were incubated with MitoTracker
Red CMXRos (final concentration: 100 nM in culture medium; Invi-
trogen, M7512) for 1 h at 37 °C where indicated and then fixed in
methanol for 10 min at —20 °C. The cells were then rinsed in PBS and
incubated for 1 h in blocking solution (PBS containing 10% FCS, 0.1 M
lysine, and 0.02% azide). The samples were incubated overnight at 4 °
C with the indicated primary antibody prepared in blocking/permea-
bilisation solution (with 0.1% Triton X-100): rabbit polyclonal anti-
body against GLUT-1 (1:250; Millipore 07—1401 or Abcam ab652;
RRID:AB_1587074 and RRID:AB_305540, respectively), rabbit mono-
clonal antibody against HK-1 (1:200; Cell signalling Technology
2024, RRID:AB_2116996), or mouse monoclonal antibody against
HK-2 (1:100; Thermo Fisher MA5—-15679, RRID:AB_10986812). After
repeated washes, they were incubated for 75 min with the corre-
sponding secondary antibody prepared in blocking/permeabilisation
solution: anti-rabbit IgG or anti-mouse IgG Alexa Fluor 488-, Alexa
Fluor 594-, or Alexa Fluor 647-conjugated antibodies (1:1000; Life
Technologies). Finally, nuclear DNA was stained with 1 ug ml~! 4,6-
diamidino-2-phenylindole (DAPI) for 1 min. Cells were mounted
using SlowFade Light antifade (Life Technologies) and imaged on an
inverted Zeiss Axio Observer Z1 microscope for Live-Cell Imaging
(Carl Zeiss Microscopy) coupled to an AxioCam MRm camera and
Zeiss Apotome (optical sectioning structured illumination micros-
copy; https://www.zeiss.com/microscopy/int/solutions/reference/all-
tutorials/optical-sectioning/apotome-operation.html).

For in vivo studies, sections were washed in PBS and incubated for
1 h in blocking/permeabilisation solution. Then, the sections were
incubated overnight at room temperature with the indicated primary
antibody prepared in blocking/permeabilisation solution: mouse
monoclonal antibody against HK-2 (1:100; Thermo Fisher
MA5-15,679, RRID:AB_10986812) or mouse monoclonal antibody
against GLUT-3 (1:100; Santa Cruz Biotechnology sc-74497, RRID:
AB_1124974). After repeated washes, the sections were incubated for
2 h with the corresponding secondary antibody prepared in blocking/
permeabilisation solution: anti-rabbit IgG or anti-mouse IgG Alexa
Fluor 488- or Alexa Fluor 647-conjugated antibodies (1:500; Life
Technologies). Finally, nuclear DNA was stained with DAPI for 4 min
and samples were imaged by confocal microscopy on a Leica TCS SP2
microscope. Briefly, 8-bit images from consecutive focal planes (1 um
along the z axis) were scanned with a pinhole aperture of 1 Airy Unit.

2.11. Xenograft orthotopic glioblastoma mouse model

Human G166 GSCs stably transfected with pcDNA3.1-mCherry
plasmid [59] (cytomegalovirus promoter for constitutive expression
of mCherry; Addgene plasmid #128744;) or human G166 GSCs
labelled with a Red Fluorescent Cell kit PKH26 (Sigma-Aldrich) were
intracranially implanted into the brains of NOD/SCID mice as previ-
ously described [36]. Briefly, mice were anaesthetised by isoflurane
inhalation, placed in a stereotaxic frame, and window-trephined in
the parietal bone. A unilateral intracerebral injection to the right cor-
tex was performed with a Hamilton microsyringe. Cellular suspen-
sions were kept on ice while the surgery was being performed. Then,
1 ul of physiological saline containing 5000 cells was injected into
the cortex of adult mice placed in a stereotaxic frame at the following
coordinates: 5 mm caudal to bregma, 4 mm lateral, and 2 mm deep.
The needle was held in place for 1 min after cell injection.

After 7 days, the animals were transcardially perfused under deep
anaesthesia (pentobarbital 120 mg kg, 0.2 ml) with 15 ml of physi-
ological saline followed by 25 ml of 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4). Brainstems were removed and cryopro-
tected by immersion in a solution of 30% sucrose in PBS until they
sank. Then, 20—40-um-thick coronal sections were obtained with a
cryostat to be processed for immunostaining.

2.12. MTT assay

Cells were incubated in the dark for 75 min with culture medium
containing 0.5 mg ml~! MTT (Sigma-Aldrich). The cells were then
carefully washed with PBS once and incubated for 10 min in the dark
in DMSO with mild shaking. Absorbance was measured at a wave-
length of 570 nm using a microplate reader.

2.13. Oxygen consumption rate and extracellular acidification rate

The oxygen consumption rate (OCR) and extracellular acidifica-
tion rate (ECAR) were monitored as indicators of mitochondrial
respiration and glycolytic function, respectively, with an XF96 Extra-
cellular Flux analyser using an XF Cell Mito Stress Test kit and XF Gly-
colysis Stress Test kit according to the manufacturer’s instructions
(Seahorse Biosciences). For the Mito Stress Test and Glyco Stress Test
kits, seeding numbers were optimised to 1.6 x 10* cells/well and
8 x 103 cells/well for GSCs, to 6.36 x 10% and 3.18 x 10* cells/well for
neurons, and to 2.65 x 10* and 9.93 x 103 cells/well for astrocytes,
respectively.

For the mitochondrial stress test, cells were plated in XF96 plates
and treated with TAT or TAT-Cx43,66_2g3 as indicated. Prior to the
assay, the regular culture media was replaced with Base medium
(Seahorse Bioscience) supplemented with 1 mM pyruvate, 2 mM glu-
tamine, and 10 mM glucose and the cells were incubated without
CO,, for 1 h. Basal rate measurements were taken and then mitochon-
drial respiratory chain drugs were added according to Mito Stress
Test kit specifications. Next, 1.5 uM oligomycin was used to block
ATP-linked oxygen consumption, 0.4 wM carbonyl cyanide-P-tri-
fluoromethoxyphenylhydrazone (FCCP; an uncoupling agent) was
used to obtain maximal respiration, and 0.5 ;.M rotenone/antimycin
A was used to inhibit complexes I and III to stop all mitochondrial
respiration.

For glycolysis analysis, Base medium supplemented with 0.5 mM
pyruvate and 2 mM glutamine was used and cells were incubated
without CO, for 1 h. In accordance with Glycolysis Stress Test kit
specifications, 10 mM glucose was injected to stimulate glycolysis,
1.5 uM oligomycin was then injected to obtain the maximal glyco-
lytic capacity upon oxygen consumption inhibition, and 50 mM 2-
deoxy-p-glucose (2-DG) was finally used to shut down all glycolysis.

OCR and ECAR were measured three times after the injection of
each drug. At least six replicates per condition were performed in
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each experiment. Parameter calculations were performed using the
Seahorse XF Cell Test Report Generator provided by Seahorse Bio-
sciences. Non-mitochondrial respiration is the minimum rate mea-
surement after Rot/AA injection; basal respiration is the oxygen
consumption used to meet cellular ATP demand, calculated by sub-
tracting non-mitochondrial OCR from the measurement prior to oli-
gomycin addition; proton leak is calculated by subtracting the non-
mitochondrial OCR from the minimum rate measurement after oligo-
mycin injection; ATP-linked respiration is calculated by subtracting
the minimum rate measurement after oligomycin injection from the
last rate measurement before oligomycin injection; maximal respira-
tion capacity is calculated by subtracting non-mitochondrial respira-
tion from the maximum rate measurement after FCCP injection; and
spare respiratory capacity, the ability to respond to an energetic
demand, is calculated as the difference between maximal and basal
respirations. Non-glycolytic acidification is the last rate measurement
prior to glucose injection, glycolysis is calculated as the maximum
rate measurement before oligomycin injection minus the last rate
measurement before glucose injection, glycolytic capacity is calcu-
lated as the maximum rate measurement after oligomycin injection
minus the last rate measurement before glucose injection, and glyco-
lytic reserve is calculated as glycolytic capacity minus glycolysis.

2.14. Real-time quantitative polymerase chain reaction

DNA from GSCs was extracted with a QIAamp DNA Mini kit (Qia-
gen) following the manufacturer’s instructions. DNA concentration
and quality were analysed in a NanoDrop 2000 spectrophotometer.

Real-time quantitative polymerase chain reaction (PCR) reactions
were performed in triplicate in 96-well plates in a QuantStudio 7 Flex
Real-Time PCR System (Thermo Fisher). Equal initial amounts of total
DNA were amplified in all conditions. A PCR master mix was prepared
for each sample containing 1 «L DNA, 1 uM of forward and reverse
primers, and 12.5 L of SYBR® Green Master Mix (Life Technologies)
in a 25-pL reaction mix.

The primers used for amplification were: mt-ND1 (mitochondrial
DNA gene) forward 5'-CCC TAA AAC CCG CCA CAT CT-3’ and reverse
5'-GAG CGA TGG TGA GAG CTA AGG T-3; and B—2-uglobulin [60]
(nuclear DNA gene) forward 5-TGC TGT CTC CAT GTT TGA TGT ATC
T-3’ and reverse 5'-TCT CTG CTC CCC ACC TCT AAG T-3'. Negative con-
trol reactions for each set of primers were performed in the absence
of cDNA template. Reaction products were run on a 2% agarose gel
containing Syber Safe DNA gel stain (Invitrogen) to ascertain correct
primer amplification (Supplementary Fig. 2). Real-time PCR results
were analysed as described by Pfaffl et al. [61]

2.15. siRNA transfection

Cells were transfected with a validated non-targeting siRNA or
with an siRNA specific for HK-1 (5-CAC GAT GTA GTC ACC TTA CTA-
3’) together with an siRNA specific for HK-2 (5'-CTG GCT AAC TTC
ATG GAT A-3') [41]. Transfections were performed with Lipofect-
amine 2000 reagent according to the manufacturer’s instructions.

The reduction in protein expression was assessed by western blot
analysis 48 and 72 h after transfection (Supplementary Fig. 1f). Cell
treatments were performed 48 h after transfection, and glucose
uptake analyses 72 h after transfection.

2.16. Time-lapse microscopy

GSCs were plated at 5 x 10 cells/well in 12-well plates. Once the
cells had attached, TAT or TAT-Cx43,66_283 Was added at 50 uM for
24 h. Then, the cell culture media was changed to the indicated media
including 50 M TAT or TAT-Cx43,66_283 and the cells were allowed
to equilibrate for 1 h in the microscope incubator before imaging. The
cells were recorded by time-lapse live-cell imaging for 24 h. Every

10 min, phase-contrast microphotographs of each experimental con-
dition were taken for live-cell imaging with an inverted Zeiss Axio
Observer Z1 microscope coupled to an AxioCam MRm camera. The
system included an automated XY stage controller and a humidified
incubator set at 37 °C and 5% CO..

2.17. Transmission electron microscopy

Cell culture preparations were fixed in 2% formaldehyde and 2%
glutaraldehyde in phosphate buffer for 30 min at 4 °C. Samples were
then post-fixed with 1% osmium tetroxide in water, dehydrated
through a graded ethanol series, and embedded in Epoxy EMbed-812
resin (Electron Microscopy Sciences). Ultrathin sections were
obtained with a Leica EM UC7 ultramicrotome, contrasted with ura-
nyl acetate and lead citrate, and analysed using a Tecnai Spirit Twin
120 kV electron microscope with a CCD Gatan Orius SC200D camera
with DigitalMicrograph™ software. Procedures were performed at
the Electron Microscopy Facilities-NUCLEUS of the University of
Salamanca.

2.18. Western blotting

Western blotting was performed as described previously [35].
Briefly, equal amounts of proteins across conditions were separated
on NuPAGE Novex Bis-Tris 4—12% Midi gels (Life Technologies) at
room temperature and constant voltage. Proteins were transferred to
a nitrocellulose membrane (iBlot Gel Transfer Stacks Nitrocellulose)
using an iBlot dry blotting system (Life Technologies). After blocking,
the membranes were incubated overnight at 4 °C with primary anti-
bodies: mouse monoclonal antibody against a-actinin (1:1000; Milli-
pore MAB1682, RRID:AB_94325), mouse monoclonal antibody
against G6PD (1:250; Santa Cruz Biotechnology sc-373886, RRID:
AB_10918100), mouse monoclonal antibody against glyceraldehyde
phosphate dehydrogenase (GAPDH; 1:5000; Thermo Fisher Scientific
AM4300, RRID:AB_437392), rabbit polyclonal antibody against
GLUT-1 (1:500-1:1000; Millipore 07-1401, RRID:AB1587074),
mouse monoclonal antibody against GLUT-3 (1:100; Santa Cruz Bio-
technology sc-74497, RRID:AB_1124974), rabbit polyclonal antibody
against HIF-1a (1:200; Novus Biologicals NB100-479, RRID:
AB_10000633), rabbit monoclonal antibody against HK-1 (1:250; Cell
signalling Technology 2024, RRID:AB_2116996), mouse monoclonal
antibody against HK-2 (1:500; Thermo Fisher MA5-15679, RRID:
AB_10986812), mouse monoclonal antibody against RPL-19 (1:200;
Santa Cruz Biotechnology sc-100830, RRID:AB_2181588), rabbit poly-
clonal antibody against Sox-2 (1:500; Abcam ab97959, RRID:
AB_2341193), Total OXPHOS Rodent WB Antibody Cocktail against
NDUFB8 (complex I), SDHB (complex II), UQCRC2 (complex III),
MTCO1 (complex IV), and ATP5A (complex V) (1:250; Abcam
ab110413, RRID:AB_2629281), and mouse monoclonal antibody
against a-tubulin (1:1000; Sigma-Aldrich T9026, RRID:AB_477593).
After extensive washing, the membranes were incubated with perox-
idase-conjugated anti-rabbit IgG or anti-mouse IgG antibodies
(1:5000; Jackson ImmunoResearch) and developed with a chemilu-
minescent substrate (Western Blotting Luminol Reagent; Santa Cruz
Biotechnology) in a MicroChemi imaging system (Bioimaging Sys-
tems). Original and replicate blots are shown in the Supplementary
Figures. a-actinin, GAPDH, RPL-19 and a-tubulin were used as loading
controls.

2.19. Statistical analysis

Results are expressed as the means = s.e.m. The number of techni-
cal replicates and independent experiments is indicated for each
experiment in its corresponding figure and figure legend, and was
determined according to the previous experience of the research
group. For comparison between two groups, data were analysed by
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two-tailed Student’s t-test. When more than two groups were com-
pared, data were analysed by one-way ANOVA, and confidence inter-
vals (95%) and significance were corrected for multiple comparisons
with the Tukey test. In all cases, values were considered significant
when P < 0.05. Exact P values can be found in Supplementary Table
1.

2.20. Role of the funding sources

The funding sources had no involvement in study design, in the
collection, analysis, and interpretation of data, in the writing of the
report, or in the decision to submit the paper for publication.

3. Results
3.1. TAT-Cx43566-253 decreases glucose uptake selectively in GSCs

Because the highly efficient glucose uptake in GSCs confers these
cells with a competitive advantage within the brain environment [5],
we first analysed the effect of TAT-Cx43,66_283 On glucose transport
and uptake. Glucose transport was evaluated in GSCs using the non-
metabolisable fluorescent glucose analogue 6-NBDG, whose uptake
reflects gradient-driven influx through glucose transporters [57]. We
found no differences in 6-NBDG transport (146 «M for 1 h) between
controls (untreated condition [Control] and negative control [TAT])
and TAT-Cx43,66_283—treated GSCs (50 uM, 24 h), suggesting that
TAT-Cx43566_283 does not modify glucose transport under these
experimental conditions (Fig. 1a).

To confirm this result, we analysed GLUT-1, the main glucose
transporter. GLUT-1 levels in GSCs were not affected by TAT-
Cx43,66_283 treatment (Fig. 1b, Supplementary Fig. 1a and b). The
levels of GLUT-3, another glucose transporter frequently co-opted by
cancer cells [5,62], were also not affected by TAT-Cx43,66_283 under
these experimental conditions (Fig. 1b).

Next, we measured glucose uptake with the non-metabolisable
fluorescent glucose analogue 2-NBDG, which is phosphorylated by
HK and trapped intracellularly. The results showed that TAT-
Cx43,66_283 decreased glucose uptake in G166 GSCs by ~30% (Fig. 1c
and d). Similar results were obtained in G179 GSCs and in primary
human G9 GSCs, whereas uptake was unchanged in differentiated
G166 glioblastoma cells, human NSCs, human astrocytes, rat astro-
cytes, and rat neurons (Fig. 1c and d, and Supplementary Fig. 1c).
TAT-Cx43,66_283-B is internalised by G166 GSCs and, to a lesser
extent, by rat astrocytes, but not significantly so by neurons [36]. In
the present study, we confirmed that TAT-Cx43,66_253-B is internal-
ised by human G179 GSCs and, to a lesser extent, by human astro-
cytes (Supplementary Fig. 1d). Interestingly, the internalisation was
decreased in differentiated glioblastoma cells and NSCs as compared
to GSCs (Supplementary Fig. 1d). These results add to the evidence
from our previous reports that TAT-Cx43,66_2g3 Specifically targets
GSCs [36], including G9 and other primary GSCs [35]. Moreover, TAT-
Cx43,66_233 reduced HK activity (Fig. 1e) without altering the levels
of HK-1 and HK-2 in GSCs (Fig. 1b). Immunofluorescence assays con-
firmed similar levels of HK-1 and HK-2 (Fig. 1f and the quantification
in Supplementary Fig. 1e) and showed that both HKs localised more
compactly around the nuclei of GSCs treated with TAT-Cx43266_283
(Fig. 1f). Because HK-1 and HK-2 activities are enhanced by c-Src
phosphorylation [41], the TAT-Cx43,66_2g83—induced inhibition of c-
Src [17,35] might hinder HK activity. Indeed, inhibition of c-Src activ-
ity by dasatinib, a commonly used c-Src inhibitor, reduced glucose
uptake in G166 and G179 GSCs without altering glucose uptake in
differentiated glioblastoma cells, human NSCs, or human astrocytes
(Fig. 1g).

To further confirm the involvement of HK in the effect of TAT-
Cx43,66_283, HK-1 and HK-2 expression was knocked down by siRNA
(Supplementary Fig. 1f). The results showed that the effect of TAT-

Cx43,66_283 on glucose uptake in GSCs is reduced when the expres-
sion of HK-1 and HK-2 is silenced (Fig. 1h). Taken together, these
data indicate that 24-h treatment with TAT-Cx43566_253, via inhibi-
tion of c-Src activity, reduces glucose uptake selectively in GSCs
through decreased HK activity, without affecting glucose transport or
the protein levels of GLUT-1, GLUT-3, HK-1, or HK-2.

3.2. TAT-Cx43566_2s3 reduces mitochondrial metabolism without
increasing glycolysis in GSCs

Because we found that TAT-Cx43,66_253 altered the localisation of
HKs (Fig. 1f), which are frequently associated with mitochondria
[41,63], we used a mitochondrial dye to track the cellular distribution
of these organelles. Importantly, these images revealed that TAT-
Cx43566_283 treatment (50 uM, 24 h) modified the localisation of
mitochondria in GSCs (Fig. 2a, and Supplementary Fig. 2a). Indeed,
the distance from the furthest mitochondria to the nucleus was
reduced in GSCs after TAT-Cx43,66_233 treatment (Fig. 2b), suggesting
altered mitochondrial trafficking. Similar results were obtained in
G179 GSCs (Fig. 2b). However, no changes in mitochondrial localisa-
tion were found in differentiated G166 glioblastoma cells, human
NSCs and human and rat astrocytes (Fig. 2b and c, and Supplementary
Fig. 2a). The changes in mitochondrial localisation found in TAT-
Cx43,66_283-treated GSCs might arise from the inhibition of c-Src
activity, as similar results were obtained with dasatinib (Supplemen-
tary Fig. 2b).

In addition, the area occupied by mitochondria per cell was
reduced in TAT-Cx43,66_283—treated GSCs (Supplementary Fig. 2c).
To establish if this result was due to the spatial rearrangement of
mitochondria or to a decrease in cell size or in mitochondrial mass,
we analysed the cell area, perimeter and circularity of GSCs and we
performed western blotting against subunit proteins from each of the
five complexes of the electron transport chain (ETC) involved in oxi-
dative phosphorylation (OXPHOS). Treatment with TAT-Cx43565_253
did not affect the cell area, perimeter and circularity of the cells (Sup-
plementary Fig. 2d), or the relative abundance of ETC complexes in
GSCs (Fig. 2d and Supplementary Fig. 2e). Similarly, quantification of
mitochondrial DNA relative to nuclear DNA by real-time quantitative
PCR did not reveal any changes (Fig. 2e and Supplementary Fig. 2f),
confirming that 24-h TAT-Cx43,66_283 treatment induced a spatial
rearrangement in the mitochondrial network of GSCs without
changes in total mitochondrial mass. To further characterise the
effect of TAT-Cx43566_283 on GSC mitochondria, we performed trans-
mission electron microscopy. The images revealed that, in mitochon-
dria from TAT-Cx43,66_283—treated GSCs, the matrix was more
electron-dense and the outer membrane and cristae less defined,
indicative of structural changes associated with the previous observa-
tions (Fig. 2f; the blue arrowheads indicate the outer membrane, the
cristae are coloured).

To determine if the distinct cellular localisation and ultrastructure
observed in mitochondria from GSCs treated with TAT-Cx43,66_253
affected mitochondrial function, we measured the GSC oxygen con-
sumption rate (OCR) as an indicator of mitochondrial respiration in a
Seahorse XF analyser [64]. As shown in Fig. 2g, GSCs treated with
TAT-Cx43,66_283 had a lower basal OCR (minutes 0—18), as well as a
lower response to mitochondrial stimulation with FCCP (minutes
42-55). Mitochondrial parameters [64| calculated from these data
revealed that TAT-Cx43,66_2g3 decreased basal respiration and ATP-
linked respiration, as well as maximal and spare respiratory capaci-
ties (Fig. 2h). Phosphorylation of ETC complexes by c-Src regulates
respiration and cellular ATP content [43], which provides a mechanis-
tic explanation for the decreased mitochondrial activity induced by
TAT-Cx43566_283—a c-Src—inhibiting peptide [17,35]—, despite no
changes in the total levels of ETC complexes. Importantly, analysis of
the GSC extracellular acidification rate (EACR)—mostly resulting from
lactate production and hence regarded as glycolytic activity—in a
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Fig. 1. TAT-Cx43,66_253 decreases glucose uptake through HK activity selectively in GSCs. Cells were treated with 50 ;tM TAT or TAT-Cx4366_2s3 for 24 h prior to the assays where
indicated. (a) Glucose transport was estimated with the non-phosphorylatable fluorescent glucose analogue 6-NBDG. G166 GSCs were incubated with 146 M 6-NBDG for 1 h and
lysed, and 6-NBDG fluorescence was measured in a microplate fluorometer. (b) Representative western blots of the indicated proteins. GAPDH and «-actinin blots are shown as
loading controls. (¢) Quantification of 2-NBDG uptake in G166 GSCs, G179 GSCs, G9 primary GSCs, differentiated G166 glioblastoma cells, human neural stem cells, and human astro-
cytes after TAT or TAT-Cx43,66_2s3 treatment. Cells were incubated with 146 M of the fluorescent glucose analogue 2-NBDG for 1 h. (d) Representative micrographs showing that,
while 2-NBDG uptake was not affected in neurons and astrocytes, G166 and G9 GSCs exhibited reduced 2-NBDG uptake promoted by TAT-Cx43266_2s3. Scale bar: 100 ;«m. (e) Hexo-
kinase activity in GSCs determined as described in the Methods. (f) G166 GSCs immunostained for HK-1 (magenta) and HK-2 (cyan). Representative micrographs showing that HK-1
and HK-2 display mostly a mitochondrial distribution and that, in GSCs treated with TAT-Cx43,66_283, HK-1 and HK-2 staining is condensed near the cell nuclei. Scale bar: 25 pm.
(g) Quantification of 2-NBDG uptake in G166 GSCs, G179 GSCs, G9 primary GSCs, differentiated G166 glioblastoma cells, human neural stem cells and human astrocytes after
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Seahorse XF analyser [64] after TAT-Cx43,66_283 treatment did not
reveal any changes (Fig. 2i and Supplementary Fig. 2 g). We con-
firmed this result by analysing extracellular lactate in GSCs after TAT-
Cx43,66_283 treatment (Fig. 2j). Recent reports show that drug resis-
tance to standard glioblastoma therapies, such as bevacizumab, relies
on the ability of cancer cells to switch their metabolism from
OXPHOS to glycolysis [46]. Therefore, it is noteworthy that, despite
the well-characterised ability of cancer stem cells to adapt to new
metabolic requirements [4,5,50], GSCs treated with TAT-Cx43565_2s3
did not show enhanced glycolysis to compensate for the decreased
mitochondrial activity (Fig. 2g vs 2i). In addition, we did not find any
significant effect of TAT-Cx43566_283 on the OCR or ECAR in rat neu-
rons or astrocytes (Supplementary Fig. 3 h), in agreement with the
cell-specific effect of TAT-Cx43,65_283 [36]. Taken together, these
data indicate that TAT-Cx43,g6_283 downregulates mitochondrial
metabolism in GSCs without increasing aerobic glycolysis, which sug-
gests an impairment of metabolic plasticity upon TAT-Cx43,66_283
treatment.

3.3. TAT-Cx43566_253 impairs the metabolic plasticity of GSCs

The plasticity of the metabolic phenotype of cancer stem cells is
crucial in the ever-changing tumour microenvironment [4,5,46,63].
To characterise the ability of the GSCs used in this study to adapt their
metabolism to shifts in nutrient availability, we used time-lapse
microscopy to analyse their survival in media with different nutrient
contents. Interestingly, GSCs survived for 4 days with only glucose or
only amino acids in the culture medium (Fig. 3a, and Videos 1.1 and
2.1). Under these conditions, GSCs eventually adopted a dormancy
state, yet they were able to resume proliferation when nutrients
became available again (Fig. 3a and Videos 1.2 and 2.2), suggesting
that they exhibit a high metabolic plasticity to survive to changes in
nutrient availability. Notably, NSCs behaved differently when cul-
tured in glucose-only medium: the surviving cells underwent strong
changes in cell morphology and did not recover their original mor-
phology after nutrient replenishment (Supplementary Fig. 3b), sug-
gesting different mechanisms of response to metabolic challenges
between GSCs and NSCs.

Emerging data suggest that, beyond cell-intrinsic factors, nutrient
availability in the tumour microenvironment can also negatively
influence drug response, hampering the efficacy of common antitu-
moral drugs [50]. To investigate whether this was also the case for
TAT-Cx43,66_283, GSCs in complete medium were treated with
50 M TAT or TAT-Cx43,66_283 for 24 h and then switched to glu-
cose-only, amino acid-only, or glucose and amino acid media con-
taining 50 uM TAT or TAT-Cx43,66_283 for a further 24 h. For
comparison, GSCs were cultured in parallel in complete medium.
Time-lapse microscopy and MTT assays revealed that TAT-
Cx43,66_283 Maintained its antitumour effect under the different
nutrient-deprived conditions (Fig. 3b and c, Videos 49, and Supple-
mentary Fig. 3c). Consistent with the TAT-Cx43,66_233—induced
reduction in glucose uptake and metabolism, we found a pronounced
increase in cell death in GSCs treated with TAT-Cx43266_2g3 in glu-
cose-only medium compared with those cultured in any other
medium (Fig. 3b and c and Videos 4-9).

At the molecular level, GSCs adapted to glucose-only medium by
upregulating glucose metabolism enzymes critical for cancer cells,
such as HK-2 [41,63] and G6PD [65,66], a key enzyme in the pentose
phosphate pathway (Supplementary Fig. 3d). However, GSCs treated
with TAT-Cx43,66_283 in glucose-only medium showed markedly
decreased levels of both HK-2 and G6PD, as well as GLUT-3 and,

importantly, HIF-1a, a master regulator of glucose metabolism
[67,68] (Fig. 3d). Meanwhile, although HK activity was decreased in
GSCs treated with TAT-Cx43,66_2s3 in glucose-only medium (Supple-
mentary Fig. 4e), HK-1 levels remained unchanged (Fig. 3d), suggest-
ing that this is not a general reduction in glucose metabolism. In
addition, our results confirm that TAT-Cx43,66_2g3 targets the meta-
bolic adaptation to this nutrient-deprived condition because GSCs in
complete medium showed no or only slight decreases in the levels of
these proteins upon treatment with TAT-Cx43,66_ 283 for 24 h or
48 h, respectively (Fig. 1b, 3d). On a different note, Sox-2, a transcrip-
tion factor implicated in stem cell maintenance [17], was also upre-
gulated in GSCs cultured in glucose-only medium (Supplementary
Fig. 3d). This is in agreement with previous studies showing cancer
stem cell enrichment under nutrient-deprived conditions and the
role of certain master stem cell transcription factors in promoting
preferential glucose metabolism [5,69]. According to our previous
results [17], Sox-2 levels in TAT-Cx43,66_2g3-treated GSCs were
decreased in complete medium (Fig. 3d). Interestingly, here we found
that this reduction also takes place in glucose-only medium, suggest-
ing that TAT-Cx43,66_283 abrogates GSC enrichment under this con-
dition (Fig. 3d). Together, these results indicate that GSCs treated
with TAT-Cx43266_253 fail to upregulate the proteins necessary for
survival in different metabolic scenarios, particularly those needed to
exploit glucose as an energy source in the absence of other nutrients
(e.g., amino acids/proteins or lipids) (Fig. 3d and Supplementary Fig.
3d). This adaptation impairment might be responsible for maintain-
ing the effect of TAT-Cx43,66_283 in different metabolic environ-
ments, in contrast to other antitumour therapies [46,50].

3.4. TAT-Cx43566_253 impairs glucose metabolism ex vivo and in vivo

To explore the effect of TAT-Cx43,66_233 on glucose metabo-
lism in GSCs within the brain environment, we first evaluated
glucose uptake in an ex vivo model of glioblastoma [36]. As illus-
trated in Fig. 4a, fluorescently labelled GSCs were placed in orga-
notypic brain slices and allowed to engraft overnight. The
GSC—organotypic brain slice co-cultures were treated with
50 uM TAT or TAT-Cx43,66_2g3 for 48 h, incubated with 146 uM
2-NBDG in glucose-free medium for 1 h, and mounted for micros-
copy (Fig. 4a and b). In agreement with the in vitro 2-NBDG study
(Fig. 1c and d), glucose uptake was reduced to ~65% in GSCs in
co-cultures treated with TAT-Cx43,66_283 compared with control
and TAT conditions (Fig. 4c and d), with no apparent effect on
the brain parenchyma (Fig. 4b and d).

Next, we used an in vivo glioblastoma model consisting of the
intracranial injection of 5000 fluorescently labelled human GSCs
together with 100 uM TAT or TAT-Cx43,66_283 into the brains of
NOD/SCID mice [36]. Seven days after surgery, the mice were sacri-
ficed, and their brains were processed for analysis of fluorescently
labelled glioma cells derived from implanted GSCs (Fig. 4e). We had
already found that TAT-Cx43,66_283 impaired HK activity in vitro
after 24 h of treatment (Fig. 1e) and decreased HK-2 levels and HK
activity after 48 h of treatment in glucose-only medium (Fig. 3d and
Supplementary Fig. 3e). We corroborated these findings in vivo
through immunofluorescence analysis of HK-2 in the fluorescently
labelled glioma cells of the xenografted mice, which showed a ~75%
reduction in HK-2 staining in TAT-Cx43,66_»s3-treated mice (Fig. 4f
and Supplementary Fig. 4a and b).

Within the bulk glioblastoma, GLUT-3 is preferentially expressed
by GSCs in vivo and its inhibition impairs GSC growth and tumorige-
nicity, suggesting its value as an important target in malignant

dasatinib (1 ©M; 24 h) treatment. Cells were incubated with 146 ;M of the fluorescent glucose analogue 2-NBDG for 1 h. (h) HK-1 and HK-2 expression was silenced by siRNA in
G166 GSCs (Supplementary Fig. 1f). TAT-Cx43,¢5_s3 treatment began 48 h after silencing and 2-NBDG uptake was quantified 72 h after silencing. All data are mean + s.e.m. (P <
0.05, "P < 0.01, ""P < 0.001 vs control; **P < 0.01, **P < 0.001 vs TAT; @@P < 0.01; +P < 0.05; ns, not significant). Numbers under the bars indicate the number of independent

experiments (a, c, e, g, h; each with at least two technical replicates).
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Fig. 2. TAT-Cx4365_2g3 induces changes in the localisation, ultrastructure, and function of mitochondria in GSCs. GSCs were treated with 50 ;tM TAT or TAT-Cx4366_2g3 for 24 h
prior to the assays. (a) GSCs were incubated with MitoTracker, fixed, immunostained for GLUT-1, and imaged. Mitochondria in GSCs treated with TAT-Cx43,66_283 appeared closer
to the cell nucleus and more condensed than those of control or TAT-treated GSCs. Scale bar: 20 pm. (b) Distance from the furthest mitochondria to the centre of the nucleus in
each cell analysed. Scale bar: 50 um. (¢) Human neural stem cells and astrocytes were incubated with MitoTracker, fixed and imaged. TAT-Cx43,66_2s3 does not alter mitochondrial
distribution in these cells. (d) Representative western blots of G166 GSCs ETC subunit proteins from complexes I (NDUFB8), Il (SDHB), Il (UQCRC2), IV (MTCO1), and V (ATP5A). No
changes were observed in the relative levels of these mitochondrial proteins under the indicated experimental conditions. (e) Quantification of mitochondrial DNA relative to
nuclear DNA by qPCR normalised to control (assigned a value of 1; dotted line). (f) GSCs were imaged with transmission electron microscopy. In GSCs treated with TAT-Cx43266_283,
the mitochondrial outer membrane and cristae were less defined, and the mitochondrial matrix was more electron-dense. Scale bar: 200 nm. (g) The OCR of GSCs was measured
after the addition of 1.5 ;M oligomycin to block ATP-linked OCR, 0.4 «M FCCP to uncouple mitochondria to the obtain the maximal OCR, and 0.5 M rotenone/antimycin A (Rot/
AA) to shut down mitochondrial respiration. Data were obtained from three independent experiments. (h) Quantification of mitochondrial parameters in GSCs obtained from the
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Fig. 3. TAT-Cx43,66_253 Maintains its antitumour effect under several nutrient-deprived conditions. (a) G166 GSCs were recorded by time-lapse microscopy in medium containing
only glucose or only amino acids (Videos 1 and 2, respectively). After 4 days, these media were changed to complete medium and cells were recorded for a further 24 h (nutrient
replenishment). Note that cells that appeared dead (bright, round shape) could survive and proliferate after nutrient replenishment, which was not true for cells maintained in
medium without any nutrients (Supplementary Fig. 3 and Video 3). Scale bar: 100 um. (b—d) GSCs were treated with 50 ;tM TAT or TAT-Cx43,66_2s3 in complete medium for 24 h.
Then, the medium was replaced with medium containing glucose (glucose-only medium), amino acids (amino acid-only medium), or both glucose and amino acids, as well as
50 uM of each peptide, for another 24 h. For comparison, cells were treated in parallel with complete medium and 50 uM of peptides. Then, the indicated assays were performed.
(b) MTT oxidation of GSCs under the indicated conditions. (¢) GSCs were recorded by time-lapse microscopy in complete or glucose-only medium (Videos 4—9; the images are the
last photomicrograph from each video) or photographed under the indicated conditions. Scale bar: 100 xm. (d) Representative western blots of the indicated proteins under the
indicated conditions. GSCs treated with TAT-Cx43,¢6_253 in glucose-only medium exhibited decreased levels of HIF-1a, GLUT-3, HK- 2, G6PD, and Sox-2, but not HK-1 (left panel).
However, GSCs treated in complete medium showed only slight decreases (right panel). GAPDH and «-tubulin blots are shown as loading controls. All data are mean + s.e.m. and
were obtained from at least three independent experiments with at least two technical replicates (P < 0.001 vs control; **#P < 0,001 vs TAT; P < 0.001 TAT-Cx43465_2g3 in glu-
cose-only medium vs in complete medium). Numbers under the bars indicate the number of biological replicates in (b).

gliomas [5,62]. Because our in vitro results showed a decreased level in TAT-Cx43,66_2g3-treated mice (Fig. 4g and Supplementary Fig. 4c
of GLUT-3 in glucose-only medium (Fig. 3d), we analysed its level in and d). This finding and the reduced HK-2 levels in glioma cells in
the in vivo-implanted GSCs as well. Notably, immunofluorescence vivo recapitulate the HK-2 and GLUT-3 decrease found in GSCs
analysis revealed a ~75% reduction in GLUT-3 staining in glioma cells treated in glucose-only medium in vitro (Fig. 3d).

data shown in (g) normalised to control (assigned a value of 1; dotted line). (i) The ECAR of GSCs was measured after the addition of 10 mM glucose to assess the glycolysis rate,
1 M oligomycin to obtain the maximal ECAR, and 50 mM 2-deoxyglucose to shut down glycolysis. Data were obtained from four independent experiments. (j) Extracellular lactate
measured in control and TAT-Cx4366_283—treated GSCs. All data are mean + s.e.m. and were obtained from at least three independent experiments (except for transmission elec-
tron microscopy images) with at least two technical replicates (*P < 0.05 vs control, P < 0.001 vs control; *P < 0.05, **P < 0.01, **#P < 0.001 vs TAT; “°P < 0.01 vs TAT-Cx43; ns,
not significant). Numbers under the bars indicate the number of cells analysed (b) or the number of biological replicates (e and j).
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Fig. 4. TAT-Cx4366_253 impairs glucose metabolism ex vivo and in vivo. (a) Schematic drawing of the 2-NBDG uptake experiments in GSC—organotypic brain slice co-cultures. A
total of 2500 fluorescently labelled GSCs were placed onto each organotypic brain slice and allowed to integrate overnight. The GSC—brain slice co-cultures were incubated with
50 M TAT or TAT-CX43,66_2s3 for 48 h. Then, the co-cultures were incubated with 146 #M 2-NBDG for 1 h and analysed by confocal microscopy. (b) Representative mosaic photo-
micrographs of GSC—brain slice co-cultures incubated with 146 M 2-NBDG. Note the similar levels of 2-NBDG uptake (green) by the brain parenchyma in control and TAT-
Cx43,66_283—treated co-cultures. Scale bar: 1 mm. (¢) 2-NBDG fluorescence (mean grey value) was quantified in the ROIs corresponding to GSC fluorescence in confocal microscopy
images. (d) Representative confocal microscopy images showing the reduction in 2-NBDG uptake (green) specifically in GSCs (magenta) in the GSC—brain slice co-cultures treated
with TAT-Cx4366_283. Scale bar: 50 pm. (e) Schematic drawing of the in vivo experimental design. Briefly, 5000 human GSCs fluorescently labelled with PKH26 or constitutively
expressing mCherry were intracranially injected alone (control) or together with 100 .M TAT or TAT-Cx4366_2g3 into the brains of NOD/SCID mice. After 7 days, the animals were
perfused, and their brains were processed for immunofluorescence and analysed by confocal microscopy. (f and g) Representative images of control and TAT-Cx43,¢6_2g3 brain sec-
tions of a xenograft mouse model of glioma showing implanted glioma cells (f and g; shown in red) and HK-2 (f; shown in cyan) or GLUT-3 (g; shown in cyan). Scale bar: 50 pum.
See Supplementary Fig. 4. for the specificity of antibodies against human HK-2 and GLUT-3. Quantification of HK-2 and GLUT-3 fluorescence is shown next to each panel. Mean fluo-
rescence intensity was normalised to control (assigned a value of 1; dotted line). Three animals were analysed per condition. Data are mean + s.e.m. and were obtained from at least
three independent experiments (*P < 0.05, P < 0.01, P < 0.001 vs control; *P < 0.05, **P < 0.01, **#P < 0.001 vs TAT). Numbers under the bars indicate the number of ROIs ana-
lysed in (c).
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4. Discussion

Our previous studies showed that GSCs can be specifically tar-
geted by a short cell-penetrating peptide based on Cx43 (TAT-
Cx43,66_2g3) that reduces tumour growth in preclinical models [36]
via c-Src inhibition [17]. In primary GSCs and freshly removed surgi-
cal specimens studied as undissociated glioblastoma blocks, TAT-
Cx43966_283 dramatically reduced growth, migration, and survival
[35]. The effects of TAT-Cx43,66_283 on GSC metabolism found in this
study highlight the therapeutic potential of this compound against
glioblastoma because TAT-Cx43,66_283 targets crucial proteins for
glioblastoma malignancy, namely GLUT-3, HK-2, G6PD, and HIF-1a
[5,41,62,63,65-67,70]. Our in vitro, ex vivo, and in vivo data show
that glucose uptake is specifically impaired in GSCs through short-
and long-term mechanisms involving the regulation of the activity
and expression of key glucose enzymes. Indeed, our results suggest
an initial short-term regulation of HK activity, presumably through
inhibition of its phosphorylation by c-Src [41]. This is followed by
long-term regulation through reduced HK-2 protein levels, which is
highly relevant considering the strong link between HK activity, par-
ticularly that of HK-2, and the malignant phenotype [41,63]. We
hypothesise that, because c-Src activity stabilises the levels of HIF-1a
[39,40], TAT-Cx43,66_253 might decrease HIF-1a through c-Src inhibi-
tion, leading to the downstream downregulation of HK-2, G6PD, and
GLUT-3 shown here. In agreement with these results, Cx43 has been
proposed to regulate glucose uptake and the expression of HK-2 and
GLUT-3 through c-Src and HIF-1a [39]. In addition, TAT-Cx43565_253
increases the levels of PTEN in G166, G9, and other primary GSCs
[35], which could also contribute to blocking HIF-1a—dependant
gene transcription [71].

GLUT-3 has been identified as an excellent target to reduce glio-
blastoma progression because of the high dependence of GSCs on
this glucose transporter [5,62]. However, in the brain context, the
inhibition of GLUT-3 is challenging because it is also the main glucose
transporter in neurons [72]. Remarkably, we found that TAT-
Cx43,66_283 downregulates GLUT-3 in GSCs without affecting glucose
uptake in neurons, probably because its regulation in neurons is inde-
pendent of c-Src activity [72]. In fact, TAT-Cx43,66_283 appears to be
innocuous in terms of neural stem cell, neuronal and astrocytic
metabolism, presumably because of the low basal activity of c-Src in
healthy cells [17].

A growing body of work indicates that GSCs oxidise glucose and
other substrates via OXPHOS as a primary energy source, for which
they require an intact mitochondrial respiratory chain to survive and
sustain stemness and tumorigenic potential [73-76]. As previously
mentioned, c-Src, via phosphorylation of ETC complexes, regulates
the mitochondrial respiration necessary for the survival of glioblas-
toma cells [43]. Consistent with these reports, here we show that the
¢-Src inhibiting peptide TAT-Cx4366_283 impairs glucose mitochon-
drial metabolism and promotes GSC death. Moreover, ATP generated
in the ETC is necessary for the c-Src—activating phosphorylation at
Y416 [77,78], which might create a negative regulatory loop if ATP
becomes scarce due to TAT-Cx43,65_283-induced decreased glucose
uptake. In terms of glioblastoma therapy, the impairment of mito-
chondrial metabolism is remarkable because it might per se increase
the effectiveness of radiotherapy [8]. Importantly, the reduced mito-
chondrial activity promoted by TAT-Cx43,66_2g3 is not compensated
by an increase in glycolysis, which is critical to avoid drug resistance
[46,48,50]. Indeed, TAT-Cx43,66_253 exerts antitumour effects in dif-
ferent nutrient-depleted media, where it prevents metabolic plastic-
ity and eventually leads to cell death. This is especially relevant
considering the growing body of work acknowledging intrinsic and
extrinsic metabolic states as key factors in cancer drug resistance
[46,47,50,79].

Although further research is needed to address the role of TAT-
Cx43266_2g3 in amino acid, lipid, and protein metabolism, our in vivo

work shows that the effects of TAT-Cx43,66_253 0n GSC metabolism
extend beyond the in vitro conditions, indicating that they are inde-
pendent of the metabolic tumour microenvironment, in contrast to
other antitumoral drugs [50]. The metabolically challenging tumour
environment promotes GSC enrichment [5-7]. However, TAT-
Cx43,66_233 reduces GLUT-3 and HK-2 levels in GSCs in vivo, proteins
which are heavily involved in cancer establishment, maintenance,
and resistance [5,41,62,63,70]. Concomitantly, in the same glioblas-
toma model used in this study, TAT-Cx43,66_253 induces the loss of
the stemness phenotype of the implanted GSCs, as shown by
decreased expression of Sox-2 and nestin in these cells 7 days post-
implantation, and impairs glioblastoma growth 30 days post-implan-
tation, leading to decreased tumorigenicity and increased survival
[36]. Given our in vitro, ex vivo, and in vivo results and the funda-
mental role played by HK-2 [41,63] and GLUT-3 [5] in glioblastoma
formation and development, TAT-Cx43,66_283, by inhibiting c-Src,
might impair in vivo glioblastoma growth through both the loss
of the stemness phenotype [36] and the abrogation of metabolic
plasticity, two phenomena that are highly dynamic and tightly
linked [4-7,9].

Previous studies from our group showed increased glucose uptake
in rat astrocytes by the inhibition of Cx43-gap junctional communica-
tion [80] through a mechanism involving microtubules, suggesting
that changes in the cytoskeleton could participate in the effects of
TAT-Cx43,66_283 on glucose uptake. However, TAT-Cx43,66_ 283
affects actin but not tubulin distribution in GSCs [81]. Furthermore,
while the inhibition of Src with dasatinib exerted a similar effect to
TAT-Cx43,66_283 on glucose uptake, the disruption of actin polymeri-
sation with latrunculin A did not modify the rate of glucose uptake
(data not shown). These results suggest that changes in the cytoskele-
ton are probably not involved in glucose uptake in human GSCs.
Hence, although other mechanisms might contribute, we propose
that the inhibition of c-Src promoted by TAT-Cx43,66_283 could be
the link between all the effects on GSC metabolism found in this
study.

In the context of immunotherapy, one hallmark of T-cell activa-
tion, which is necessary for the immune response, is a profound met-
abolic remodelling that highly resembles that of cancer cells [82].
However, according to early work, T-cell expression of HK-2 [83] or
GLUT-3 [84] is dispensable for T-cell activation. Moreover, HK-2
expression in lung cancer cells is correlated positively with expres-
sion of programmed death-ligand 1 (PD-L1), an immune checkpoint
that allows tumour cells to evade immune surveillance, and nega-
tively with interferon gamma secretion by T-cells [85]. These results
suggest that targeting HK-2 or GLUT-3 in combination with immuno-
therapy might reverse tumour immunosuppression and produce
beneficial outcomes in cancer therapy.

From a clinical point of view, the search for therapeutic molecules
that specifically target the metabolism of cancer stem cells is on the
rise [86], with metabolic plasticity and the nutrient composition of
the tumour microenvironment at the centre of the drug response
[50]. Taken together, our results support the notion that metabolic
plasticity, rather than specific metabolic pathways, constitutes a
major targetable vulnerability [4], and confirm the value of TAT-
Cx43,66_233 for glioblastoma therapy alone or in combination with
other therapies, including those whose resistance relies on metabolic
adaptation.
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